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Abstract

Information about the spatial distribution of snow accumulation is a prerequisite

for adaptating hydro-meteorological models to achieve realistic simulations of the

runoff from mountain catchments. Whereas the areal extent of the snow cover

can be recorded using optical remote sensing techniques, the spatial distribution

of snow depths and the total snow water equivalent (SWE) of the snow cover is

difficult to measure for an entire catchment. Therefore, the spatial snow depth

distribution in complex topography of ice-free terrain and glaciers was investigated

using airborne laser scanning (ALS) data. This thesis presents for the first time

an analysis of the persistence and the variability of the snow patterns at the end

of five accumulation seasons in a comparatively large catchment. The ALS data

are used to improve the performance of snow-hydrological models simulating the

runoff from the mountains of the Ötztal Alps (Tyrol, Austria). The objective was

first, to determine whether and where differences between ALS derived and actual

snow depths on glacier surfaces reach a magnitude that means they have to be

considered in snow-hydrological studies. Therefore ALS derived seasonal surface

elevation changes on glaciers were compared to the actual snow depths calculated

from ground penetrating radar (GPR) measurements. Areas of increased deviations

caused by submergent ice flow and the densification of the firn layer were successfully

delineated using Landsat images. With respect to the low glacier velocities in the

investigated region, the ALS-derived snow depths on most of the glacier surface do

not deviate markedly from actual snow depths. The inter-annual persistence of the

snow patterns was investigated to find areas of key information for the snow cover

modeling of a high Alpine basin in (Upper Rofental valley, approx. 36 km2). 75 %

of a the total area showed low inter-annual variability of standardized snow depths

at the end of five accumulation seasons. The high inter-annual variability of snow

depths could be attributed to changes in the ice cover within the investigated 10-year

period for much of the remaining area. Avalanches and snow sloughs continuously

contribute to the accumulation on glaciers, but their share of the total snow cover

volume is small. Finally, the value of ALS-derived snow maps was investigated by

assimilating the ALS data in the calibration and validation of snow-hydrological
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models. In general, a basin-wide SWE calculated from ALS-derived snow depths

is better suited than snow covered area to constrain model parameter ranges. The

assimilation of SWE maps calculated from ALS data in the adaptation of snow-

hydrological models to mountain catchments improved the results not only for the

but also for the simulated snow cover distribution and for the mass balance of the

glaciers. The results demonstrate that ALS data are a beneficial source for extensive

analysis of snow patterns and for modeling the runoff from high Alpine catchments.



Zusammenfassung

Die Kenntnis der räumlichen Verteilung der Schneedecke im Hochgebirge ist eine Vo-

raussetzung für die realistische Modellierung des Abflussgeschehens alpiner Einzugs-

gebiete. Während die schneebedeckte Fläche mit Hilfe von optischen Fernerkun-

dungsverfahren ermittelt werden kann, ist die Messung der räumlichen Verteilung

von Schneehhen und damit des in der Schneedecken gespeicherten Wasservolu-

mens für ganze Einzugsgebiete schwierig. Diese Studie präsentiert die Anwen-

dung von luftgestützten Laserscanning Daten (Airborne Laser Scanning, ALS)

zur Bestimmung der räumlichen Schneedeckenverteilung im eisfreien und ver-

gletscherten Terrain. Die gewonnenen Informationen werden zur Steigerung der

Güte von Abflussmodellierungen in den vergletscherten Einzugsgebieten der Ötz-

taler Alpen (Tirol, Österreich) genutzt. Zunächst wurde bestimmt, in welchen

Teilflächen der Gletscher Abweichung zwischen mit ALS bestimmten Schneehöhen

und tatsächlichen Schneehöhen eine Größenordnung annehmen, die es in der hy-

drologischen Modellierung zu berücksichtigen gilt. Dafr wurden die mit Hilfe

von ALS gemessenen Oberflächenänderungen mit den von Bodenradarmessungen

berechneten Schneehöhen verglichen. Unter Verwendung von Landsat Daten kon-

nten Bereiche auf den Gletschern abgegrenzt werden, in denen Submergenz und

Komprimierung der Firnschicht zu erhöhten Abweichungen beitragen. Aufgrund

der geringen Firnbedeckung und den in den letzten Jahrzehnten reduzierten Eisbe-

wegungen in den untersuchten Gebieten sind die Abweichungen auf einem Großteil

der Gletscherflächen gering. Um Flächen mit einem für die Schneedeckenmodel-

lierung hohen Informationsgehalt abzugrenzen, wurde die Persistenz der jährlichen

Schneeverteilungen in einem Teileinzugsgebiet des Hinteren Rofentals (ca. 36 km2)

bestimmt. 75 % der Gesamtfläche zeigten eine geringe zeitliche Variabilität der stan-

dardisierten Schneehöhen. Ein großer Teil der Flächen mit zeitlich hoher Variabilität

der Schneehöhen ist in Gebieten zu finden, in denen sich die Eisbedeckung in dem

10-jährigen Untersuchungszeitraum geändert hat. Lawinen und Schneerutsche tra-

gen einen stetigen Teil zur Akkumulation auf Gletschern bei, dessen zusätzliches

Volumen allerdings gering ist. Der Wert der von ALS Daten abgeleiteten Schneev-

erteilung wurde durch die Einbindung der Daten in die Kalibrierung und Validierung
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von schnee-hydrologischen Modellen untersucht. Im Allgemeinen zeigt sich, dass

die von ALS berechnete Akkumulation in den Einzugsgebieten besser zur Eingren-

zung von Modellparametern geeignet ist als nur die schneebedeckte Fläche. Damit

konnte nicht nur die Abflusssimulation verbessert werden, sondern auch die Sim-

ulation der Schneedeckenverteilung im Hochgebirge und des Massenhaushaltes der

Gletscher. Die Ergebnisse zeigen, dass ALS Daten eine nützliche Quelle für die aus-

giebige Analyse von Mustern der Schneebedeckung und für die Abflussmodellierung

im Hochgebirge darstellen.
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Chapter 1

Introduction

1.1 Motivation

Approx. 75 % of the available freshwater on Earth is stored in ice. The Greenland

and the Antarctic Ice Sheet together share 99 % of the total volume of frozen fresh-

water (Dyurgerov and Meier 2005; Lemke et al. 2007), whereas mountain glaciers

and ice caps contain only the remaining 1 %. However, these relatively small share

in volume corresponds to more than 198 000 glaciers (Pfeffer et al. 2014), which

contribute to the hydrology of different mountain regions on Earth. Also, water is

stored in the seasonal snow cover with different characteristics in volume and du-

ration with respect to different climate conditions. Thus, the storage of water in

the snow cover, in the multi-annual firn cover and subsequently in the ice bodies

of the glaciers has a daily to multi-annual time scale (Jansson et al. 2003; Lemke

et al. 2007). Whereas the inter-mediate storage of water in the snow cover affects

the seasonal runoff variability, the water stored and released from the glaciers can

shift runoff regimes within centuries (Fig. 1.1).

The ongoing climate change has a significant impact on the state of the cryosphere

(Vaughan et al. 2013). It alters the reservoirs of snow and ice and will have a

considerable impact on water regimes of snow dominated mountain regions in the

future (e.g. Beniston 2003; Viviroli et al. 2007). In glacierized catchments of the

Alps, the glacio-nival runoff regime is characterized by high runoff originating from

melt of the seasonal snow cover in spring followed by the peak runoff caused by

increased precipitation and an additional contribution of ice and snow melt from

glaciers in summer (Aschwanden et al. 1986). In the last two decades, an increased

contribution of glacier melt to runoff is caused by the imbalanced state of the glaciers

manifested in predominantly negative mass balances in the Alps (e.g. Abermann

et al. 2009, 2012; WGMS 2005, 2008, 2012). A shorter duration of the seasonal snow
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2 Introduction

Figure 1.1: Components of the cryosphere and their typical time scales of water storage

( from Lemke et al. (2007)).

cover and a decreasing glacier area will change the runoff characteristics in mountain

catchments (e.g. Kuhn and Batlogg 1998; Hock 2005; Huss et al. 2008; Koboltschnig

et al. 2008; Magnusson et al. 2010; Bavay et al. 2013) and downstream of mountain

regions (e.g., Braun et al. 2000; Barnett et al. 2005; Kaser et al. 2010; Huss 2011).

A shift of the snow melt season towards earlier time of the year and a reduction of

the glacier melt contribution to the summer runoff from Alpine mountain ranges are

expected.

However, the spatial distribution of the snow cover at the end of the accumulation

season was found to determine spatial patterns of snow disappearance (e.g. Blöschl

and Kirnbauer 1992; Anderton et al. 2004; Mott et al. 2011a; Egli et al. 2012). Thus,

the spatial snow distribution has a strong influence on glacier mass balance and the

seasonality of the runoff from mountain catchments (e.g. Marsh 1999; Braun et al.

2000; Lundquist and Dettinger 2005; Huss et al. 2014). Huss et al. (2014) showed

that runoff projections from glacierized catchments for the 21st century are impaired

with high uncertainty, which partly originates from the heterogeneous nature of the

mountain snow cover:

Knowledge about [...] the quantity of winter snow accumulation and

its spatial distribution [...] is crucial for correctly capturing the future

runoff response within a glacio-hydrological model. A lack of data on

these variables can lead to considerable errors in predicted future runoff

change. (Huss et al. 2014)

Fundamental knowledge of the spatial and temporal variability of the mountain
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snow cover represents challenges for today’s climatological and hydrological science.

Hydro-meteorological models with a different degree of complexity in temporal and

spatial resolution and different formulations of the fundamental physics are applied

to simulate the runoff from mountain catchments (e.g. Kuhn 2000; Hock 2005; Lehn-

ing et al. 2006; Huss et al. 2008; Strasser 2008). For adapting these hydrological

simulations to remote mountain areas, point measurements of snow depth, snow

water equivalent or the precipitation are extra- and interpolated, but information

on the total water volume stored in entire mountain catchments is rare (e.g. Jonas

et al. 2009). In general, measurements of solid precipitation - the most impor-

tant model input - are impaired with errors (e.g. Sevruk 1985; Goodison et al. 1998)

and the representativeness of single accumulation measurements for entire mountain

catchments is uncertain (e.g. Jansson and Pettersson 2007; Grünewald and Lehning

2011). Optical remote sensing data from space enables to compare model results for

snow covered area, but not for snow depth and hence the total accumulation (e.g.

Lundberg et al. 2010; Nolin 2011). Complementary measurements or inverse model-

ing are required to determine relations between snow covered area and snow depths

using oblique aerial photographs (e.g. Blöschl and Kirnbauer 1992; Huss et al. 2013).

In recent years, the spatial snow depth distribution in mountain regions was ana-

lyzed using high resolution lidar (light detection and ranging) measurements (Deems

et al. 2013). While terrestrial laser scanning (TLS) was applied to areas on the slope

scale (e.g. Prokop et al. 2008; Grünewald et al. 2010; Schirmer et al. 2011), snow

accumulation was determined using airborne laser scanning (ALS) measurements at

small mountain test sides (Hopkinson et al. 2001, 2004; Deems et al. 2006, 2008;

DeBeer and Pomeroy 2010) and in partly glacierized catchments at the end of the

accumulation season (e.g. Geist and Stötter 2007; Dadic et al. 2010a; Grünewald

et al. 2013; Sold et al. 2013). However, often only two years of peak snow accu-

mulation derived from lidar data in mountain catchments exist (e.g. Deems et al.

2008; Schirmer et al. 2011; Schirmer and Lehning 2011; Grünewald et al. 2013).

Thus, little is known about the multi-annual persistence of the spatial snow depth

distribution in partly glacierized mountain terrain at the end of the accumulation

season. Additionally, glacier dynamics and firn densification have to be considered

using lidar to derive snow depths on glacier surfaces (e.g. Sold et al. 2013). With

respect to the high demand on data of spatially distributed snow depths for adapt-

ing hydro-meteorological models to mountain regions, this thesis aims to investigate

the applicability and the value of ALS-derived snow patterns in partly glacierized

catchments in more detail.
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1.2 State of Research

1.2.1 Spatial and temporal snow cover variability

The spatial and temporal variability of the mountain snow cover is of interest

in cryospheric science for issues like modeling the mass balance of glaciers (e.g.

Machguth et al. 2006b; Huss et al. 2008; Dadic et al. 2010a), determining the snow

cover duration for ecological investigations (e.g. Tappeiner et al. 2001) and per-

mafrost simulations (e.g. Gruber and Hoelzle 2001), identifying risks of natural

hazards (e.g. Schweizer et al. 2008) and simulating the runoff from mountain catch-

ments (e.g. Hock 2005; Lundquist and Dettinger 2005; Schöber et al. 2010; Huss

2011; Bavay et al. 2013). In complex mountain terrain, the spatial snow distri-

bution is caused by preferential deposition of snow caused by wind-induced snow

transport from exposed to sheltered areas (e.g. Winstral et al. 2002; Kuhn 2003;

Lehning et al. 2008; Dadic et al. 2010a; Mott et al. 2010; Warscher et al. 2013) and

the subsequent gravitational snow transport from steep slopes and sheer rock walls

(e.g. Machguth et al. 2006b; Bernhardt and Schulz 2010). Lehning et al. (2011)

reported that in rough terrain less snow is stored compared to snow amounts in

smoother terrain. Once the snow is deposited, the locally differing energy balance

of the surface increases spatial heterogeneity of the snow cover (e.g. Cline et al. 1998;

Pomeroy et al. 1998; Hock 2005; Mott et al. 2011a; Grünewald et al. 2010).

The spatial variability of snow depth is a challenging characteristic, especially re-

garding scaling issues for the spatial design of snow depth measurements and the

spatial resolution of hydro-meteorological models. Geostatistical analyses were used

in cryospheric sciences to analyze scaling issues in snow hydrology by e.g. Shook and

Gray (1996) and Blöschl (1999), to investigate topographic and wind control on snow

depth distributions (e.g. Lehning et al. 2011; Mott et al. 2011b) and to analyze frac-

tal dimensions and scale breaks of spatial snow depth variability (e.g. Deems et al.

2006, 2008; Trujillo et al. 2007; Schirmer and Lehning 2011). Typical breaks in the

spatial autocorrelation of snow depths in mountain terrain were observed between

meters and a few tens of meters, both for manually taken snow samples (e.g. Shook

and Gray 1996) and snow depths derived from lidar data (e.g. Mott et al. 2011b;

Deems et al. 2008; Schirmer and Lehning 2011). In general, snow depth variability

decreases with increasing aggregation of snow samples (Clark et al. 2011), which was

confirmed by the studies of e.g. Grünewald et al. (2013) and Melvold and Skaugen

(2013).

Complex relations exist between the snow accumulation and the formation of glaciers

and vice versa (Cuffey and Paterson 2010). Firn, which remains several melt seasons,

is a prerequisite for the formation and existence of a glacier. In turn, the formation



1.2 State of Research 5

of the seasonal snow layer is encouraged on glaciers due to the homogeneous surface

and the reduced ground heat flux caused by ice surface temperature at 0◦ C.

Summarizing all processes, exposed mountain crests and steep slopes of alpine moun-

tains mostly remain snow free towards the end of the accumulation season, whereas

high snow depths can be expected in wind sheltered areas, in surface depressions,

at the foot of steep slopes or rock walls and more generally on glacier surfaces.

The temporal variability of the seasonal snow cover in Alpine catchments is influ-

enced by the regional variability of precipitation in the Alps (e.g. Fliri 1975; Frei and

Schär 1998). Results of four decades of mass balance monitoring on Vernagtferner

and Hintereisferner presented in Escher-Vetter et al. (2009) give an insight on inter-

annual variability of winter accumulation on glaciers in the Ötztal Alps. Up to now,

long-term observations of spatially distributed snow depths in mountain regions have

been based on manually taken snow depth samples (e.g. Hoinkes 1970; Jansson and

Pettersson 2007; Escher-Vetter et al. 2009; Sturm and Wagner 2010; Jepsen et al.

2012; Winstral and Marks 2014). Sturm and Wagner (2010) showed climatological

patterns of standardized snow depths derived from multi-annually measured snow

depth distributions , that are suitable for simulating the spatial snow distribution.

Jansson and Pettersson (2007) calculated seasonal winter mass balances based on 100

snow depth samples per kilometer square on Storglaciären (Sweden). They showed

that the temporal variability of the spatial snow distribution is mainly caused by

wind erosion. Annual point measurements were not consistently representative of

the corresponding average snow depth on this glacier. Winstral and Marks (2014)

related higher spatial variability of the snow pattern measured at the peak of 11

accumulation seasons to higher wind speeds and higher melt rates. Based on a to-

tal number of 5300 snow depth measurements taken at the end of 12 accumulation

seasons, Jepsen et al. (2012) found that the spatial coefficient of variation of snow

depths ranged considerably from 0.73 to 1.09 in a continental Alpine watershed.

Schirmer and Lehning (2011) and Melvold and Skaugen (2013) indicate an inter-

annually consistency of the snow pattern at different spatial scales at the end of the

accumulation season. Schirmer et al. (2011) found snow patterns to be more similar

at the end of two accumulation seasons than snow depth distributions recorded by

terrestrial laser scanning after individual storms.

1.2.2 Modeling of the mountain snow cover

Hydrological models with different complexity of required input data and differ-

ent spatial and temporal resolution are used to model the seasonal snow cover in

mountain catchments.
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The topography of mountain environments fundamentally influences the spatial

snow distribution (e.g. McKay and Gray 1981; Blöschl and Kirnbauer 1992). Em-

pirical models were developed to reproduce the observed snow depth distributions

in relation to topographic parameters such as elevation, slope, aspect, curvature,

viewshed and terrain roughness. Binary regression trees were applied successfully

with various topographic parameters as explanatory variables (e.g. Elder et al. 1998;

Anderton et al. 2004; Molotch et al. 2005; López-Moreno and Nogués-Bravo 2006;

Revuelto et al. 2014). Multiple regressions were developed using similar topographic

parameters by e.g. Elder et al. (1991); Chang and Li (2000); Pomeroy et al. (2002);

Marchand and Killingtveit (2005); Grünewald et al. (2010); Lehning et al. (2011);

Grünewald et al. (2013). Using various spatial resolutions and differently sampled

snow cover data, up to 90 % of the observed snow cover variability could be ex-

plained from the application of such statistical approaches. However, Grünewald

et al. (2013), showed that statistical relations between snow depth and topography

are site-specific and performance decreases considerably when applying calibrated

regression formulas to snow depth distributions of different catchments.

Conceptual models use spatially aggregated areas with similar hydrological response.

These Hydrological Response Units (HRU) are mostly determined due to the soil

type, ice cover, land use, vegetation type, altitude and to the topographic parameters

such as slope and aspect. The advantage of models implementing HRUs is the fast

computational time. However, the spatial snow depth variability is limited to the

number and size of different HRUs. An increase of precipitation with increasing

altitude was found in Alpine catchments (e.g. Hoinkes and Steinacker 1975; Lehning

et al. 2011; Grünewald and Lehning 2011) and is implemented in semi-distributed

hydrological models like e.g. OEZ (Kuhn 2000, 2003), HQsim (Kleindienst 1996;

Achleitner et al. 2012), HBV (Bergström 1992) or PREVAH (Viviroli et al. 2009). In

addition, corrections are applied accounting for the undercatch of solid precipitation

measurements using a factor related to the temperature and wind at the time of the

precipitation measurements (e.g. Sevruk 1985; Goodison et al. 1998). Kuhn (2003)

used constant redistribution factors to simulate the transport of solid precipitation

from unglacierized areas to glacier surfaces. In most of these models, melt of snow

and ice is related to the temperature above a melt-threshold using degree-day (or

temperature-index) methods (e.g. Hoinkes and Steinacker 1975; Braithwaite and

Olesen 1989; Ohmura 2001; Hock 2003). With respect to the lack of spatial resolution

in conceptual models, snow covered area (SCA) and accumulation gradients provide

useful information to validate modeled snow cover.

More sophisticated simulations of the spatial variability of the mountain snow cover

are achieved with spatially distributed hydrological models such as SES (Blöschl

et al. 1991a; Asztalos et al. 2006; Kirnbauer et al. 2009), AMUNDSEN (Strasser
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2008), WaSIM-ETH (Schulla and Jasper 2007) or GERM (Huss et al. 2008). Sim-

ilar to conceptual models, precipitation increase with elevation is considered using

precipitation gradients and has to be corrected with respect to the undercatch of the

solid share. More complex degree-day approaches including spatially differing solar

radiation (e.g. Hock 1999; Pellicciotti et al. 2005) or parameterizations of the sur-

face energy balance are used to simulate snow melt. In contrast to lumped models,

spatial variability of the snow accumulation is related to e.g. slope and curvature of

the terrain (e.g. Blöschl et al. 1991a; Farinotti et al. 2010; Schöber et al. 2014). E.g.

Winstral et al. (2002), Schirmer et al. (2011) and Warscher et al. (2013) presented

the successful parameterization of spatial snow depth variability using a parameteri-

zation including wind direction, wind speed and viewshed. Grid sizes of 100 m or less

were shown to be appropriate for spatially distributed hydro-meteorological models

to simulate the spatial snow cover in the complex topography of mountain terrain

(e.g. Blöschl et al. 1991b; Strasser 2008). However, information on snow depths in

the similar spatial resolution of the model are required to validate the model results.

But often only remote sensing data of SCA, snow depth profiles along transects or

scattered snow depth measurements exist.

More complex snow cover models, which solve physical properties of a multi-layer

snowpack (e.g. SNOWPACK (Bartelt and Lehning 2002; Lehning et al. 2002),

ALPINE3D (Lehning et al. 2006) or SnowDrift3D Schneiderbauer and Prokop

(2011)), have large requirements of meteorological input data and high computa-

tional effort. Alpine3D is the application of multi-layer model SNOWPACK on a

regular grid (Lehning et al. 2006). It was successfully tested in a partly glacierized

catchment (Michlmayr et al. 2008) and completed using wind fields by Mott et al.

(2010). Liston et al. (2007) and Bernhardt et al. (2010) also modeled snow cover

heterogeneity using simulated wind fields. (Dadic et al. 2010a) studied the wind

influence over glaciers and found that accumulation patterns are related to uplift

and downward air flow. A model intercomparison of Essery et al. (2013) turned out

that the storage and refreezing of liquid water have to be considered in snowpack

modeling. Prognostic representations of snow density and albedo lead to the most

consistent results. However, they found no clear link between model complexity and

model performance in runoff simulations.

1.2.3 Measuring snow distribution

Hydro-meteorological models simulating the mountain snow cover with a high spatial

and temporal resolution require spatially distributed information on snow patterns

for calibration and validation. Especially for the application in partly glacierized

mountain catchments, simulation results should not only be validated for runoff, but
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also for spatial and temporal snow cover distribution(e.g. Blöschl et al. 1991b; Huss

et al. 2014).

However, snow cover properties are measured with different temporal and spatial

resolution (e.g. Corps of Engineers 1956; Gray and Male 1981; WMO 1992; Lundberg

et al. 2010). While point information on snow depth and snow water equivalent

(SWE) can be obtained in sub-hourly time steps (e.g. Corps of Engineers 1956;

WMO 1992), spatially distributed snow data are recorded with gaps of several days

(e.g. König et al. 2001; Hall et al. 2002; Nolin 2011), in event-based time steps (e.g.

Sturm and Wagner 2010; Schirmer et al. 2011) or at the end of the accumulation

season (e.g. Kaser et al. 2003; Winstral and Marks 2014).

On the point scale, snow depth, snow density and the corresponding SWE can

be measured at automatic weather stations and by manual measurements WMO

(1992). Mostly, more extensive snow surveys including manually taken snow probes

and snow pits are performed to derive the SWE of the seasonal snow cover for

mass balance studies on glaciers (e.g. Hoinkes 1970; Kaser et al. 2003; Jansson and

Pettersson 2007; Escher-Vetter et al. 2009), to evaluate remotely sensed snow data

(e.g. Schaffhauser et al. 2008; Prokop et al. 2008) or to analyze the inter-annual

persistence of snow patterns (e.g. Sturm and Wagner 2010; Winstral and Marks

2014). These point information are used to inter- and extrapolate the mountain snow

cover to the catchment scale using different techniques (e.g. Erxleben et al. 2002;

Anderton et al. 2004). However, the spatial representativeness of these individual

measurements for the surrounding terrain is uncertain (e.g. Grünewald and Lehning

2011).

Another possibility to measure snow depths is ground-penetrating radar (GPR).

Depending on the measurement design and operation modes, GPR is suitable to

measure quasi-continuous profiles of snow depth, of snow cover stratigraphy (e.g.

Heilig et al. 2009) and of multi-annual snow layers (e.g. Eisen et al. 2003) and

to determine signal propagation velocity, snow density or dielectric properties of

the snow cover(e.g. Daniels 2005; Lundberg et al. 2010). Machguth et al. (2006a)

and Sold et al. (2013) showed the successful application of helicopter-based GPR

measurements for snow cover studies in glacierized mountain terrain. However, the

accuracy of GPR measurements is very sensitive to liquid water in the snow (e.g.

Frolov and Macheret 1999; Lundberg et al. 2006; Sundström et al. 2012) and, thus,

a good timing of the GPR-surveys is a prerequisite for successful data acquisitions

of snow depths at the end of the accumulation season.

In general, in-situ measurements of the spatial snow distribution in high mountain

environments are a dangerous and partly not feasible task due to objective risks

(e.g. avalanches, crevasses on glaciers) and missing infrastructure. In these inacces-
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sible, remote sensing enables to measure physical properties and the spatial snow

distribution (e.g. König et al. 2001; Rees 2006; Nolin 2011). Optical Remote Sens-

ing techniques from satellite are used to examine the snow covered area (SCA) (e.g.

Dozier 1989; Hall et al. 2002; Rittger et al. 2013), fractional snow cover (e.g. Sa-

lomonson and Appel 2004) and snowpack properties such as grain size and albedo

(e.g. Painter et al. 2009). Remotely sensed data of SCA were assimilated in hy-

drological simulations of mountain regions (e.g. Martinec 1987; Nagler et al. 2008).

Passive (e.g. Chang et al. 1987) and active (e.g. Rott et al. 2010) microwave ra-

diometers were used to determine SWE of the snow cover. In the course of the

years, the spatial resolution and accuracy of satellite data have been increased, but

remote sensing of snow depth and SWE from satellite had still limited success (Nolin

2011).

Snow cover products from aerial or terrestrial photogrammetry are useful to map

spatial extent and optical properties of the snow surface (e.g. Corripio et al. 2004;

Farinotti et al. 2010). However, photogrammetric calculation of snow depths within

an appropriate vertical accuracy often failed due to the lack of surface structures in

scenes with almost total snow coverage.

Over the last decade, lidar (light detection and ranging) technique was successfully

used to measure snow depth changes between elevations of a reference surface and

surface elevations measured at a second survey (Deems et al. 2013). Therefore,

spatial variations in snow accumulation before and after the precipitation events (e.g.

Schirmer et al. 2011), mass budgets of avalanches (e.g. Prokop et al. 2008; Prokop

2008; Schaffhauser et al. 2008; Sailer et al. 2008), seasonal snow accumulation (e.g.

Hopkinson et al. 2004; Trujillo et al. 2007; Dadic et al. 2008; Grünewald et al. 2010,

2013; Lehning et al. 2011; Mott et al. 2011b; Melvold and Skaugen 2013) and the

subsequent spatially differing melt of the snow cover (e.g. Grünewald et al. 2010;

Mott et al. 2011a; Egli et al. 2012) were investigated.

Whereas terrestrial laser scanning (TLS) achieved high vertical accuracy of

0.01 to 0.1 m compared to manual probing (Prokop et al. 2008), airborne laser scan-

ning (ALS) has been successfully applied to mountain regions with a vertical accu-

racy of 0.1 to 0.15 m at gently inclined slopes (e.g. Bollmann et al. 2011; Joerg et al.

2012; Deems et al. 2013). However, whereas lidar data were used to investigate the

spatial variability of the snow cover and its causing processes, only Melvold and

Skaugen (2013) used ALS derived snow depths to validate snow distributions which

were simulated with a hydrological model in a large catchment.
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1.2.4 Lidar principles

Lidar (light detection and ranging, also called laser scanning) is an active remote

sensing technology (Baltsavias 1999a; Wehr and Lohr 1999; Kraus 2004). A laser

signal is emitted and the travel time of the reflected signal is recorded. Thus, by

knowing the propagation velocity of the signal, the distance between the emitting

sensor and the illuminated surface on ground can be calculated. Adding the infor-

mation on the exact shot position, the shot direction and the shot angle, enables

the 3D location of the reflecting surface. Beside the 3D geometrical information,

the backscattered energy of the reflected laser signal can be recorded (e.g. Wehr and

Lohr 1999) and be related to surface characteristics (e.g. Höfle and Pfeifer 2007).

Figure 1.2: Principle components of an airborne laser scanning system: the aircraft car-

rying the laser scanner, the Global Positioning System GPS and the Inertial measurement

Unit IMU (from Vetter (2013) p.14).

Airborne Laser Scanning (ALS) enables covering whole catchments within one sur-

vey using scanning devices mounted on an aerial platform like an aircraft or heli-

copter (Baltsavias 1999b). Besides the laser scanner itself, a high accuracy differ-

ential Global Positioning System (dGPS) is required to determine the location of

the moving scanner system. A nearby base station is beneficial for a high accu-

racy processing of the dGPS data. An Internal Measurements Unit (IMU) measures

roll, pitch and yaw of the aircraft to calculate the orientation of the laser scanner
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(Fig. 1.2).

The dGPS measurements have to be synchronized to the IMU measurements with

respect to inconsistent timing with a higher temporal frequency of the IMU data

(Favey 2001). Accuracy of the 3D location of the reflecting surface is affected by

the accuracy of the dGPS and the IMU and by the footprint of the laser signal.

Typically diameters of the laser footprint are in the magnitude of several centimeters

depending on the beam divergence, the distance between scanner system and the

surface, the incidence angle as well as the shape of the illuminated surface (Baltsavias

1999a). In theory, a laser beam emitted in nadir direction in combination with a

horizontal plane results in a circular footprint of the signal. However, in nature the

illuminated area varies in slope, orientation and roughness and, thus, the emitted

conical footprint of the laser beam is modified (Fig. 1.3).

Multiple echos can originate from objects, which split the laser beam. Thus, multiple

signal echos can be related to different elevated surfaces, whereas the last echo

(pulse) is related to the bare ground. (Kodde et al. 2007) showed that a large

footprint and multiple pulses result from crevasses on glaciers, where the laser beam

is reflected at the edge of the crevasse, but partly continues into it. The intensity

of the backscattered signal depends on the incidence angle and surface properties

of the illuminated surface. Höfle and Pfeifer (2007) showed that ice, firn and snow

surfaces could be distinguished from intensity maps corrected for spherical loss and

topographic and atmospheric effects. A further development was the full wave laser

scanning (Wagner et al. 2006). The power of the received signal is recorded as

a function of time, so that information is gained on the vertical distribution of

the illuminated objects and on surface properties (Fig. 1.3). The distribution of

data points along a flight path is controlled by the combination of flight speed and

the deflection of the laser beam from the oscillating mirror (Fig. 1.2). Thus, point

densities are affected by the laser repetition rate, flight speed of the aircraft, the

height above ground, surface characteristics, the relief of the topography and the

deflection angle of the laser beam (Baltsavias 1999a).

Horizontal and vertical accuracy of the 3D point location depend on the size and

the modification of the laser footprint. The size of the laser footprint increases

with increasing distance between the laser system and the illuminated surface. It is

smaller for an incidence angle of 90◦ compared to illumination at a low angle. In

general, the vertical accuracy of ALS derived lidar points is a function of the slope

of the scanned surface (Kraus 2004; Bollmann et al. 2011). In steep terrain, small

horizontal errors cause large vertical offsets from actual surface elevations. Carefully

planned flight paths are therefore the basis for recording a high number of laser

points with a high accuracy in complex mountain terrain (Deems et al. 2013). Joerg
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Figure 1.3: Modification of the laser signal by topography and differences in recorded

waveform (from Vetter (2013) p.15).

et al. (2012) showed for ALS acquisitions at Findelengletscher in Switzerland that

systematic uncertainties of the ALS measurement have to be considered, whereas

stochastic uncertainties are not significant for the analysis of the glacier surface

elevation changes. Bollmann et al. (2011) estimated a mean absolute vertical error

of ALS point data of ± 0.05 m at slope angles of less than 40◦ with an exponential

increase of up to ± 1.0 m at slopes of 80◦.

1.2.5 Digital elevation models from lidar data

The reflections recorded at a lidar survey are stored with their coordinates x,y,z and

their attributes of e.g. intensity in a so called point cloud. To derive Digital Eleva-

tion Models (DEM), this point cloud has to be filtered (Sithole and Vosselman 2004;

Lui 2008). Whereas Digital Surface Models (DSM) typically include all reflections

next to the scanning system, Digital Terrain Models (DTM) aim to reproduce the

Earth surface without vegetation and are calculated with the last pulses of the laser

echos. The quality of a DEM depends on the point density of the filtered point

cloud. Higher point densities can be achieved by overlapping scan stripes. They

enable to produce DEMs by simple interpolation schemes or aggregation of adjacent

sample points with a small cell size and, thus, a high spatial resolution (McCullagh

1988; Lui 2008; Deems et al. 2013). The adequate number of grid cells in the DEM

should be similar to the number of available 3D points, i.e. point densities of more

than 1 point per square meter enable to produce DEMs with spatial resolution of
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1 m.

Bollmann et al. (2011) found a cumulative vertical error of 3D point accuracy and

DTM generation of ± 0.12 m in 40◦ steep and rough terrain and concluded a total

vertical error of less than ± 0.15 m to ± 0.20 m for major parts of the investigated

catchment. Geist et al. (2005) compared dGPS measurements and corresponding

grid values of a DTM calculated from ALS data at Engabreen (Norway) and found

minimal mean deviations of 0.10 m and a standard deviation of 0.10 m.

Since lidar became an appropriate method in earth system sciences, several studies

have successfully applied ALS data to derive spatial snow depth distributions by

subtracting the DTMs of two surveys (e.g. Hopkinson et al. 2001, 2004; Deems

et al. 2006, 2008; Trujillo et al. 2007; Dadic et al. 2010a; Grünewald et al. 2010,

2013). A comprehensive review on lidar measurements of snow depths can be found

in Deems et al. (2013).
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1.3 Framework of the thesis

1.3.1 Study site and data

This thesis was developed in the frame of the alpS-project MUSICALS (MU ltiscale

Snow/ICe melt simulation into ALpine reservoirS). This project investigated the

hydrology of approx. 560 km2 partly glacierized mountain catchments in the Ötztal

Alps (Tyrol, Austria). This area includes catchments which directly or by diversion

supply water to the Gepatsch reservoir (46◦57’N, 10◦44’30”E, Fig. 1.4) and catch-

ments, which are planned to contribute to the reservoir inflow. These catchments

are the headwaters of the valleys Ötztal, Pitztal and Kaunertal. Due to the touristic

and economic development of this region, a variety of weather stations and discharge

measurements ensure an extensive basis of meteorological and hydrological data.

Figure 1.4: Map of investigated area showing meteo-hydrological measurement locations

and the reservoir infrastructure.

The Ötztal mountains possess an outstanding role in Austrian and international

cryospheric research. Multi-temporal glacier inventories (Lambrecht and Kuhn 2007;

Abermann et al. 2009, 2012) and one of the world’s longest glacier mass balance

series at Hintereisferner (Zemp et al. 2009; Fischer 2010) enable to study the relation

between glaciers and climate. With a total ice cover of 116 km2 the Ötztal Alps are

the most glacierized mountain region of the Eastern Alps accounting for almost one
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third of the glacier area in Austria. Since 2001 annual and seasonal lidar surveys

were conducted in a subcatchment of the Upper Rofental (46◦ 48’ N, 10◦ 46’ E) of

approx. 36 km2 (e.g. Geist and Stötter 2007; Bollmann et al. 2011; Sailer et al.

2012). Whereas Geist and Stötter (2007); Fischer (2011) analyzed these data with

respect to volume changes of the glaciers, seasonal snow depth distributions were not

investigated in detail. Within the time of the project, the data set of ALS derived

elevation changes of the accumulation seasons 2002, 2003 and 2009 was completed

by lidar surveys in 2010, 2011 and 2012 (Tab. 1.1). The ALS surveys in fall 2010

and spring 2011 were performed for the entire mountain range of the Ötztal Alps.

Almost no forest and only scattered trees exist in the investigated, high elevated

catchments. The mean point densities of the data set allowed us to calculate DEMs

with a cell size of 1 m (Tab. 1.1).

Table 1.1: Overview of the ALS flight campaigns investigated in this thesis. Note that all

scanner systems are Optech devices. The maximum scan angel αmax, the laser repetition

rate rr, scan frequency f and mean point densities pd are given. The vertical accuracy az

is calculated from deviations between ALS surface elevations and elevations of a known

reference surface. Mean flight altitude was between 1000 m and 1200 m above ground.

accumulation time date laser αmax rr f pd az (m)

season system (◦) (103s−1) (s−1) (m−2) mean σ

2002
t1 10 Oct 2001 ALTM 1225 20 25 28 1.1 na na

t2 07 May 2002 ALTM 1225 20 25 28 1.2 −0.040 0.110

2003
t1 18 Sep 2002 ALTM 2050 20 50 40 1.0 −0.030 0.098

t2 04 May 2003 ALTM 2050 20 50 40 0.8 −0.020 0.092

2009
t1 09 Sep 2008 ALTM 3100 20 70 40 2.2 0.002 0.057

t2 07 May 2009 ALTM 3100 20 70 38 2.4 0.040 0.054

2011
t1 08 Oct 2010 ALTM Gemini 25 70 36 3.6 0.076 0.047

t2 20 Apr 2011 ALTM Gemini 25 70 36 3.8 −0.007 0.041

2012
t1 04 Oct 2011 ALTM 3100 20 70 40 2.9 0.001 0.042

t2 11 May 2012 ALTM 3100 20 70 40 2.8 0.005 0.057

1.3.2 Goals and outline

With respect to the high demand on data of spatially distributed snow depths for

adapting hydro-meteorological models to mountain regions, this thesis aims to in-

vestigate the applicability and the value of ALS-derived snow patterns in partly

glacierized catchments in more detail. Therefor following questions were addressed:

1. Are there differences between ALS derived and actual snow depths on glacier

surfaces of such a magnitude that they have to be considered in hydrological

studies, and if so, for what reason?

2. To which degree is the pattern of the seasonal snow cover persistent in space

and time? Which processes cause the inter-annual variability of the snow

pattern in glacierized mountain catchments?
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3. What are the the benefits of ALS-derived snow distributions for improving the

model performance of runoff simulations?

Based on existing ALS data of three accumulation seasons, the spatial and temporal

snow distribution in the Upper Rofental catchment was investigated in the Paper 1:

Snow accumulation of a high alpine catchment derived from lidar mea-

surements (Chap. 2). Seasonal accumulation gradients were determined and a

first comparison of ALS derived snow depths with snow samples on Hintereisferner

showed that ALS derived snow depths locally deviate from actual snow depths on

glacier surfaces. For that reason field measurements were performed contemporally

to the ALS surveys of two accumulation seasons. The Paper 2: Lidar snow

cover studies on glaciers in the Ötztal Alps (Austria): comparison with

snow depths calculated from GPR measurements presents the contribution

of ice dynamics and firn densification to ALS surface elevation changes within the

accumulation season (Chap. 3). Inter-annual persistence of the mountain snow

cover is a prerequisite for using simple parameterizations to simulate spatial snow

cover variability. Based on the complete data set of five seasonal snow depth dis-

tributions, the inter-annual persistence of snow patterns was analyzed in Paper

3: Inter-annual persistence of the seasonal snow cover in a glacierized

catchment (Chap. 4). The spatial and temporal variability of gravitational snow

transport and its contribution to seasonal snow cover volume on glaciers is investi-

gated in more detail in Chap. 5. Chapter 6 presents the successful application of

the ALS derived snow distributions in the calibration and validation process of two

hydro-meteorological models. Finally, the conclusions are summarized with respect

to the research questions in Chap. 7.



Chapter 2

Paper I - Snow accumulation of a

high alpine catchment

Helfricht, K., Schöber, J., Seiser, B., Fischer, A., Stötter, J., and Kuhn, M.: Snow

accumulation of a high alpine catchment derived from lidar measurements,

Advances in Geoscience, 32, 3139,doi:10.5194/adgeo-32-31-2012, 2012.
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Abstract. The spatial distribution of snow accumulation sub-
stantially affects the seasonal course of water storage and
runoff generation in high mountain catchments. Whereas the
areal extent of snow cover can be recorded by satellite data,
spatial distribution of snow depth and hence snow water
equivalent (SWE) is difficult to measure on catchment scale.
In this study we present the application of airborne LiDAR
(Light Detecting And Ranging) data to extract snow depths
and accumulation distribution in an alpine catchment.

Airborne LiDAR measurements were performed in a
glacierized catchment in the Ötztal Alps at the beginning and
the end of three accumulation seasons. The resulting digi-
tal elevation models (DEMs) were used to calculate surface
elevation changes throughout the winter season. These sur-
face elevation changes were primarily referred to as snow
depths and are discussed concerning measured precipitation
and the spatial characteristics of the accumulation distribu-
tion in glacierized and unglacierized areas. To determine the
redistribution of catchment precipitation, snow depths were
converted into SWE using a simple regression model. Snow
accumulation gradients and snow redistribution were evalu-
ated for 100 m elevation bands.

Mean surface elevation changes of the whole catchment
ranges from 1.97 m to 2.65 m within the analyzed accumu-
lation seasons. By analyzing the distribution of the snow
depths, elevation dependent patterns were obtained as a func-
tion of the topography in terms of aspect and slope. The high
resolution DEMs show clearly the higher variation of snow
depths in rough unglacierized areas compared to snow depths
on smooth glacier surfaces. Mean snow depths in glacierized
areas are higher than in unglacierized areas. Maximum mean

snow depths of 100 m elevation bands are found between
2900 m and 3000 m a.s.l. in unglacierized areas and between
2800 m and 2900 m a.s.l. in glacierized areas, respectively.
Calculated accumulation gradients range from 8 % to 13 %
per 100 m elevation band in the observed catchment. Ele-
vation distribution of accumulation calculated by applying
these seasonal gradients in comparison to elevation distribu-
tion of SWE obtained from airborne laser scanning (ALS)
data show the total redistribution of snow from higher to
lower elevation bands.

Revealing both, information about the spatial distribution
of snow depths and hence the volume of the snow pack, ALS
data are an important source for extensive snow accumula-
tion measurements in high alpine catchments. These infor-
mation about the spatial characteristics of snow distribution
are crucial for calibrating hydrological models in order to re-
alistically compute temporal runoff generation by snow melt.

1 Introduction

In alpine head watersheds the storage of water as snow and
ice has a major impact on catchment discharge. Both, the
snow cover and the ice cover, have a distinct spatial dis-
tribution storing solid precipitation and affecting melt wa-
ter runoff. The water reservoir ice in its manifestations as
permafrost and glaciers delivers an annual runoff contri-
bution mainly in the summer months. Changes on extent
of these reservoirs act on a timescale of years to decades
(Jóhannesson et al., 1989). Temporal flow retardation due
to seasonal snow cover has a magnitude of hours to months

Published by Copernicus Publications on behalf of the European Geosciences Union.
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(Braun et al., 2000; Kuhn, 2003). Areal extent of snow cover,
spatial distribution of snow depth and hence SWE define
seasonality and amount of runoff contribution by snow melt
(Skaugen, 2007).

The catchment investigated in this study is located in
the Upper Rofen valley (Tirol, Austria, 46.80◦ N, 10.78◦ E,
Fig. 1) and has a size of about 26.3 km2. It was covered
by glaciers of 48.8 % in 2008 and its elevation ranges from
2304 m a.s.l. to 3739 m a.s.l. This implicates a glacio-nival
runoff regime characterized by large amounts of glacier melt-
water runoff in summer, solid precipitation stored in a snow
pack covering up to almost 100 % of the area in winter
and runoff generation by snow melt in spring. Two inten-
sively studied glaciers, namely Hintereisferner and Kessel-
wandferner, are located in this investigation area. Data of
mass balance measurements in terms of snow depth distribu-
tion and ice ablation (Kuhn et al., 1999; Escher-Vetter et al.,
2009; Fischer, 2010) as well as multi-annual volume changes
(Abermann et al., 2009) are the basis for hydrological mod-
elling in this region (Kuhn and Batlogg, 1998; Braun et al.,
2000).

The total amount and the spatial distribution of accumu-
lation of solid precipitation is the key for realistic spatio-
temporal modeling of meltwater runoff in alpine catch-
ments, both from snow melt and from ice ablation. Hydro-
meteorological models are constructed to simulate the total
amount of winter precipitation and the spatial distribution of
snow accumulation. To evaluate the distribution of SWE cal-
culated by these models, only insufficient data are available.
First of all, precipitation measurements in high alpine catch-
ments are affected by measuring errors, especially for solid
precipitation in the winter season (Sevruk, 1985; Sevruk and
Mieglitz, 2002). These errors can sum up to 50 % of total pre-
cipitation. To account for higher precipitation rates in moun-
tain areas, elevation gradients for precipitation are applied in
hydrological modeling (Bergström, 1992; Kuhn, 2000), with
the consequence, that highest precipitation rates occur at the
highest elevations of the model region. In terms of solid pre-
cipitation, these additional precipitation amounts are redis-
tributed from wind exposed ridges and steep slopes to shel-
tered and flatter regions, which has to be considered in snow
cover modeling (Strasser, 2008). To date only the modeled
area of snow cover can be evaluated extensively. This can
be done using optical space-borne remote sensing techniques
that deliver information in spatial resolutions up to 50 m (No-
lin, 2011). Information on spatial distribution of snow depths
and SWE is scarce. Besides snow depth measurements at sev-
eral weather stations, point measurements of snow accumu-
lation at glacierized areas exist in terms of snow probings
and snow pits for calculating glacier winter mass balance
(Escher-Vetter et al., 2009). Due to limited spatial coverage,
these data are not applicable for the whole glacier area in a
simple way.

A more favorable alternative to measure snow depths
is based on application of LiDAR (Light Detecting And
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Fig. 1. Map of the investigated catchment. The village Vent,
where the automatic weather station is located, the cumulative rain
gauges Hochjochhospiz (RGHJ), Proviantdepot (RGPD), Rofen-
berg (RGRB) and Hintereisferner (RGHF) are marked. The two
glaciers Hintereisferner (HEF) and Kesselwandferner (KWF) are
labeled.

Ranging) technique. LiDAR, also called laser scanning, is an
active remote sensing technology, producing 3-D point data
representing the observed surface in a geometrical informa-
tion with a high point density and accuracy. While terres-
trial laser scan measurements are spatially limited due to the
maximum signal distance and topographic shading, airborne
laser scanning (ALS) can be applied to larger areas (Balt-
savias, 1999; Wehr and Lohr, 1999; Geist, 2005). ALS can
be used in remote mountain areas, because this technique re-
quires no external light source. For georeferencing the data
no ground control points are necessary. It only needs a GPS
reference station in vicinity. Relatively high costs of ALS
acquisitions are compensated by the comprehensive amount
of data. The investigation area can be predetermined exactly
with the aim of cost reduction. Based on the 3-D point data,
the so-called point cloud, digital elevation models (DEM)
can be produced using interpolation algorithms (Lui, 2008).
These DEMs deliver a variety of topographic parameters like
slope and aspect, which are useful for hydrological model-
ing (Hollaus et al., 2005). Multi-temporal laser scan mea-
surements provide the possibility to detect surface elevation
changes caused by mass movements, mass loss or mass gain
even in terrain that is difficult to access. Many studies ana-
lyzed the potential of these multi-temporal laser scan acqui-
sitions in high mountain catchments investigating changes of
the alpine cryosphere in terms of glacier changes (e.g. Geist
and Stötter, 2007; Abermann et al., 2010; Geist and Stötter,
2009; Fischer et al., 2011). Studies about the spatial distribu-
tion of the alpine snow cover based on LiDAR measurements
are mainly available for restricted areas covering only a part
of mountain hillsides (e.g. Grünewald et al., 2010; Mott et al.,
2010; Lehning et al., 2011).

Adv. Geosci., 32, 31–39, 2012 www.adv-geosci.net/32/31/2012/
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In this paper a set of multi-temporal ALS-measurements
of the whole catchment of about 26.3 km2 is presented. The
analyses were performed to answer the questions:

i. Is it possible to investigate characteristics of snow cover
heterogeneity by means of ALS data?

ii. How crucial is the delimitation of unglacierized and
glacierized areas?

iii. Which parameters can be extracted from snow accumu-
lation distribution to improve hydrological modelling?

In Sect. 2 the ALS data set, additional data sources and the
principles to convert snow depths into SWE are described.
Section 3 highlights the results of the statistical analyses
to describe some fundamental characteristics of the snow
pack in the basin. Further, accumulation gradients of solid
precipitation are presented and differences of ALS derived
snow depths and measured snow depth at Hintereisferner are
shown. The discussion (Sect. 4) will be addressed to the par-
ticularities of glacierized catchments in terms of surface ele-
vation changes. Within the same section, the conclusions will
state the importance of extensive information about the spa-
tial distribution of seasonal water storage in the snow cover.

2 Data and methods

2.1 ALS Data

Laser scan flights are performed in the Upper Rofen valley,
Ötztal Alps, Austria (Fig. 1) at the end of glacier ablation sea-
son since 2001 (Geist and Stötter, 2007; Fischer et al., 2011).
Several flights were carried out between the annual measure-
ments to record snow accumulation and snow ablation (Geist
and Stötter, 2007; Spross, 2011). Within the airborne laser
scan data series of the last 10 yr, currently three winter sea-
sons (2001/2002, 2002/2003 and 2008/2009) are covered by
laser scan flights. Dates of acquisitions, the corresponding
identifier of the database and the point densities of the flight
campaigns are shown in Table 1.

The pre-processed data were used to produce high reso-
lution raster digital elevation models (DEM, cell size 1 m)
(Bollmann et al., 2011). The accuracy of the raster DEM de-
pends on the point density and the accuracy of the laser scan
point measurements. The comparison of DEM elevations
from ALS data and ground control points in the Hintereis-
ferner area shows that the vertical accuracy of the DEMs
is better than 0.3 m (Fischer et al., 2011). The accuracy of
laser measurements is influenced by the angle of the scanned
slopes (Kraus, 2004). Bollmann et al. (2011) found that ver-
tical errors increase from±0.04 m at slopes smaller than 35◦
up to ±1 m at slopes of 80◦ and assumed an overall vertical
accuracy of the DEMs of ±0.15 m to ±0.20 m for applica-
tion of multi-temporal ALS data in alpine catchments with

Table 1. ID-number, aquisition dates and point densities of the used
ALS data. Year of accumulation season, which is used later on, and
the mean surface elevation change �z between the respective DEMs
of the whole catchment are shown.

Mean point Accumulation �z

ID Date density per m2 period in m

hef01 11 Oct 2001 1.1 2002 2.10hef03 7 May 2002 1.2

hef07 18 Sep 2002 1.0 2003 1.97hef08 4 May 2003 0.8

hef16 9 Sep 2008 2.2 2009 2.65hef17 7 May 2009 2.4

slopes smaller than 70◦. For that assumption differences be-
tween differential Global Navigation Satellite System mea-
surements and airborne laser data of about 0.07 m with a
standard deviation of ±0.07 m were combined with errors
from ALS point to raster aggregation. The latter tends to be
small on the relatively flat glacier areas without crevasses
(±0.04 m). Regarding the highly glacierized investigation
area with slopes mostly smaller than 35◦ (see Fig. 4) it is as-
sumed here, that the vertical error of the DEM data is below
±0.15 m. While airborne laser scan data are available for an
area of about 36 km2, this study uses the hydrological catch-
ment, which was determined by a GIS watershed procedure
applied on a 10 m grid size of the DEM corresponding to
the hef16 flight (Table 1). The catchment has a size of about
26.3 km2, of which 48.8 % are covered by glaciers in 2008.
Elevation ranges from 2304 m a.s.l. to 3739 m a.s.l. The area-
elevation distribution of catchment area and glacier area in
100 m elevation bands are shown in Fig. 2.

Because significant glacier area loss occurred between
2002 and 2008, two glacier boundaries were produced us-
ing the procedure presented by Abermann et al. (2010). The
glacierized area of this catchment was reduced by 8.7 % be-
tween 2002 (14.1 km2) and 2008 (12.8 km2). To extract sur-
face elevation changes, the DEMs corresponding to one ac-
cumulation season were subtracted in the order spring minus
autumn. Later on dates of these DEM-differences are referred
to as 2002, 2003 and 2009 (Table 1).

2.2 Additional data

Precipitation and temperature data are available from an
automatic weather station located in Vent (46.858◦ N,
10.013◦ E, 1890 m a.s.l.) and are shown for the analyzed ac-
cumulation seasons in Fig. 3. Four precipitation gauges lo-
cated within the test site (Fig. 1) deliver a seasonal total of
measured precipitation. Elevation of the precipitation gauges
and measured precipitation sum of the three accumulation
seasons are listed in Table 2. Whereas the weather station
in Vent delivers hourly data, readings of the cumulative pre-
cipitation gauges took place coincidentally with the end of
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Table 2. Elevation and precipitation sums of the weather station
Vent and the four cumulative precipitation gauges Hochjochhospiz
(RGHJ), Proviantdepot (RGPD), Rofenberg (RGRB) and Hintere-
isferner (RGHF) of the accumulation seasons ranging from the 1st
of September to the 30 April.

Cumulative precipitation gauges

Vent RGHJ RGPD RGRB RGHF
Year 1890 2360 2737 2827 2970 m a.s.l.

2002 379 411 480 619 748 mm
2003 423 468 467 593 623 mm
2009 464 460 674 853 1079 mm
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Fig. 2. Area-elevation distribution of the investigated catchment.
Catchment area (black), glacier area in 2002 (gray) and glacier area
in 2008 (red) are shown in steps of 100 m elevation bands.

accumulation season close to 30 April. These precipitation
sums are the basis for further remarks on catchment precipi-
tation in Sect. 3.

An influence of glacier dynamic processes on ALS derived
snow depths at glacier surfaces can be assumed. In the in-
vestigated area annual measurements of vertical ice flow ve-
locities are available for Kesselwandferner (Abermann et al.,
2007). Less data exist to validate snow depths derived from
ALS at glacier surface. In 2009, nearly at the same date of
ALS data acquisition, snow sounding measurements were
performed on Hintereisferner. These snow depths can be
compared to snow depths derived from ALS.
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Fig. 3. Monthly precipitation sums (bars) and monthly mean tem-
perature (lines) at the automatic weather station in Vent for the
analyzed accumulation seasons 2002 (blue), 2003 (red) and 2009
(green).

2.3 Modeling snow water equivalent and accumulation
gradients

Differences between the DEMs corresponding to one accu-
mulation season deliver surface elevation changes (�z). In a
first approximation these �z were referred to as snow depths
at the end of the accumulation season. For hydrological ap-
plications snow depth has to be converted into snow water
equivalent (SWE). Therefore snow density has to be known
or estimated. As shown by Jonas et al. (2009), statistical
relations between snow depth and snow density deliver re-
liable approximations. Such long time data series of snow
depth and corresponding snow densities were also collected
and analyzed by Schöber et al. (2012) in the Tyrolean Alps.
They developed a statistical model based on one sub-dataset,
which includes measurements of snow densities at the end
of the accumulation season, predominantly recorded during
glaciological winter mass balance measurement campaigns
in the Ötztal Alps. This regression was used to calculate SWE
in kg m−2 by multiplying snow density (ρ (kg m−3)) by the
snow depth (h (m)) (Eq. 1).

SWE= ρ ·h (1)

Error analysis of this statistical model show a root mean
square error of 96 kg m−2 SWE. Relative errors of mod-
eled to measured SWE decrease with increasing snow depth,
whereas absolute errors increase, respectively. For more in-
formation the reader is referred to Schöber et al. (2012). The
regression model was used to convert mean surface elevation
changes of the 100 m elevation bands into SWE. Error ranges
for the calculated SWE and volume of the 100 m elevation
bands were calculated by assuming an accuracy of ±0.15 m
from ALS data and a function taking into account snow depth
dependent errors of the statistical SWE-model (Fig. 6). The
volume of the snow cover of one elevation band is defined as
mean SWE (SWEmean(n)) multiplied by the area (An). The
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sum of all elevation bands (number n, where n= 0 describes
the lowest elevation band) gives the overall volume (VALS)
of the snow cover derived by ALS data (Eq. 2).

VALS =
n∑

0

(
SWEmean(n) ·An

)
(2)

To obtain elevation gradients of snow accumulation, for
each elevation band the measured precipitation sum of the
cumulative rain gauge Hochjochhospiz (PRGHJ) was multi-
plied by an accumulation gradient γ with the power of the
number of the elevation band and by the area. Equation (3)
shows the calculation of overall volume by adding up the
snow volume of the elevation bands.

Vmod =
n∑

0

(
PRGHJ · γ n ·An

)
(3)

The accumulation gradient γ was determined iteratively
with the target that the modeled volume (Vmod) equals the
volume calculated from ALS data (VALS) in overall sum as
well as in the elevation band of largest area (Eq. 4).

Vmod

VALS
→ 1 (4)

3 Results

3.1 Spatial variability of surface elevation changes

Calculating the differences between the corresponding
DEMs delivers a mean surface elevation change (�z) of the
whole catchment, which is presented in Table 1. Spatially
distributed surface elevation changes were primarily referred
to as snow depths. The mean �z of the accumulation season
2009 is about 0.5 m larger than the mean �z of the accumula-
tion seasons 2002 and 2003. This signal is not obvious in the
precipitation data of Vent and Hochjochhospiz, but more dis-
tinct at the higher precipitation measurement locations (Ta-
ble 2). Precipitation sum measured at rain gauge Hintereis-
ferner (RGHF) in 2009 has the highest increase relative to
the previous investigated years (2002, 2003) and relative to
the other rain gauges in 2009 (Table 2). Monthly distribution
of precipitation and the mean monthly temperature measured
at the weather station in Vent are shown in Fig. 3. It is obvi-
ous, that the largest monthly precipitation was measured in
November 2002. More than twice as much precipitation was
cumulated than in the other two years. A low pressure sys-
tem crossing south of the alps in easterly directions caused
huge amounts of orographic precipitation along the Alpine
main ridge. However, the second stage of the accumulation
season 2003 was very dry, which had a compensating effect
at the end of winter season. In comparison to that, the ac-
cumulation season 2002 started with less precipitation, but
cumulated most of the precipitation in February, March and

April. The accumulation season 2009, dominated by north-
westerly flow conditions, showed an almost uniform tempo-
ral distribution of precipitation with minimum precipitation
in January.

Results of the statistical analyses on elevation distribution
of �z dependent on aspect and slope are shown in Fig. 4.
The area-distribution dependent on aspect and elevation has
its maximum on slopes exposed southeast at an elevation be-
tween 3100 m and 3200 m a.s.l. The maximum �z occurred
at easterly aspects around 3000 m a.s.l. in the accumulation
seasons 2002 and 2003. At the upper elevation bands the �z

appeared two times larger on easterly to southeasterly slopes
than on areas oriented west and northwest. In the accumula-
tion season 2009 maximum �z occurred about 200 m higher
on easterly slopes. Caused by higher energy fluxes, south
exposed slopes at the lowest elevation bands remain almost
snow free at the end of all three accumulation seasons.

The area distribution dependent on slope and elevation
showed higher fractions of area at inclined hillsides of about
25◦ between 2800 m and 3100 m a.s.l. Largest area frac-
tion is located at slopes of 10◦ to 20◦ between 3100 m and
3200 m a.s.l. Maximum �z are accumulated at nearly hor-
izontal surfaces around 2900 m a.s.l. With increasing eleva-
tion, occurrence of maximum �z is shifted towards steeper
slopes. Also here maximum �z in 2009 occurred at higher
elevations of about 3250 m a.s.l. Like in several other stud-
ies (e.g. Blöschl and Kirnbauer, 1992; Strasser, 2008), slopes
steeper than 60◦ show almost no snow cover.

Figure 5 shows the �z at 100 m elevation bands of
unglacierized and glacierized areas and the corresponding
mean standard deviations. It is clearly visible, that smaller
�z occurred at unglacierized than at glacierized areas in all
three accumulation seasons. Standard deviations of �z for
unglacierized areas are in the same order like �z, which in-
crease at higher elevation bands. This is caused by the rough
terrain of unglacierized areas, featuring steep slopes, ridges
and depressions as well as windward and sheltered areas on
small scale arrays and therefore snow redistribution by wind
and gravity. A much more homogeneous distribution of �z

can be deduced at glacierized areas by the relatively small
standard deviations in comparison to the mean.

Differences of �z between 2002 and 2003 occur mainly at
lower elevation bands. The larger �z in 2009 are mainly lo-
cated in glacierized areas at higher elevations. Large �z and
standard deviation at highest altitudes in 2002 are caused by
ALS measurement errors in steep terrain. Maximum �z oc-
curred between 2900 m to 3000 m a.s.l on unglacierized areas
and between 2800 m to 2900 m a.s.l. on glacierized areas, re-
spectively.

3.2 Gradients of accumulation

As described in Sect. 2.3, surface elevation changes (�z) of
the ALS data were referred to as snow depths and converted
into SWE. In the left column of Fig. 6 the graph of the mean
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Fig. 4. Contour plots of the elevation distribution of area and surface elevation changes (�z) dependent on aspect and slope. In the first
column the area distribution is shown. Panels 2, 3 and 4 in the first row present �z dependent on aspect for the accumulation seasons 2002,
2003 and 2009. In the second row the area and �z dependent on slope are shown, respectively.

SWE of the 100 m elevation bands illustrates the vertical dis-
tribution of specific accumulation for the three seasons 2002,
2003 and 2009. The accumulation obtained from ALS data
and the modeled accumulation, using the iteratively deter-
mined gradient, are shown. Precipitation measurements of
the four gauge stations are plotted, too. The right column of
Fig. 6 shows the volume of water equivalent calculated by
multiplying the SWE by the area of the elevation bands. The
lower and upper limit of the error range including the accu-
racy of the DEMs as well as the error of the SWE calculation
are shown as dotted curves. In Table 3 the accumulation gra-
dient γ and the ratios between volume by ALS and modeled
volume are presented. Calculated accumulation gradients of
8 % 100 m−1 in 2003 and 13 % 100 m−1 in 2009 seem to be
dependent on the overall accumulation at the end of season.

In all three seasons mean accumulation at the lowest el-
evation band derived from ALS data was smaller than pre-
cipitation measurement at the cumulative precipitation gauge
Hochjochhospiz. Precipitation gauges located at higher alti-
tudes show less cumulated precipitation than accumulation
at the corresponding elevation bands calculated from ALS
data. This can be explained by underestimation of the cumu-
lative precipitation caused by measurement errors dependent
on fraction of solid precipitation and wind speed at the high
mountain precipitation measurements (Sevruk, 1985; Sevruk
and Mieglitz, 2002). Evaluated by runoff measurements, this
underestimation can sum up to 30 % of the total precipitation
sum. In addition to local precipitation, snow can be accumu-
lated by redistribution from wind exposed ridges and steep
slopes to elevations of precipitation gauges and glacier sur-
faces (Kuhn, 2003; Strasser, 2008). Applying the gradient γ

starting from the precipitation measurement of Hochjochhos-
piz results in a increase of accumulation with increasing el-
evation. This vertical accumulation distribution was com-
pared to the ALS derived specific accumulation. In the lowest
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Fig. 5. Elevation distribution of the mean surface elevation change
�z and the standard deviation σ of surface elevation changes ob-
tained from the DEM differences. data of the 2002 accumulation
season are plotted in blue, data of 2003 in red and data of 2009 in
green. Solid lines are the values of glacierized areas. Dotted lines
show data of unglacierized areas.

elevation bands the modeled accumulation is larger than the
accumulation obtained from ALS data. This is caused by sig-
nificant melt and evaporation in these elevations even in the
accumulation period. Further specific accumulation modeled
by applying the gradient is smaller than accumulation de-
rived from ALS, 2009 even smaller than precipitation mea-
sured at the higher located rain gauges. The condition for the
second intersection is, that it is at the elevation band that has
the largest area (see Sect. 2.3). Above this point the mod-
eled specific accumulation is obviously larger than specific
accumulation derived by ALS. Here snow redistribution pro-
cesses in terms of wind and avalanches reduce the depth of
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Fig. 6. Graphs of the elevation distribution of SWE in terms of
specific accumulation (left column) and volume (right column) ob-
tained from ALS data (red line), by modeling with constant gradient
(blue line) and precipitation measurements (green triangle). Values
are shown for the state at the end of the accumulation seasons. The
black dotted curves show the upper and lower limit of error range.

Table 3. Accumulation gradients and ratios between modeled vol-
ume and volume derived from ALS measurements for catchment
sum (index all) and elevation band of largest area (index max).

Accumulation

Accumulation
gradient

period γ %/100 m Vmod
VALS all

Vmod
VALS max

2002 1.11 11 1.06 1.01
2003 1.08 8 1.03 0.93
2009 1.13 13 1.02 1.01

the snow cover and lead to snow accumulation in lower eleva-
tions. Considering the area elevation distribution and hence
plotting the volume of the snow pack (Fig. 6, second col-
umn), it is obvious, that the specific errors at elevations with
less area are not as important as realistic modeling of SWE
in the altitude of largest area.

However, error range resulting from ALS measurement,
DEM generation and the statistical SWE-model is largest
at the elevation bands with largest area (Fig. 6). Assuming
a constant error of ALS measurement, the relative error in-
creases with decreasing snow depth. It can be assumed, that
small snow depths at lowest and highest elevation bands are
represented well by the ALS measurements. Higher snow
depths at the elevation bands of largest area are more uncer-
tain, but more important for the volume of the snow cover.
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Fig. 7. Difference between ALS elevation change �z and measured
snow depth from snow probing on Hintereisferner (HEF) at the end
of accumulation season 2009.

3.3 Estimates on vertical ice flow velocities

Surface elevation changes derived from ALS measurements
of glacier surfaces imply dynamical processes beyond the
surface mass balance (Fischer et al., 2011). The vertical com-
ponent of ice flow and internal subsidence of the firn layer
has to be considered in studies of geodetic surface surveys
in glacierized areas. Deceleration of ice flow at Kesselwand-
ferner within the last decades lead to maximum annual verti-
cal ice flow velocities of about 1 m per year (Abermann et al.,
2007). Assuming that vertical ice flow velocities in the ac-
cumulation season are in the order of one third of their an-
nual magnitude, the estimated maximum submergence and
emergence velocities are about 0.35 m within one accumu-
lation season. These maximum values are substantiated by
comparison of ALS differences and snow soundings on Hin-
tereisferner in May 2009 (Fig. 7). The comparison of ALS
derived snow depths and snow soundings at Hintereisferner
shows differences of ±0.4 m. In the upper part of the glacier
ALS snow depths are lower than snow soundings, which can
be explained by submergence processes. Differences at the
middle elevation zones of Hintereisferner are in the same or-
der but have reverse sign. At the glacier tongue differences
are distributed around zero.

4 Discussion and conclusions

In this study ALS data of three accumulation seasons were
used to obtain catchment characteristics in terms of spatial
distribution of the snow cover and its total volume. Sur-
face elevation changes between two corresponding DEMs
at the beginning and at the end of accumulation season
were interpreted as snow depths and analyzed depend-
ing on slope, aspect and elevation. Characteristically snow
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cover distributions were found in the investigated catchment.
Whereas preferential snow accumulation areas are similar,
snow depths were varying between the analyzed accumula-
tion seasons. It has been shown that significant differences
of snow depths exist between unglacierized and glacierized
areas. This can be explained by redistribution of solid precip-
itation from slopes adjacent the glacier to the glacier surface.
In hydrological modeling this process is important to com-
pute glacier mass balance realistically (Kuhn, 2003). While
standard deviations of snow depths at unglacierized areas
are large in comparison to absolute snow depths, elevation
changes at glacier surfaces are not only larger, but also more
homogeneous. Discrete approaches for both areas, unglacier-
ized and glacierized, in terms of snow cover variability are
necessary in hydrological modeling.

Influence of vertical ice flow and compaction of firn layer
at glacier surface are locally larger than ALS accuracy.
The sign of differences between measured snow depths at
Hintereisferner from snow probing and ALS derived snow
depths could be explained by these processes at the upper
part of the glacier. At the glacier tongue no interpretation of
differences is feasible. Nevertheless, considering the overall
volume of snow cover, errors by glacier dynamics must be
balanced and are therefore negligible. Also vertical velocities
are measured at the central flow lines and can be assumed to
be getting smaller and approaching zero towards the ice.

As shown by Schöber et al. (2012) a simple regression
method between snow depth and snow density leads to rea-
sonable SWE data. Hence maps of SWE can be calculated
from ALS elevation changes. These maps are like a big cu-
mulative precipitation gauge on catchment scale, implying
loss in terms of evaporation and melt water runoff. Of course,
even in high alpine catchments snow melt and evaporation
can occur during the accumulation season, which leads to a
reduced volume of the snow cover. That means above all, that
cumulative precipitation simulated by hydro-meteorological
models should be at least as high as the SWE that is obtained
from the ALS data at end of winter season. As a second step
the snow, cumulated by continuous accumulation gradients
at highest elevations of the alpine catchments, should be re-
distributed to lower elevation bands (Strasser, 2008). This
would lead to more melt generation in the middle ablation
period and would prevent too much snow accumulation at the
top of the mountain ridges. Therefore the ALS data can not
provide precipitation gradients, but accumulation gradients.
From our experience the elevation of maximum accumula-
tion is near 2900 m a.s.l. on the glaciers treated here. Due to
the fact that accumulation is nearly zero at the ridges, ac-
cumulation gradients switch at elevations of maximum ac-
cumulation, which is near to 3100 m a.s.l. considering the
whole catchment.

Catchment specific characteristics like the elevation of
maximum specific accumulation, the aspect of largest accu-
mulation and the relation between slope and snow depths can
be determined by the shown method of spatial analyses of

surface elevation changes obtained from ALS data. These
characteristics and parameters like accumulation gradients
can be used to calibrate and validate hydrological models for
high mountain catchments. ALS at alpine catchments is a re-
liable technique to obtain volume and spatial distribution of
solid precipitation on catchment scale within one accumula-
tion season. As stated in Sect. 1, the application to large areas
is limited by the costs of the ALS technique. So ALS mea-
surements of the snow cover are more realizable in mountain
catchments and highly complex terrain with heterogeneous
snow distribution. Especially on glacier surfaces, future field
surveys should be done simultaneously with the ALS flights
to increase the knowledge about the accuracy of this method
and to quantify potential processes influencing the interpre-
tation of the surface elevation changes. The application of the
presented method to other alpine catchments could improve
calibration and validation processes in hydrological model-
ing to get a more realistic distribution of sources for runoff
generation. This might have an impact on flood forecasting
as well as future runoff scenarios. Long time monitoring of
SWE stored in the snow cover of alpine catchments can lead
to valuable conclusions about interannual variability and pos-
sible trends in volume and duration of snow cover as an im-
pact of climate change.
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Grünewald, T., Schirmer, M., Mott, R., and Lehning, M.: Spa-
tial and temporal variability of snow depth and ablation rates
in a small mountain catchment, The Cryosphere, 4, 215–225,
doi:10.5194/tc-4-215-2010, 2010.

Hollaus, M., Wagner, W., and Kraus, K.: Airborne laser scanning
and usefulness for hydrological models, Adv. Geosci., 5, 57–63,
doi:10.5194/adgeo-5-57-2005, 2005.

Johannesson, T., Raymond, C., and Waddington, E.: Time-scale for
adjustment of glaciers to changes in mass balance, J. Glaciol.,
35, 355–369, 1989.

Jonas, T., Marty, C., and Magnusson, J.: Estimating the snow water
equivalent from snow depth measurements in the Swiss Alps,
J. Hydrol., 378, 161–167, doi:10.1016/j.jhydrol.2009.09.021,
2009.

Kraus, K.: Geometrische Informationen aus Photographien und
Laserscanaufnahmen, Band 1, Walter de Gruyter, Berlin – New
York, 2004.

Kuhn, M.: Verification of a hydrometeorological model
of glacierized basins, Ann. Glaciol., 31, 15–18,
doi:10.3189/172756400781820228, 2000.

Kuhn, M.: Redistribution of snow and glacier mass balance
from a hydrometeorological model, J. Hydrol., 282, 95–103,
doi:10.1016/S0022-1694(03)00256-7, 2003.

Kuhn, M. and Batlogg, N.: Glacier runoff in Alpine headwaters in
a changing climate, Hydrology, Water Resources and Ecology in
Headwaters (Proceedings of the HeadWater’98 Conference held
at Meran/Merano, Italy, April 1998), IAHS P., 248, 79–88, 1998.

Kuhn, M., Dreiseitl, E., Hofinger, S., Markl, G., Span, N., and
Kaser, G.: Measurements and Models of the Mass Balance of
Hintereisferner, Geogr. Ann. A, 81, 659–670, 1999.
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Abstract. The storage of water within the seasonal snow
cover is a substantial source of runoff in high mountain catch-
ments. Information about the spatial distribution of snow
accumulation is necessary for calibration and validation of
hydro-meteorological models. Generally, only a small num-
ber of precipitation measurements deliver precipitation input
for modelling in mountain areas. The spatial interpolation
and extrapolation of measurements of precipitation is still
difficult. Multi-temporal application of lidar techniques from
aircraft, so-called airborne laser scanning (ALS), provides
surface elevations changes even in inaccessible terrain. These
ALS surface elevation changes can be used to derive changes
in snow depths of the mountain snow cover for seasonal or
subseasonal time periods. However, since glacier surfaces are
not static over time, ablation, densification of snow, densi-
fication of firn and ice flow contribute to surface elevation
changes. ALS-derived surface elevation changes were com-
pared to snow depths derived from 35.4 km of ground pene-
trating radar (GPR) profiles on four glaciers. With this com-
bination of two different data acquisitions, it is possible to
evaluate the effect of the summation of these processes on
ALS-derived snow depth maps in the high alpine region of
the Ötztal Alps (Austria). A Landsat 5 Thematic Mapper im-
age was used to distinguish between snow covered area and
bare ice areas of the glaciers at the end of the ablation season.
In typical accumulation areas, ALS surface elevation changes
differ from snow depths calculated from GPR measurements
by −0.4 m on average with a mean standard deviation of

0.34 m. Differences between ALS surface elevation changes
and GPR derived snow depths are small along the profiles
conducted in areas of bare ice. In these areas, the mean ab-
solute difference of ALS surface elevation changes and GPR
snow depths is 0.004 m with a standard deviation of 0.27 m.
This study presents a systematic approach to analyze devia-
tions from ALS generated snow depth maps to ground truth
measurements on four different glaciers. We could show that
ALS can be an important and reliable data source for the spa-
tial distribution of snow depths for most parts of the here in-
vestigated glaciers. However, within accumulation areas, just
utilizing ALS data may lead to systematic underestimation of
total snow depth distribution.

1 Introduction

In alpine catchments, the so-called glacio–nival runoff
regime is caused by the storage of water in the seasonal
snow cover and in glaciers (Aschwanden et al., 1986; Kuhn
and Batlogg, 1998; Kuhn, 2000). High flow rates caused by
snow- and ice melt in spring and summer are of interest
in terms of water resources management for reservoirs and
flood forecasting (e.g. Weingartner et al., 2003; Kirnbauer
et al., 2009; Schöber et al., 2010).

For calculating reliable runoff amounts in these mountain
catchments, precipitation data in high elevations are needed
and the heterogeneous distribution of the snow cover has to

Published by Copernicus Publications on behalf of the European Geosciences Union.
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be considered in hydro-meteorological models (e.g. Kuhn,
2003; Huss et al., 2008). However, measurements of solid
precipitation are known to be affected by considerable errors
(e.g. Sevruk, 1985; Lundberg et al., 2010) and only insuf-
ficient data are available for model calibration and valida-
tion of the snow depth distribution on the catchment scale.
Thereby the spatial representativeness of individual measure-
ments of snow depths and snow densities derived from di-
rect measurements in terms of snow probings and snow pits
(Fierz et al., 2009) and from automatic measurement systems
(Lundberg et al., 2010) has to be questioned (Grünewald and
Lehning, 2011).

Whereas various hydro-meteorological models have been
tested versus snow cover extent from satellite remote sens-
ing data of MODIS (Moderate Resolution Imaging Spectro-
radiometer) or Landsat scenes (e.g. Rott and Markl, 1989;
Hall et al., 2002; Schöber et al., 2010), to date no snow depth
or SWE can be obtained from satellite data in a high spa-
tial resolution of at least 100 m (Lundberg et al., 2010; No-
lin, 2011), which is required to capture the spatial variabil-
ity of the mountain snow cover (Blöschl, 1999). In contrast,
laser altimetry was recognized to be useful to derive small
scale snow depth distributions in mountain areas (Deems
et al., 2013). Several snow cover studies based on the appli-
cation of lidar from aircraft (airborne laser scanning – ALS)
have been performed in mountain areas, mostly in unglacier-
ized terrain (e.g. Deems et al., 2008; Melvold and Skau-
gen, 2013), but also in glacierized catchments (e.g. Dadic
et al., 2010; Helfricht et al., 2012; Sold et al., 2013). Since
2001, ALS surveys of annual and seasonal surface elevation
changes (�zALS) were performed in glacierized catchment
of the Ötztal Alps (Austria, 46◦50′ N, 10◦50′ E) (Geist and
Stötter, 2007; Helfricht et al., 2012). In 2010/11 an ALS sur-
vey of the whole mountain range of the Ötztal Alps was con-
ducted to estimate seasonal snow depths.

In this study �zALS are investigated for the accumulation
season ranging roughly from the beginning of October (t1)
to the end of April respective the beginning of May (t2).
Figure 1 illustrates the processes causing surface elevation
changes on glaciers in this period. The elevation z′1 at the
time t2 corresponds to the primary surface z1 at the time t1.
The elevation z2 corresponds to the actual surface at the time
t2. �zALS is the result of changes in snow depth (�zHS), den-
sification of snow and firn (�zDSF), ablation (�zABL) and
vertical ice flow (�zICE)

�zALS =�zHS+�zDSF+�zABL+�zICE = z2− z1, (1)

whereas �zHS at the time t2 is defined as the elevation dif-
ference between z2 and z′1
�zHS = z2− z′1, (2)

and the summation of densification, ablation and vertical ice
flow is the elevation difference between z1′ and z1

�zDSF+�zABL+�zICE = z′1− z1. (3)

ΔzALS

t1 t2

z1

z2

z1‘

ΔzALS

ΔzICE ΔzALS

ΔzICE

z1

z1‘

z1‘

z2

z2

vertically moving ice

static ice

ΔzICE > 0 ΔzICE < 0

snow + firn

de
ns

ifi
ca

tio
n

ic
e 

flo
w

ΔzABL+ ΔzDSF

ΔzHS

ΔzHS

ΔzHS

Fig. 1. Changes in surface elevation due to snow depth (�zHS), ab-
lation (�zABL) and densification of snow and LSC (�zDSF) result-
ing in ALS surface elevation changes �zALS between the two ALS
flights (t1) and (t2). Upper part: firn and snow on top of static ice.
Lower part: firn and snow on top of a vertically moving ice surface
(�zICE).

The densification of snow and firn layers existing at t1 leads
to an underestimation of �zHS in the case of snow and
firn layers on a static ice body at t2. Changes of the refer-
ence elevation due to vertical ice flow can have both, nega-
tive and positive values. Submergence ice flow (�zICE < 0)
leads to an underestimation of �zHS by �zALS. Emergent ice
flow (�zICE > 0) causes overestimation of �zHS by �zALS.
Hence, “ground truth” data are necessary to evaluate �zALS
for snow cover and mass balance studies on glacier surfaces
(e.g. Huss et al., 2009; Koblet et al., 2010; Fischer, 2011).

The aim of the present study is to show the consequence
of differences between �zALS and actual snow depths on
the application of multi-temporal ALS to derive seasonal
snow depths on the investigated glaciers. The questions is
whether and where differences between �zALS and actual
snow depths on glacier surfaces are of magnitude, such that
they have to be considered in snow-hydrological studies
based on ALS surveys. Therefore, we compared �zALS to
snow depths calculated from ground penetrating radar (GPR)
measurements and analyzed differences larger than the com-
bined uncertainties of ALS and GPR measurements. The
presented results will support the application of ALS sur-
veys for snow cover studies on glaciers in this mountain area
and in Alpine catchments with comparable glacier behaviour
in terms of ice flow velocities and accumulation area ex-
tent. Systematic underestimation or overestimation of snow
depths by �zALS can be attributed to specific areas for all
here investigated glaciers.

After the introduction an overview of methods and data
used to process, the GPR and lidar data is given in Sect. 2.
Conditions on the glaciers during ALS surveys are treated in
more detail in Sect. 3. In Sect. 4 the results are presented fol-
lowed by the discussion in Sect. 5. Finally, conclusions are

The Cryosphere, 8, 41–57, 2014 www.the-cryosphere.net/8/41/2014/
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made about the applicability of surface elevation changes de-
rived from ALS for snow cover studies in glacierized catch-
ments.

2 Data and methods

2.1 Study sites

The study sites are located next to the Alpine main ridge
in the Ötztal Alps (46◦48′ N, 10◦46′ E; Fig. 2). Four of the
largest glaciers in this mountain range, namely Hintereis-
ferner, Kesselwandferner, Gepatschferner and Vernagtferner
were chosen to evaluate �zALS on glacier surface for snow
cover studies. All of these glaciers have been subject to sci-
entific research for decades: Hintereisferner (HEF, 46◦48′ N,
10◦46′ E) has one of the world’s longest mass balance series
starting in 1952 (Hoinkes, 1970; Fischer, 2010; Fischer et al.,
2012). Based on these data sets, a variety of models with dif-
ferent complexity were developed to compute glacier surface
mass balance (Kuhn et al., 1999; Escher-Vetter et al., 2009).
Ice thickness was measured by Span et al. (2005). Since 2001
a series of ALS surveys enabled the comparison of geode-
tic and direct glaciological measurements of mass balance
on Hintereisferner (Geist and Stötter, 2007; Fischer, 2011).
However, since the last acceleration of ice flow on Hin-
tereisferner in the 1970s, horizontal velocities have slowed
down dramatically to less than 10 ma−1 (Span et al., 1997;
Span and Kuhn, 2003). They found that emergence velocities
measured on the glacier tongue of Hintereisferner decreased
to about 1 ma−1at the beginning of the 1990s. Haberkorn
(2011) observed a depression of the ice surface for a certain
area along the tongue of Hintereisferner. Measured horizon-
tal velocities at ablation stakes were 4.6 ma−1 at most. Verti-
cal velocities could not be derived due to small absolute val-
ues with changing signs. In 2010/2011 ablation stakes along
the flow line on the glacier tongue of Hintereisferner were
georeferenced with DGPS (H. Schneider, personal commu-
nication, 2013). In combination with the ablation measure-
ments at these positions, vertical velocities were calculated.
The mean annual vertical velocities increased from zero in
the area of the GPR profile H3 (Fig. 8) to 0.55 ma−1 of an-
nual emergence velocity at about 2 km from the terminus.
Annual vertical ice flow measured at an ablation stake in
the central flow line near the GPR profile H5 (Fig. 8) was
0.85 ma−1 in 2010/2011.

Kesselwandferner (KWF, 46◦50′ N, 10◦48′ E) was subject
to scientific studies investigating density profiles and de-
formation of firn layers (Ambach and Eisner, 1966). Mass
balance measurements from Kesselwandferner using the di-
rect glaciological method started in the hydrological year
1952/53 (Fischer et al., 2011) and geodetic mass balances
are available since 1964. In Abermann et al. (2007) an-
nual vertical and horizontal velocities at several stake lo-
cations along the central flow line are presented. After the

Fig. 2. Map of the investigation area next to Vent in the Ötztal
Alps showing the locations of the glaciers Hintereisferner (HEF),
Gepatschferner (GF), Kesselwandferner (KWF) and Vernagtferner
(VF) and the automatic weather-stations (triangles).

glacier’s advance in the 1980s, vertical velocities decreased
to 1.5 ma−1 at most, both for submergence and emergent
flow. Since the measurements of Abermann et al. (2007),
annual surveys of the ablation stakes and the accumulation
stakes have been continued. For the last 5 yr, mean annual
vertical velocities along the flow line remained similar at up
to 1 ma−1(H. Schneider, personal communication, 2013).

Gepatschferner (GF, 46◦51′ N, 10◦45′ E) is the largest
glacier in this region. Gepatschferner is the only glacier with
an area of more than 10 km2 in the Ötztal Alps. Its changes
in volume and area in the last decades are summarized by
Abermann et al. (2009) and ice thickness was measured by
Fischer et al. (2007). Glacier velocities have not been inves-
tigated on Gepatschferner. Recently a network of ablation
stakes was set up to investigate the dynamical behaviour of
the glacier tongue. Highest velocities are expected to occur
at the crevassed area before the inflow to the glacier tongue.
First results show maximum horizontal velocities of up to
50 ma−1 with a vertical ice flow of approx. 5 ma−1 measured
below the ice fall. Velocities decrease towards the glacier
tongue, which itself decays very rapidly. No velocity data
exist from the large plateau of the accumulation area.

Since 1964 the mass balance of Vernagtferner (VF,
46◦52′ N, 10◦49′ E) is measured with the direct glaciolog-
ical method by the Commission for Glaciology, Bavarian

www.the-cryosphere.net/8/41/2014/ The Cryosphere, 8, 41–57, 2014



31

44 K. Helfricht et al.: Comparison of lidar and GPR on Alpine glacier surface

Oct 10 Nov 10 Dec 10 Jan 11  Feb 11 Mar 11 Apr 11 May 11
-25

-20

-15

-10

-5

0

5

10

date

te
m

pe
ra

tu
re

 (°
C

)

08 Oct 10 23 Apr 11

0

100

200

300

400

500

600

700

cu
m

ul
at

iv
e 

pr
ec

ip
ita

tio
n 

(m
m

)

Sep 10

Fig. 3. Mean daily air temperature measured at the automatic
weather station (AWS, Fig. 2) Hintereisferner (3027 m a.s.l.; green
curve) and the AWS Vernagtferner (2640 m a.s.l.; red curve) for the
accumulation season 2010/2011. Cumulative precipitation is shown
for the AWS Vernagtferner (blue curve). Dates of ALS surveys are
marked as dotted lines.
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Fig. 4. Mean daily air temperature measured at the automatic
weather station (AWS, Fig. 2) Hintereisferner (3027 m a.s.l.; green
curve) and the AWS Vernagtferner (2640 m a.s.l.; red curve) for the
accumulation season 2011/2012. Cumulative precipitation is shown
for the AWS Vernagtferner (blue curve). Dates of ALS surveys are
marked as dotted lines.

Academy of Sciences and Humanities, Munich. In combina-
tion with a runoff gauge in front of the glacier tongue, a series
of hydro-meteorological models were calibrated for energy
balance and hydrological studies (Escher-Vetter et al., 2009).
Mayer et al. (2013) showed that the glacier slowed down dra-
matically.

Apart from the long time series of mass balance and ice
flow velocity measurements on these glaciers, no measure-
ments of ice flow in the accumulation season exist. With
respect to recently observed slow ice velocities in this re-
gion, the influence of ice flow on seasonal surface elevation
changes can be assumed to be small. However, even 1 m of
submergence would have an enormous effect for the inter-
pretation of �zALS in terms of snow depth without applying
corrections for ice dynamics.

For this study, glacier outlines of the four investigated
glaciers derived from the Austrian glacier inventory of 2006
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Fig. 5. Contour lines of the correction of GPR snow depth as a func-
tion of slope and snow depth. The relative frequency distribution of
GPR snow depths hv and the frequency distribution of the occurring
slopes are presented in horizontal and vertical bars, respectively.

(Abermann et al., 2009) were updated based on ALS data of
2010 according to Abermann et al. (2010).

2.2 Ground penetrating radar

Ground penetrating radar (GPR) is an active sensing tech-
nique to locate targets or internal layers within ground, ice
and snow (Daniels, 2004). A transmitted electromagnetic
wave is partly reflected at boundaries between two layers
with different relative dielectric permittivities (ε′r). To con-
vert measured two-way-travel times (TWT) of the GPR sig-
nal to depth of the reflecting layer transition, the velocity of
propagation of the wave has to be determined.

In cryospheric sciences, GPR is used to detect permafrost
within rocky ground (e.g. Hinkel et al., 2001; Otto et al.,
2012), to determine ice thickness (e.g. Span et al., 2005; Fis-
cher et al., 2007), ice and firn layering (e.g. Spikes et al.,
2004) as well as subglacial structures and liquid water con-
tent of snow and ice (e.g. Murray et al., 1997; Lundberg et al.,
2000). The spatial variability in snow depth and the temporal
evolution in snowpack stratigraphy have been analyzed uti-
lizing GPR technology as well (e.g. Machguth et al., 2006;
Heilig et al., 2009; Mitterer et al., 2011).

2.2.1 Field campaigns

Three GPR campaigns were conducted close to the respec-
tive date of ALS surveys. Dates and snow pit information are
displayed in Table 1.

At the end of accumulation season 2010/2011, GPR data
were recorded on Vernagtferner by the Commission of
Glaciology, Bavarian Academy of Sciences and Humanities
(Munich, Germany). A RIS One GPR instrument from IDS
(Pisa, Italy) with shielded 600 MHz antennas was used. The

The Cryosphere, 8, 41–57, 2014 www.the-cryosphere.net/8/41/2014/
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Table 1. Attributes of the field measurements in spring. Number of snow depth probings and snow pits shown in brackets indicate measure-
ments not directly located at the GPR profiles. The GPR signal velocities derived from snow depths of the reflecting snow layer in the snow
pits (vp) and GPR signal velocities calculated from measured snow densities (vk) using Eqs. (7) and (8) with the corresponding coefficient
of variation (CV, Eq. 6).

ID Date GPR profile Mean trace Snow depth Snow Signal velocity (m ns−1)
length (103 m) distance (m) probings pits vp CVp vk CVk

VF 28–29 Apr 2011 15.32 0.35 102 1(6) – – 0.2254 0.04
GF 28 Apr 2011 5.39 0.30 33 3(1) 0.2270 0.02 0.2263 0.01KWF 28 Apr 2011 1.84 0.45 0(17) 2
HEF 9 May 2012 7.66 0.25 49 5 0.2254 0.96 0.2254 0.77KWF 8 May 2012 5.19 0.18 31 2

GPR was pulled by a snowmobile. At the first and the last
point of the sections snow depths were measured by snow
depth probing and coordinates were recorded with a hand-
held GPS. Between these points the GPR data were con-
tinuously received while driving the snowmobile at uniform
speed, which, however, differ between single sections due to
topography. In total more than 15 km of GPR profiles were
conducted, divided into four longitudinal profiles, three ad-
ditional shorter profiles in the accumulation zone and one
cross profile (Fig. 6). Snow densities were measured at six
locations.

A GPR measurement campaign was conducted on
Gepatschferner and Kesselwandferner in 2011. GPR data
were recorded with a 3-D system from MALÅ (Malå, Swe-
den) with shielded 500 MHz antennas along a cross profile
in the accumulation zone of Gepatschferner and a longitudi-
nal profile on Kesselwandferner (Fig. 7). In total more than
seven kilometres of profiles, divided into 33 sections, were
investigated on skis. First and last points of the individual
sections were georeferenced by DGPS (Fig. 7 – black dots).
Three snow pits were dug on Gepatschferner and one on
the tongue of Kesselwandferner. While snow depth probings
were performed along the GPR sections on Gepatschferner,
snow depth probings and GPR data do not spatially coincide
on Kesselwandferner. Sample spacing is larger on Kessel-
wandferner than on Gepatschferner, due to greater velocities
while skiing downhill the glacier (Table 1).

At the end of the accumulation season 2011/2012, a GPR
campaign was conducted to measure snow depths along lon-
gitudinal sections and cross sections on Hintereisferner and
Kesselwandferner (Figs. 8 and 9). Skis were used to pull an-
other IDS RIS One system with shielded 400 MHz antennas.
In total over 12 km of GPR data were recorded. Snow depth
probings were conducted at every first and last point of the
individual sections and seven snow pits were dug. All data
points were georeferenced by DGPS.

For reflectors being located at a distance of half the wave-
length in the respective medium, constructive and destructive
interferences will occur (Daniels, 2004). The applied GPR
systems with a centre frequency of 400–600 MHz, hence are

capable of distinguishing various reflectors in a vertical dis-
tance of more than 0.19 m (600 MHz) to 0.28 m (400 MHz)
(Trabant, 1984). All GPR campaigns were conducted in time
mode. The trace spacing for each transect was chosen such
that 2 consecutive traces are always separated less than 0.5 m.
So quasi-continuous information could be tracked along the
profiles based on known reflector depths from snow depth
probing and from snow pits.

2.2.2 Processing

GPR raw data were processed applying the ReflexW soft-
ware from Sandmeier Scientific Software (Karlsruhe, Ger-
many). Coordinates for each trace were calculated at equal
distances. The surface signal reflection was set to time zero.
Low frequency parts and noise in the spectrum were filtered
applying a dewow and bandpass filter. In a next step tem-
porally consistent signals were eliminated utilising a back-
ground removal. To compensate for spherical divergence
losses, we applied gain functions. No migration was used due
to the spatial homogeneity and the low reflector depth rela-
tive to the high density of GPR measurements. The bound-
aries of the snow layers were picked and corrected to the zero
phase change. The picks were exported with the attribute of
the two-way-travel time. Finally, we merged individual sec-
tions to continuous longitudinal and cross profiles.

Snow depth probing and snow pits were used to identify
the depth of the seasonal snow layer according to the guide-
lines for measuring glacier mass balance (Kaser et al., 2003).
GPR signal velocities were calculated from measured reflec-
tor depths and snow densities at the snow pits only. Assum-
ing that the snow surface and the ice surface are parallel, the
slope of the surface has to be considered. The recorded GPR
signal corresponds to the snow depths perpendicular to the
surface, but snow depths derived from snow probings and
snow pits (hm) are measured vertically. We corrected verti-
cally measured snow depths hm by

hcor = hm · cos(α) (4)

in accordance to the respective slope angle α. Signal ve-
locities (v) for GPR measurements on Gepatschferner and
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Fig. 6. Spatial distribution of ALS-derived surface elevation changes for for 10 October 2010 to 23 April 2011. Snow depths calculated from
GPR measurements along the profiles at Vernagtferner plotted in the same colour-scale. Black dots indicate locations of snow depth probing.
Locations of snow pits are shown as white squares. Snow covered areas derived from Landsat image of 31 August 2009 (LSC) are striped.

Fig. 7. Spatial distribution of ALS-derived surface elevation changes for 10 October 2010 to 23 April 2011. Snow depths calculated from
GPR measurements along the profiles at Gepatschferner and Kesselwandferner shown in the same colour-scale. Black dots indicate locations
of snow depth probing. Locations of snow pits are shown as white squares. Snow covered areas derived from Landsat image of 31 August
2009 (LSC) are striped.

Kesselwandferner in 2011 and GPR measurements on Hin-
tereisferner and Kesselwandferner in 2012 were calculated
following Daniels (2004):

v = 2 ·hcor

τ
(5)

using hcor and the TWT (τ ) at the snow pit locations. A mean
signal velocity (v) was calculated for each measurement
campaign individually (Table 1). The variation of the signal

velocities (CV) is given by

CV= vmax− vmin

v
(6)

as the ratio of the range between the derived maximum ve-
locity vmax and minimum velocity vmin to the mean velocity
v. According to Kovacs et al. (1995), we calculated ε′r of the
snow cover

ε′r = (1+ 0.845 · ρs)
2, (7)
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Fig. 8. Spatial distribution of ALS-derived surface elevation changes from 4 October 2011 to 11 May 2012. Snow depths calculated from
GPR measurements along the profiles at Hintereisferner shown in the same colour-scale. Black dots indicate locations of snow depth probing.
Locations of snow pits are shown as white squares. Snow covered areas derived from Landsat image of 31 August 2009 (LSC) are striped.

where ρs is the snow density in gcm−1. Based on ε′r GPR
signal velocities v were calculated

v = c√
ε′r

, (8)

where c is the velocity of propagation of the electromagnetic
wave in a vacuum of approx. 0.3 mns−1.

On Vernagtferner snow pits were not located along the
GPR profiles. Therefore GPR signal velocities were calcu-
lated from measured snow densities only following Eqs. (7)
and (8). Signal velocities derived from measured snow
depths in the snow pits (Eq. 5) on Hintereisferner and Kessel-
wandferner were validated with signal velocities calculated
from snow densities (Eq. 8) (Table 1). The CV of the signal
velocities is larger for 2012 data due to higher variations in
snow densities measured in the snow pits. Snow depth prob-
ings performed along the GPR profiles were used to validate
the respective calculated wave speed. All exported TWT τ

were converted into snow depths (hv)

hv = τ · v
2

(9)

using the mean velocities v for each measurement cam-
paign. Again to account for vertically measured �zALS,
GPR-determined hv had to be corrected for the prevailing
slope α resulting in the final snow depth hGPR

hGPR = hv

cos(α)
. (10)

Figure 5 shows the magnitude of corrections which have to
be applied to hv as a function of snow depth and slope. In the

same figure the frequency distribution of snow depths mea-
sured with GPR and the frequency distribution of the occur-
ring slopes are shown. The most frequent snow depths were
between 1.55 m and 1.65 m. The most frequent slopes were
between 5◦ and 7◦. Corrections, which therefore had to be
applied, were mainly of the order of 0.01 m.

2.3 Lidar

Lidar is an active remote sensing technology (Baltsavias,
1999; Wehr and Lohr, 1999; Kraus, 2004). Airborne laser
scanning (ALS) can be applied in mountain areas on the
catchment scale, because it is hardly affected by topographic
shading and travel distance of the signal can be controlled
by flight height (e.g. Deems et al., 2013). The DGPS refer-
enced data provide 3-D information of the reflecting surface
with a high point density and accuracy. Based on these 3-D
point data (the so-called point cloud) digital elevation mod-
els (DEMs) can be produced (Lui, 2008), while high point
densities allow simple interpolation schemes (Deems et al.,
2013). Surface elevation changes can be detected from the
difference of the DEMs of multi-temporal laser scan surveys.

Accuracy of the 3-D location of each point is affected by
the accuracy of the recording of the position of the scan-
ning platform and its orientation (e.g. Joerg et al., 2012;
Deems et al., 2013). Accuracy of the resulting DEMs de-
pends on point density, the adjustment of overlapping ar-
eas of the stripes and the interpolation algorithm used (e.g.
Deems et al., 2013). For DEMs derived from ALS data of
the Hintereisferner region, Bollmann et al. (2011) showed
that for slopes below 35◦ a vertical accuracy of ±0.15 m can
be assumed.
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Fig. 9. Spatial distribution of ALS-derived surface elevation changes from 4 October 2011 to 11 May 2012. Snow depths calculated from
GPR measurements along the profiles at Kesselwandferner shown in the same colour-scale. Black dots indicate locations of snow depth
probing. Locations of snow pits are shown as white squares. Snow covered areas derived from Landsat image of 31 August 2009 (LSC) are
striped.

2.3.1 Data and processing

In this study four laser scan surveys were used. They were
conducted by TopScan using Optech devices mounted on
Cesna aircrafts. Technical details and the accuracy measured
at a reference surface are listed in Table 2. The last pulses of
all ALS points within one pixel of the resulting DEMs were
averaged to a grid size of 1 m. Data were analyzed on gen-
erally homogeneous glacier surfaces, which, except for very
small areas, have a slope of less than 20◦ along the inves-
tigated profiles (Fig. 5). Surface elevation changes (�zALS)
were calculated by subtracting a DEM of an almost snow-
free ALS survey in fall (t1) from a DEM of an ALS survey
at the end of accumulation season in spring (t2), respectively,
following Eq. (1), with z1 = zt1 and z2 = zt2 (Fig. 1).

2.4 Calculation of differences and uncertainties

Absolute differences (�habs) were calculated between ALS
surface elevation changes (�zALS) and snow depths calcu-
lated from GPR (hGPR) by

�habs =�zALS−hGPR. (11)

A moving window approach was used to perform a statistical
Mann–Whitney–Wilcoxon test with a number of 300 sam-
ples of �habs around each single data point of GPR mea-
surements. According to the mean trace distances shown in
Table 1, the number of 300 samples corresponds to a dis-
tance of approx. 100 m, which is an adequate spatial scale for
differences analyzed here. The null hypothesis was tested, if

the median of the two samples (�zALS and hGPR) is equal
with a significance level of p = 0.05. If the null hypothesis
is rejected, the medians of the two data sets differ from each
other. Additionally the mean value of �habs of the 300 sam-
ples was compared to an assessment of absolute uncertainty
Uabs calculated as follows

Uabs =
√

2 ·U2
ALS+ (Uv ·hGPR)2. (12)

Uncertainties of gridded lidar data (UALS=±0.15 m) have
to be considered twice, because two elevation models are
used to investigate surface elevation changes. Uncertainties
caused by the calculated GPR signal velocities (Uv) cor-
respond to half of maximum CV (Eq. 6, Table 1), which
is ±0.05. Uabs are also a function of snow depths (hGPR).
The results of the statistical analysis show where �zALS
and hGPR differ significantly. Furthermore it was calculated
where �habs exceed Uabs along the profiles. In these areas,
�zALS is increasingly influenced by processes more than
only snow depth uncertainties (see Sect. 1).

2.5 Accumulation areas from Landsat

The densification of firn is supposed to be one source of dif-
ferences of �zALS from actual snow depths (Sect. 1). Also
submergence ice flow is very likely in the central parts of
typical accumulation areas. Hence, typical accumulation ar-
eas on glaciers were expected to show larger differences
since both vertical ice flow and densification work vertically
in the same direction. Snow covered areas of glaciers can
be delineated by application of spaceborne optical data for
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Table 2. Overview of the ALS flight campaigns investigated in this study. The vertical accuracy is obtained from differences between ALS
surface elevations and elevations of a known reference surface. The vertical accuracy is shown in terms of a mean offset (mean) and the
standard deviation (σ ).

Timestamp Date Laser Mean Flight flight altitude Maximum scan Laser repetition Scan Mean point Vertical accuracy (m)
system speed (ms.1) above ground (m) angle (◦) rate (103 s−1) frequency (s−1) density (m−2) mean σ

t1 7–10 Oct 2010 ALTM Gemini 65 1000 25 70 36 3.6 0.071 0.047
t2 20–23 Apr 2011 ALTM Gemini 65 1000 25 70 36 3.8 −0.007 0.041
t1 4 Oct 2011 ALTM 3100 70 1200 20 70 40 2.9 0.001 0.042
t2 11 May 2012 ALTM 3100 65 1200 20 70 40 2.8 0.005 0.057

whole catchments (Hall et al., 1987; Nolin, 2011). Landsat
satellite images are available in a spatial resolution of 30 m
(http://glovis.usgs.gov). A Landsat 5 Thematic Mapper (TM)
image of the Ötztal Alps on the 31 August 2009 was retrieved
from USGS. Snow covered areas on glacier surfaces were de-
lineated by applying the Normalized Difference Snow Index
(NDSI, Hall et al., 1987). The application of Landsat imagery
is limited by the discrepancy of the date of surveys to the date
of interest and the occurrence of clouds masking the surface
information. The conditions of this scene fulfill all require-
ments in terms of no clouds, recent new-snow precipitation
on the glaciers and an advanced state of snow ablation in
late summer. The low accumulation area ratios (AAR, Cog-
ley et al., 2011) derived using the NDSI for separation of
snow and bare ice are comparable to those observed within
the annual mass balance measurements on the glaciers in re-
cent years. Hence the delineated snow covered areas were
assumed to indicate recent accumulation areas on the inves-
tigated glaciers and are referred to as Landsat snow cover
(LSC) hereafter.

3 Prevailing local conditions during lidar surveys

Surface elevation changes between field campaigns and the
dates of ALS surveys (t1, t2) contribute to uncertainties in
�habs. Snow accumulation before the ALS surveys in the
higher elevated glacier areas in fall has to be considered when
identifying the snow layers in the GPR analysis. Photographs
and measurements of snow depths and snow densities taken
during annual glacier mass balance field campaigns on Hin-
tereisferner, Kesselwandferner and Vernagtferner were in-
cluded for data analysis. Information on the weather con-
ditions before the ALS surveys, between the ALS surveys
and the field campaigns as well as on the weather conditions
during the accumulation seasons were obtained from two
automatic weather stations located next to Hintereisferner
(46◦47′55′′ N,10◦45′37′′ E; 3027 m a.s.l.) and next to Ver-
nagtferner (46◦51′23′′ N, 10◦49′43′′ E; 2640 m a.s.l., Fig. 2).
The course of daily mean temperatures and cumulative pre-
cipitation at the two automatic weather stations is presented
in Figs. 3 and 4.

On 12 October 2010 snow depths and snow densities of
a snow layer covering the 2010 firn layer on Gepatschferner
and Kesselwandferner was measured by 43 snow depth prob-

ings and three snow pits. This snow layer was accumulated
in September 2010. In a warm period before the ALS survey
(Fig. 3), this layer was transformed into a snowpack with a
high bulk density and a melt-freeze crust at the surface. This
snow layer could be identified in the stratigraphies of spring
snow pits and in the snow layering derived from GPR data in
2011. Snow depths of the same snow layer were recorded by
34 snow probings within the annual mass balance measure-
ments at Vernagtferner. Between the ALS survey in spring
2011 and the corresponding GPR field campaigns a shallow
snow cover of about 0.1 m with a low density was accumu-
lated.

In September 2011 glacier tongues and steep southerly
exposed parts on Hintereisferner and Kesselwandferner ap-
peared to be snow free on photographs taken alongside the
annual mass balance measurements on 1 October 2011. Only
a shallow snow layer was covering the typical accumulation
areas (A. Fischer, personal communication, 2012). Shortly
after the ALS survey in October 2011 a snowfall event pre-
served the surface recorded by ALS from melt.

4 Results

The spatial distribution of �zALS and snow depths calculated
from GPR measurements (hGPR) along the profiles are illus-
trated in Figs. 6–9. Locations of snow pits and snow depth
probings of the spring field campaigns are included. Data
corresponding to the individual profiles are listed in Table 3.

Figure 10 shows the total number of analyzed data points
for LSC areas and bare ice areas (Sect. 2.5) from the pro-
files and the statistical distribution of all absolute differences
(�habs, Eq. 11) in terms of the median (red line), the scatter
(25 % and 75 % percentiles, blue box), the range of extreme
values (1.5 times the interquartile range added to the 25 %
percentile and to the 75 % percentile, black whiskers) and
the outliers (red crosses).

The profiles H1 (Fig. 11) and K4 (Fig. 12) along the cen-
tral flow lines of the glaciers show distinct negative �habs
(Eq. 11) in the LSC areas. �habs are constantly small along
most of the glacier tongue of Hintereisferner. At the very
front of the glacier tongue, �habs increases towards positive
values. Along the profile K4 on KWF distinctly less hGPR
match with the corresponding �zALS. Towards the tongue of
the glacier, �habs is constantly positive for about 500 m in
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Table 3. Properties of the GPR profiles in terms of ID, profile length, number of sections, the mean section length (lS), minimum elevation
and maximum elevation. Mean value of the surface elevation changes derived from ALS data �zALS (Eq. 1) and the mean absolute difference
of this value from mean GPR snow depth �habs (Eq. 11) are shown for LSC areas and ice areas of each profile.

Profile Length Sections lS Elevation (ma.s.l.) Ice areas (m) LSC areas (m)
ID (m) n (m) max min �zALS �habs �zALS �habs

H1 5788 25 232 3364 2532 2.32 −0.01 3.10 −0.50
H2 586 5 117 3159 3096 3.00 0.31 2.95 −0.38
H3 414 2 207 2905 2895 2.73 0.02 2.46 −0.47
H4 498 2 249 2754 2736 2.27 0.10 – –
H5 176 2 88 2565 2557 1.33 0.07 – –
K1 550 3 183 3175 3164 – – 2.26 −0.32
K2 6576 4 164 3210 3174 1.72 −0.19 1.94 −0.15
K3 1207 5 241 3293 3210 – – 2.23 −0.60
K4 2485 8 311 3293 3019 2.43 0.23 2.32 −0.26
K5 291 2 146 3087 3072 2.33 0.02 – –
G1 5391 26 207 3484 3154 1.38 −0.28 1.23 −0.49
K0 1844 7 263 3212 3035 1.76 0.29 1.52 0.04
V1 3458 25 138 3370 2803 1.61 −0.01 1.25 −0.35
V2 2022 11 184 3303 2892 1.54 0.00 1.79 −0.23
V3 2093 9 233 3307 2961 1.56 0.02 1.55 −0.10
V4 2412 17 142 3327 2864 1.47 0.01 1.48 −0.22
V5 1488 9 165 3355 3091 1.67 −0.08 1.36 −0.28
V6 1007 6 168 3264 3131 1.54 −0.05 1.66 −0.03
V7 2526 14 180 3060 3020 1.62 0.01 1.50 −0.05
V8 314 1 314 3303 3255 – – 1.57 −0.22

distance of the profile. For most parts of the profiles from
Vernagtferner, �habs do not exceed the uncertainty range
(Sect. 2.4).

The profiles H2 on Hintereisferner, K1, K2, K3 on Kessel-
wandferner, V8 on Vernagtferner and G1 on Gepatschferner
are mostly located in the accumulation area of the glaciers.
Only very few parts of the respective profiles cover bare ice
areas. For each of those profiles, the median of �habs is dis-
tinctly negative. The cross profiles H3, H4, H5, K5 and V7,
located in areas with bare ice at the surface, show up with a
median of �habs, which is close to 0. The interquartile ranges
of these profiles are comparably small in contrast to most
LSC areas (Fig. 10).

Figure 13 shows the comparison of �habs to calculated
uncertainties Uabs (Eq. 12) in combination with the results of
the Mann–Whitney–Wilcoxon test (Sect. 2.4). �habs calcu-
lated for LSC areas of several profiles exceed Uabs, which is
±0.24 m for a mean snow depth of 2 m (Table 3). Along most
parts of the profiles located in ice areas on the investigated
glaciers, differences between �zALS and hGPR are signifi-
cant (p= 0.05) but within the range of the calculated uncer-
tainties (Eq. 12). Distinct positive �habs were found on the
very front of the glacier tongue of Hintereisferner and on the
tongue of Kesselwandferner. Small areas of positive �habs
were found in crevassed zones located in the higher elevated
parts of the glaciers.

Table 3 highlights the increased negative values of �habs
calculated for ALS measurements in LSC areas compared
to �habs for ice areas. Figure 10 shows that only a small
number of �habs values in ice areas are as negative as the
majority of �habs determined in LSC areas. In these LSC
areas mean �habs is −0.40 m with a standard deviation of
0.34 m, which is approximately 20 % of the mean value of
hGPR with a standard deviation of 17 %.

Very locally, absolute differences are in the magnitude of
about 1 m, which corresponds to relative differences of up to
−40 % or more. For the ice areas of the profiles, the mean
absolute difference is 0.004 m with a standard deviation of
0.27 m, in relative values−0.002 % with a standard deviation
of 14.4 %. Depending on the location of the profiles, negative
�habs were also found for ice areas (e.g. K2, G1; Table 3) or
increased positive �habs of up to 1 m (K0, K4; Fig. 12) were
calculated.

5 Discussion

5.1 Differences in accumulation areas

The Landsat image of snow covered areas from 31 August
2009 cannot give direct proof for the general distinction
between areas, where �zALS is considerably influenced by
snow densification and vertical ice flow, and areas with only
small �habs. In addition, only the areal extent of the snow
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Fig. 10. Box plots of the absolute differences �habs at the profiles for snow covered areas derived from Landsat (LSC, upper plot) and ice
areas (lower plot) separately. Statistical distribution is shown in terms of the median (red line), the scatter (25 % and 75 % percentiles, blue
box), the range of values within 1.5 times the interquartile range added to the 25 % percentile and to the 75 % percentile (black whiskers)
and the outliers (red crosses). The number of points included in the statistics are plotted as grey bars (right scale).

cover (LSC) can be derived from Landsat imagery (30 m
pixel resolution). No information on snow depths and, hence,
spatial distribution of densification is provided by this data
source. It does, however, give a broad picture of the distribu-
tion of typical firn areas and ice in the period of investigation.
Areal snow cover extent on 31 August 2009 is generally in
good agreement with the small firn areas observed for the last
decade, which caused low accumulation area ratios (AAR)
on these Alpine glaciers (e.g. http://www.glaziologie.de/)
LSC area probably do not display the total zone of submer-
gence ice flow, because flow dynamics are controlled by a va-
riety of properties and usually adapt to mass changes within
decades. Superimposed ice zones, which are part of the ac-
cumulation zone, are likely not visible to Landsat either. Fur-
thermore, the applicability of Landsat scenes to distinguish
typical accumulation areas on glaciers has to be proved care-
fully in terms of the state of seasonal ablation and the pres-
ence of new snow at the date of survey.

However, LSC areas at the end of ablation season used
here show consistently higher �habs compared to ice ar-
eas (Table 3,Fig. 13), since, as mentioned in Sect. 2.5, both

vertical ice flow and densification of firn work in the same
direction in typical accumulation areas of the glaciers. On
Vernagtferner firn areas detected from Landsat data are very
small. Even for these small firn areas the distinctly negative
�habs are evident. The total profile on Gepatschferner shows
negative differences for subtracting hGPR from �zALS. This
can be attributed to the location of the profile in the accumu-
lation zone of the glacier. However, even in this accumulation
zone different magnitudes of �habs calculated for ice areas
and �habs calculated for LSC areas could be detected (Ta-
ble 3).

Ambach and Eisner (1966) measured snow densities in
a firn pit of 20 m depth on Kesselwandferner at an eleva-
tion of 3200 m a.s.l. Firn densities increased roughly linear
from 630 kgm−3 in the uppermost layer to 836 kgm−3 in a
layer at the age of 10 yr. The firn compression rate of 3 %
per year in this 10 yr firn cover lead to a vertical compres-
sion of 16 m firn depth by approx. 0.5 m per year. Similar
rates of densification are presented in a density profile of up-
per Seward Glacier (Yukon, Canada) in Cuffey and Paterson
(2010) (page 17, Fig. 2.3). However, percolating meltwater
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Fig. 11. Elevation of the surface in fall 2011 (blue curve), ALS surface elevation change �zALS (red curve) and GPR snow depth hGPR
(green curve) along the longitudinal profile H1 at Hintereisferner. Snow covered areas derived from Landsat image of 31 August 2009 (LSC)
are shaded in blue.

may contribute to annual densification of firn on Alpine
glaciers. Because �habs were investigated for the compar-
atively shorter accumulation season, the contribution of den-
sification of firn to �habs is assumed to be less than 0.5 m.

5.2 Comparison to measured ice flow velocities

Our data comparison does not allow to assess the quantitative
proportion of the particular processes contributing to differ-
ences of �zALS from actual snow depths (Fig. 1). However,
the four investigated glaciers show different dynamical be-
haviour, which is also the case for annual ice flow velocities
presented in Sect. 2.1.

In the uppermost parts of Hintereisferner negative �habs
(Eq. 11) occur in between the crevassed areas (Fig. 11).
These �habs exceed the uncertainties of the applied meth-
ods (Eq. 12). However, no measurements of vertical ice flow
exist for this area. Positive �habs could be detected only at
the very front of the glacier tongue of Hintereisferner. These
results coincide with the findings that mean annual vertical
ice flow velocities are around 0.5 ms−1 and less apart from
the front of the glacier tongue (Sect. 2.1) .

Distinct positive and negative �habs are evident on Kessel-
wandferner (Fig. 12). Maximum �habs in the LSC areas are
within the magnitude of the measured annual vertical ice
flow velocity (Sect. 2.1). �habs of the profile K3 of 0.6 m
(Table 3) is slightly more than half of the measured annual
vertical ice flow velocities. Locally, derived �habs are larger
than half of the observed annual emergence of the ice sur-
face which is about 1 m at the glacier tongue of Kesselwand-
ferner (Sect. 2.1 and Fig. 9). For the accumulation zone of
Gepatschferner no measurements of ice flow velocities ex-
ists. On this glacier �habs are comparable to �habs of the
uppermost profiles on Hintereisferner (H1) and Kesselwand-
ferner (K3). Differences between �zALS and hGPR are within
the uncertainty range of the measurements for most parts of
Vernagtferner. This coincides with the decreased ice flow of
the glacier observed by Mayer et al. (2013).

5.3 Influence of prevailing conditions

In glacierized mountain catchments, it is generally difficult to
coordinate the dates of maximum ablation in fall and maxi-
mum accumulation in spring with the ALS surveys. In this
study, both the temporal offsets between GPR and ALS mea-
surements and the dates of ALS surveys in relation to the
weather conditions are in good accordance to the required
accuracy based on the previous assumptions for this study
(Sect. 3, Figs. 3 and 4).

Due to the short delay between ALS surveys and GPR
campaigns, simple assumptions were made for processes
causing surface elevation changes within this time period.
The thin layer of new snow in spring 2011 was neglected,
because this layer was moved aside when pulling the GPR
antenna over the snow surface on Gepatschferner and Kessel-
wandferner. On Vernagtferner this new-snow layer was as-
sumed to be depleted by the snowmobile. In 2012 the GPR
campaign took place before the ALS survey. The snow depth
reduction due to melt conditions is assumed to be in the mag-
nitude of the immersion of the GPR antenna into the upper-
most snow layer during the measurements.

To account for the densification of snow accumulated be-
fore the ALS survey in fall 2010, measurements of this snow
layer can give a rough estimate. From snow depth and density
measurements in fall 2010 and spring 2011, a compaction of
approx. 0.07 m of a corresponding snow depth at ALS (t1)
of 1 m was calculated. However, measured snow depths at
time of ALS(t1) in 2010 was considerably less with mean val-
ues of 0.64 m on Gepatschferner and Kesselwandferner and
0.38 m on Vernagtferner.

5.4 Uncertainties

Uabs was calculated accounting for stochastic uncertainties
of the combination of the applied measurement methods
(Eq. 12). Further sources for systematic errors and uncer-
tainties have to be mentioned: data were analyzed in the spa-
tial resolution of 1 m for DEM data and for each GPR trace
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Fig. 12. Elevation of the surface in fall 2011 (blue curve), ALS surface elevation change �zALS (red curve) and GPR snow depth hGPR
(green curve) along the longitudinal profile K4 at Kesselwandferner. Snow covered areas derived from Landsat image of 31 August 2009
(LSC) are shaded in blue.

separated by the trace distance (Table 1). Both, in ALS and in
GPR data, surface heterogeneities (e.g. crevasses) in the scale
of 1 m are mapped. Horizontal ice flow shifts surface hetero-
geneities along the flow direction within one accumulation
season. Hence, location of crevasses in fall are included in
the data of �zALS, whereas GPR data show the location of
the crevasse in spring (e.g. Fig. 12 at a profile distance of
700 m). In the analysis of �habs the horizontal shift is not
considered, because ALS data are validated with respect to
all processes contributing to surface elevation change. Re-
sulting maximum differences are displayed as outliers in the
Fig. 10.

As shown by Joerg et al. (2012), stochastic uncertainties
of ALS-derived surface elevations are strongly reduced on
less inclined, homogeneous glacier surfaces. Mean system-
atic offset of each ALS survey was calculated based on a ref-
erence surface (Table 2). However, this systematic offset is
not identical with a systematic offset of the ALS data at the
investigated glaciers. Due to the fact that the systematic off-
sets are smaller than the assumed vertical uncertainty of the
DEMs of ±0.15 m, no corrections have been applied to ALS
data.

The quality of the GPR data analysis depends strongly on
the amount of additional information. While stochastic un-
certainties are due to the vertical resolution of the used GPR
frequency, systematic errors and stochastic uncertainties re-
sult from velocity assumptions and the non-automated anal-
ysis of the GPR data. In a snowpack, ε′r is a function of the
mixing ratio between ice, air and liquid water (e.g. Lund-
berg et al., 2006). However, the proportion of liquid water
in a wet snowpack can alter ε′r and hence the signal velocity
in a significant way (Frolov and Macheret, 1999; Sundström
et al., 2012). Snow depths calculated from GPR data (hv ,
Eq. 9) and slope corrected snow depths (hcor, Eq. 4) from
snow probings were compared to validate the used GPR ve-
locities. On Vernagtferner 95 snow probings show a mean

offset of +0.08 m with a standard deviation of 0.13 m, ac-
counting for lower snow depths calculated from GPR data.
This can be related to the usage of a snowmobile for GPR
measurements. While GPR data were recorded in the track
of the snowmobile, snow depth probings were performed be-
side the snowmobile in the undisturbed snow. On Hintere-
isferner and Kesselwandferner in 2012, the comparison of
snow depths calculated from GPR measurements and snow
depth probings show a mean difference of 0.01 m with a stan-
dard deviation of 0.13 m.

5.5 Consequence for ALS snow cover studies on glaciers

For most of the ice areas of the four investigated glaciers dif-
ferences between �zALS and observed “ground truth” snow
depths are less than the assumed uncertainties of the applied
methods. The corresponding relative differences are less than
15 % for a mean snow depth of 1.5 m, decreasing with in-
creasing snow depths. This is considerably less than the rel-
ative errors of measurements of solid precipitation, which
may be up to 50 % when using rain gauges in high moun-
tain catchments (Sevruk, 1985). In contrast, rain gauge mea-
surements have the advantage of a high temporal resolution
in comparison to ALS surveys. Hence the combination of
both, ALS data for total volume and spatial distribution of
the snow cover and rain gauge data for the timing of precip-
itation events, ensure a high potential for simulating the sea-
sonal hydrology of mountain catchments more realistically.

Typical accumulation areas have to be considered when re-
lating �zALS to snow depth. For these areas, �zALS has to be
considered as a minimum snow depth value, as deviations to
hGPR appear to be systematic. However, at the end of ablation
seasons, recent firn areas cover considerably smaller parts of
the investigated glaciers than bare ice areas. Accumulation-
area ratios (AAR) derived from LSC are 0.14 for Vernagt-
ferner, 0.15 for Hintereisferner and 0.41 for Kesselwand-
ferner. Mean �habs of −0.4 m on average corresponds to a
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Fig. 13. Results of similarity between �zALS and hGPR applying a
Mann–Whitney–Wilcoxon test (level of significance p = 0.05) and
the comparison of �habs (Eq. 11) to uncertainties of the two meth-
ods: ALS and GPR (Eq. 12) are given. Each midpoint of a win-
dow including n= 300 samples is coloured indicating not signifi-
cant �habs (black), significant �habs (blue), significant and nega-
tive �habs larger than uncertainty (red) and significant and positive
�habs larger than uncertainty (green). The outlines of the inves-
tigated glaciers (black) and the snow cover derived from Landsat
image of 31 August 2009 (LSC, striped) are shown.

mean relative underestimation of approx. 20 % for the inves-
tigated LSC areas. Regarding the whole investigated glacier-
ized areas, this systematic underestimation results in a mean
relative error of 3 to 7 % for the respective glaciers. Hence,
the information on snow depths from �zALS is supposed to
be a more reliable measurement not only of the spatial distri-
bution of snow depths, but also for total volume of the snow
cover in the investigated glacierized region at the time of the
snow-on ALS survey (t2).

In addition ablation in fall or already prevailing seasonal
accumulation before the ALS survey at t1 influence the ac-
curacy of the derived ALS-derived snow depths on glacier
surfaces. Furthermore, in contrast to non-glaciated areas,
the ALS survey for t1 has to be repeated annually, because
glacier surface elevation varies annually. To calculate SWE
from �zALS, additional assumptions on the relation of snow
density on snow depth (e.g. Jonas et al., 2009) or a spatially
uniform snow density (e.g. Lehning et al., 2011) have to be
made. This results in additional uncertainties of the derived

accumulation based on the conversion used and the prevail-
ing conditions of the snowpack.

The data presented in this study were analyzed for differ-
ences between �zALS and actual snow depths, because re-
cently an increased number of research projects using ALS
data to investigate the spatial and temporal variability of the
cryosphere are conducted in the mountain range of Ötztal
Alps. The results may be transferable in the study region
and to Alpine glaciers of similar size and with similar mass
turnover. Nevertheless, various process parameters contribut-
ing to �zALS (Sect. 1) have to be considered, for example,
on larger or steeper glaciers, on glaciers with faster ice flow,
on glaciers gaining more accumulation or on glaciers with a
less distinctive seasonal cycle of ablation and accumulation
period.

In difficult mountain terrain, the acquisition of actual snow
depths by GPR along profiles delivers less information on
spatial snow distribution compared to ALS surveys covering
total mountain catchments. However, systematic differences
between �zALS and actual snow depths have to be analyzed
separately for individual glaciers when using ALS for record-
ing snow depths even in glacierized catchments. This study
demonstrated that the usage of ALS data and GPR measure-
ments appears to be a promising combination of methods to
identify differences of �zALS from actual snow depths and
corresponding uncertainties not only for single points, but
along profiles on glacier surfaces worldwide.

6 Conclusions

The study presented here was accomplished to evaluate sur-
face elevation changes derived from airborne laser scan-
ning (�zALS) on glacier surfaces for snow cover studies
in the Ötztal Alps. Therefore, differences of �zALS from
snow depths calculated from more than 35 km of GPR pro-
files (hGPR) on the four glaciers Hintereisferner, Kesselwand-
ferner, Vernagtferner and Gepatschferner were analyzed. It
is shown that GPR can be applied to validate �zALS regard-
ing snow depths and be used to analyze systematic differ-
ences. The sum of all processes contributing to �zALS in
addition to seasonal snow depths on glacier surfaces could
be detected by combining ALS and GPR data. A more ex-
tensive measurement set-up would be necessary for detailed
analysis of the partitioning and magnitude of the individ-
ual processes causing these differences. The delineation of
snow covered areas at the end of ablation season from Land-
sat imagery highlights areas of increased differences be-
tween �zALS and “ground truth” snow depth derived from
hGPR, snow pits and snow probing. This study shows that on
four different glaciers systematic differences between �zALS
and hGPR greater than calculated uncertainties of the applied
techniques were observable almost exclusively within the re-
spective accumulation areas. Most of ice areas on the inves-
tigated glaciers do not show differences between �zALS and
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actual snow depths larger than the uncertainty of the used
combination of measurements. Distinct overestimation of ac-
tual snow depths by �zALS could be detected at the very
front of the glacier tongues. In summary, relative differences
of �zALS from actual snow depths are small for analysis of
the mountain snow cover in the study area and compara-
ble glacierized catchments. Hence, spatial distributed snow
depths derived from �zALS at glacier surface provide an in-
formation on minimum snow depths which must be sim-
ulated by hydro-meteorological models, particularly in the
higher elevated parts of the glaciers in this region.
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ABSTRACT. Knowledge of the spatial snow distribution and its inter-annual persistence

is of interest for a broad spectrum of issues in cryospheric sciences. In this study, snow

depths derived from airborne laser scanning are analyzed for inter-annual persistence of

the seasonal snow cover in a partly glacierized mountain area (approx. 36 km2). At the end

of five accumulation periods, the snow-covered area varied by 16% of its temporal mean.

Mean snow depth of the total area ranged by a factor of two from 1.31m to 2.58m, with a

standard deviation of 0.42m. Inter-annual correlation coefficients of snow depth distribution

ranged between 0.68 and 0.84. 75% of the investigated area turned out to be inter-annually

persistent. The remaining area showed a variable snow cover from year-to-year caused by

occasional avalanches and changes in surface topography as a result of glacier retreat. Snow

cover underwent a change from homogeneous distribution on the former glacier surface to a

more heterogeneous snow cover in the recently deglaciated terrain. A geostatistical analysis

shows inter-annual persistence in scaling behavior of snow depth in ice-free terrain with scale

break distances at 20m . Scale invariant behavior of snow depth is indicated over more than

100m on smooth glacier surfaces.

1. INTRODUCTION

The spatial distribution of the mountain snow cover is of in-

terest in cryospheric science for issues like modeling mass bal-

ance of glaciers (e.g., Huss and others, 2008; Dadic and others,

2010b), determining the snow cover duration for ecological

investigations (e.g., Tappeiner and others, 2001), identifying

risks of natural hazards (e.g., Schweizer and others, 2008)

and simulating the runoff regime of mountain catchments

(e.g., Lundquist and Dettinger, 2005; Schöber and others,

2010; Bavay and others, 2013). The spatial variability of snow

depths is recognized as a challenging feature, especially re-

garding scaling issues and the simulation of the fundamental

processes causing the heterogeneity of snow (e.g., Pomeroy

and others, 1998; Blöschl, 1999; Deems and others, 2006,

2008; Trujillo and others, 2007; Grünewald and others, 2013).

Since simulations of mountain hydrology require not only

runoff measurements but also ground-truth data of the snow

cover for validation (e.g., Blöschl and others, 1991; Matthias

and others, 2014), snow cover distribution is measured us-

ing in-situ measurements (e.g., Elder and others, 1991; Kaser

and others, 2003; Lundberg and Gustafsson, 2010) and re-

mote sensing techniques (e.g., Nolin, 2011; Rittger and oth-

ers, 2013). Point information from weather stations or snow

depth measurements are used to interpolate and extrapolate

the mountain snow cover to the catchment scale for snow-

hydrological studies (e.g., Blöschl and others, 1991; Ander-

ton and others, 2004). Still, the representativeness of individ-

ual measurements is uncertain (Sevruk, 1985; Grünewald and

Lehning, 2011). The active remote sensing technique of lidar

(light detection and ranging) (e.g., Baltsavias, 1999; Wehr

and Lohr, 1999) is a useful tool to obtain spatially distributed

snow depth data in a high spatial resolution from repeated

surveys (Deems and others, 2013). Lidar was applied to de-

rive snow depths in test areas (e.g., Hopkinson and others,

2001; Deems and others, 2006, 2008), on individual moun-

tain slopes (e.g., Prokop and others, 2008; Schaffhauser and

others, 2008; Sailer and others, 2008; Grünewald and others,

2010; Schirmer and others, 2011), for individual glaciers (e.g.,

Joerg and others, 2006; Geist and Stötter, 2007; Sold and

others, 2013; Helfricht and others, 2014) and entire moun-

tain catchments (e.g., Dadic and others, 2010b; Helfricht and

others, 2012; Grünewald and others, 2013; Schöber and oth-

ers, 2014). However, multi-annual data of spatial snow depth

distribution,i.e. the total volume of the snow cover in entire

catchments, are rare.

Inter-annual persistence of the spatial snow distribution is

a prerequisite for applying simple parameterizations of snow

redistribution in hydro-meteorological models simulating the

snow cover of high mountain catchments (e.g., Huss and oth-

ers, 2008; Strasser, 2008; Mott and others, 2010; Dadic and

others, 2010a; Schöber and others, 2014). Up to now, long-

term observations of spatially distributed snow depths have

been based on manually taken snow depth samples (Sturm

and Wagner, 2010; Jepsen and others, 2012; Winstral and

Marks, 2014). Sturm and Wagner (2010) showed that clima-

tological snow patterns derived from multi-annually measured

snow depth distributions are suitable for simulating the snow

depth distribution. In Alpine mountain catchments, spatial

snow distribution is attributed to preferential deposition of

snow and the subsequent wind-induced snow transport pro-

cesses acting on various scales (e.g., Lehning and others, 2008;

Dadic and others, 2010b; Mott and others, 2010). Mott and
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others (2011b) suggest that still model resolution of 5m is

not sufficient to capture all processes that drive snow cover

variability in areas of complex Alpine topography.

Geostatistical analyses are a basis for the spatial design of

measurements of snow depth and snow cover models (Blöschl,

1999). Snow cover presents a multi-scaling behavior (e.g.,

Shook and Gray, 1996; Deems and others, 2008; Schirmer and

Lehning, 2011) with a short-range fractal and a long range

fractal separated by a scale break. Typical scale breaks of

snow depths were observed between meters and tens of meter,

both for manually taken snow samples (e.g., Shook and Gray,

1996) and snow depths derived from lidar data (Deems and

others, 2006, 2008; Trujillo and others, 2007; Schirmer and

Lehning, 2011). The fractal (Hausdorff-Besicovich) dimension

was found to be useful for analyzing the irregularity of ob-

jects and surfaces (Burrough, 1993; Gao, 1996). The fractal

dimension allows differentiating the influence of short-range

fluctuations caused by e.g. snow surface structures, sastrugi

and cornices from long range fluctuations related to topog-

raphy on snow cover variability (e.g., Schirmer and Lehn-

ing, 2011). Detailed analyses of multi-annual consistency in

scaling behavior based on high resolution lidar data are lim-

ited to the comparison of two accumulation seasons. Schirmer

and Lehning (2011) and Deems and others (2008) indicate

an inter-annual consistency of fractal dimensions and scale

breaks of snow depths at the end of the accumulation season.

Schirmer and Lehning (2011) showed that the scale breaks

increase while short-range fractal dimensions decrease due to

smoothing of the surface by snow accumulation associated

with northwesterly storms towards the end of the accumula-

tion season.

In this study, a unique multi-year data set of snow depths

is introduced which is derived from airborne laser scanning

(ALS) surveys of the seasonal snow cover in a partly glacier-

ized mountain catchment of approx. 36 km2. The detailed

snow depth data allows combining the advantages of high

spatial resolution and multi-annual data. The study aims to

investigate the temporal and spatial inter-annual persistence

of seasonal snow depths, snow patterns and scaling behavior

of the snow cover.

Annual mean snow depths and their spatial variability are

determined to compare the overall temporal persistence of

snow accumulation in the investigated basin. Correlations

coefficients between each of the annual snow depth distri-

butions are calculated at spatial resolutions of 1 to 100m.

This allows us to differentiate between processes causing high

inter-annual variability even at coarser resolutions and the

increasing correlation with decreasing resolution as a result

of a reduction of the spatial variability of snow depth (e.g.,

Blöschl, 1999; Melvold and Skaugen, 2013). Areas with per-

sistent snow cover are distinguished from areas with variable

snow cover by analyzing the temporal variability in stan-

dardized snow depths. Maps of squared errors of standard-

ized snow depths are shown to locate processes causing inter-

annual differences in snow patterns. A k-means clustering is

used to detect areas of similar spatial and temporal charac-

teristic of the residuals of snow depths from mean snow depth

in their vicinity. Finally, the inter-annual variability in fractal

dimensions and scale breaks of the snow depth distribution

is derived from a semivariance analysis.

The results will help to emphasize the main characteristics

of the snow depth distribution in this Alpine catchment and

support simulations of the snow cover in this mountain region

and comparable mountain basins.

2. STUDY SITE AND DATA

The investigated area is located at the main Alpine ridge

in the Ötztal Alps, Austria (46◦48′N, 10◦46′ E). It covers a

partly glacierized catchment of the Upper Rofen valley (Fig.

1). The total area is 35.9 km2, from which 50% were glacier-

ized in 2001 and 44% in 2011. This equals a loss in glacier

area of 12% in ten years. The elevation within the study

area ranges from 2234ma.s.l. to 3738ma.s.l. The mean ele-

vation of the investigated area is 3005ma.s.l.. Aspect is pre-

dominantly southeast at elevations below 2500ma.s.l. (Fig.

1). Most slopes face southeast and northwest at elevations

between 2500 and 3500ma.s.l. Aspects from southwest to

west are in general less frequent. Most of the area below

3000ma.s.l. has a slope angle of 20 ◦ to 40 ◦. Between 3000ma.s.l.

and 3500ma.s.l., glacier surface with a slope of less than

30 ◦ is most frequent. The glaciers Hintereisferner (HEF) and

Kesselwandferner (KWF) are located in the investigated area.

Both glaciers have been monitored for decades (Hoinkes, 1970;

Kuhn and others, 1999; Fischer, 2010; Fischer and others,

2012). The upper parts of the glaciers Gepatschferner (GPF)

and Langtauferer Ferner (LF) are partly included in the in-

vestigated area. Since 2001, annual ALS flights have been

conducted in this mountain area, from which annual glacier

volume changes (Geist and others, 2005; Bollmann, 2010) and

intra-annual surface elevation changes (Geist and Stötter,

2007) were calculated. For this study, glacier outlines were

derived separately for the date of ALS (t1) according to Aber-

mann and others (2010). Available ALS data cover five accu-

mulation seasons between 2001 and 2012.

Table 1 shows the dates of the ALS surveys, the devices

used, maximum scan angles, laser repetition rates, used scan

frequencies and assessments of the vertical accuracy since

2002. Vertical accuracy was derived by comparing ALS data

to a flat and snow free reference surface down the valley

nearby the study area. Mean deviation between actual al-

titude of the reference surface and the z-value of the lidar

points had a maximum of 0.076m and a maximum standard

deviation of 0.11m (Tab. 1). Point densities increase over time

due to the improvement of the used scanner devices. Mean

flight speed was between 65m s−1 and 70m s−1. Mean flight

altitude ranged from 1000m to 1200m above ground.

Point clouds were filtered to bare ground using last returns

of the laser signal. All points within a grid cell were aver-

aged to generate DEMs with a grid size of 1m,. Grid cells

without lidar point measurements were filled using inverse

distance weighting. Due to the high number of measured

points and the location of the investigation area above the

tree line, simple interpolation schemes deliver high accuracy

DEMs (Deems and others, 2013). Bollmann and others (2011)

showed for DEMs produced in the Hintereisferner region that

a relative vertical accuracy better than ±0.15m for slopes

below 35 ◦ can be estimated. The accuracy of the ALS mea-

surements decreases considerably with increasing laser dis-

tance and decreasing illumination angle (Bollmann and oth-

ers, 2011; Joerg and others, 2012). Early stage application

of ALS measurements in 2002 might be influenced by higher

uncertainties due to the lower point densities compared to

the subsequent years (Bollmann and others, 2011; Fritzmann

and others, 2011).

Two lidar surveys are required to extract seasonal snow

depth from multi-temporal ALS data (e.g., Hopkinson and

others, 2001; Deems and others, 2013). Data have to be recorded

prior the accumulation season (’snow-off’, here referred to
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Fig. 1. Map of the investigated area including the glaciers Hintereisferner (HEF), Kesselwandferner (KWF) and the uppermost part

of Gepatschferner (GF). The color scale shows the slope of the surface. Glacier outlines of the years 2001 (red) and 2011 (green) and

contour-lines of elevation in 250m steps (black) are presented. The area-elevation-distribution (upper right) and the frequency distribution

of aspect (middle right) and slope (lower right) of 250m elevation zones are shown.

date t1) and next to the time of the maximum of snow depth

(’snow-on’, here referred to date t2, Tab. 1). In mountain

catchments with a high elevation range it is difficult to cover

the date of the minimum and maximum accumulation ex-

actly. While snow accumulates at higher elevations, ice and

snow melt can occur at lower elevations simultaneously.

The densification of the fresh snow accumulated prior the

ALS (t1) causes underestimation of actual snow depths by

lidar measurements. Snow ablation or ice ablation lower the

surface between ALS (t1) and the final formation of the sea-

sonal snow cover and, thus, lead to underestimation of the

actual snow depths as well. The densification of the firn cover

and ice flow causes underestimation of the actual snow depths

by lidar in typical accumulation areas of the glaciers (e.g.,

Sold and others, 2013; Helfricht and others, 2014). With re-

spect to the glacierized study area, the dates of the ALS

flights (Tab. 1) were chosen to be close to the typical dates

of glacier mass balance measurements using the fixed date

system according to Kaser and others (2003).

3. METEOROLOGICAL CONDITIONS

Meteorological measurements located in the investigation area

do not cover the whole time period of this study. To give an

overview on the weather conditions, temperature and pre-

cipitation measured at six weather stations next to investi-

gated basin are spatially interpolated using an Inverse Dis-

tance Weighting algorithm for precipitation and a regression

approach for temperature implemented in the pre-processing

module of the flood forecasting system of the river Inn (Achleit-

ner and others, 2012). The data are valid for an elevation

of 2400ma.s.l., which coincides with the lowest elevations of

the investigated basin (Fig. 1). Mean daily temperatures and

cumulative precipitation of all five accumulation seasons are

shown in Fig. 2.

In September 2001, a snow cover was accumulated in the

study area and persisted until the ALS (t1) (e.g., Bollmann

and others, 2011). The mean temperatures after the ALS (t1)

provided melt condition from the end of September to mid

October. Only 30% of the seasonal precipitation cumulated

until the end of January. Snow was accumulated frequently

in February and March 2002. A precipitation event caused a

Table 1. Overview of the ALS flight campaigns investigated in this study. The accuracy is obtained from deviations between ALS surface

elevations and elevations of a known reference surface. Mean flight altitude was between 1000m and 1200m above ground.

accumulation timestamp date laser maximum scan laser repetition scan beam mean point vertical accuracy (m)

season system angle (◦) rate (103s−1) frequency (s−1) divergence (mrad) density per m2 mean σ

2002
t1 10 October 2001 Optech ALTM 1225 20 25 28 0.1 1.1 na na

t2 07 May 2002 Optech ALTM 1225 20 25 28 0.1 1.2 −0.040 0.110

2003
t1 18 September 2002 Optech ALTM 2050 20 50 40 0.2 1.0 −0.030 0.098
t2 04 May 2003 Optech ALTM 2050 20 50 40 0.2 0.8 −0.020 0.092

2009
t1 09 September 2008 Optech ALTM 3100 20 70 40 0.3 2.2 0.002 0.057
t2 07 May 2009 Optech ALTM 3100 20 70 38 0.3 2.4 0.040 0.054

2011
t1 08 October 2010 Optech ALTM Gemini 25 70 36 0.25 3.6 0.076 0.047

t2 20 April 2011 Optech ALTM Gemini 25 70 36 0.25 3.8 −0.007 0.041

2012
t1 04 October 2011 Optech ALTM 3100 20 70 40 0.3 2.9 0.001 0.042

t2 11 May 2012 Optech ALTM 3100 20 70 40 0.3 2.8 0.005 0.057
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Fig. 2. Mean daily air temperatures valid for an elevation of 2400ma.s.l. (top) and the cumulative precipitation (bottom) of the five

accumulation seasons. Dates of the ALS surveys are shown as vertical lines. Note that t2 of 2002 and 2009 coincide on May 7.

distinct increase in snow depth a few days prior to ALS (t2)

2002.

In 2002, ALS (t1) was performed in mid September. Tem-

peratures decreased to 0◦ C shortly after, indicating less melt-

ing of the ice or snow until the formation of the seasonal

snow cover. While almost 50% of the seasonal precipitation

was accumulated in November, particularly the second half of

this accumulation season continued with precipitation below

average.

In 2008, mean daily temperatures were close to 0 ◦C af-

ter ALS (t1). In October 2008, a period of positive temper-

atures caused potential melt at the glacier tongues (Schöber

and others, 2014). However, the highest cumulative precipita-

tion amount of the five investigated accumulation seasons was

measured in 2009 due to a steady occurrence of precipitation

events preferentially in the second half of the accumulation

season.

Snow was accumulated prior to ALS (t1) in 2010 (Helfricht

and others, 2014; Schöber and others, 2014). Until end of

January 2011, cumulative precipitation amount was similar to

2009. Subsequently the accumulation season stayed dry. Pos-

itive temperatures enabled snow melt on several days prior

to ALS (t2) in April 2011.

Prior the ALS (t1) in 2011, a snow cover was accumu-

lated in mid September. However, this snow cover was dis-

tinctly reduced by melt until the date of ALS (t1) (personal

communication A. Fischer, 2012). A snow fall was recorded

shortly after ALS (t1) followed by almost dry conditions for

two months. Higher accumulation rates were observed in De-

cember and January 2012.

Schöber and others (2014) discussed the influence of melt

and sublimation during the two winter seasons 2009 and 2011

based on model simulations of the energy balance of the snow

cover. Whereas melt and sublimation cumulate to 0.17m of

the surface elevation change between ALS (t1) in 2008 and

ALS (t2) in 2009, same calculation resulted in a surface low-

ering by only 0.04m between ALS (t1) in 2010 and ALS (t2)

in 2011. Results for the accumulation periods 2002 and 2003

were found to be in between these values.

Table 2. Precipitation measured between 1.10. and 30.4. at the

three cumulative precipitation gauges Hintereisferner (HEF), Pro-

viantdepot (PD) and Rofenberg (RB). Winter precipitation mea-

sured in the investigated seasons are shown for each accumulation

season separately. Minimum, mean and maximum values and the

temporal CV are presented for the 30 year period between 1983

and 2012.

cum. gauges HEF RB PD

elevation 2970 2827 2737 m a.s.l.

A
L
S

2002 627 521 396 mm
2003 502 488 370 mm
2009 998 793 622 mm
2011 578 440 344 mm
2012 696 604 441 mm

1
9
8
3
-
2
0
1
2 min 329 302 217 mm

max 998 793 652 mm
mean 632 526 410 mm

CV 0.22 0.21 0.22

Precipitation measured at three cumulative precipitation

gauges located in the investigated catchment, namely Hin-

tereisferner (HEF), Rofenberg (RB) and Proviantdepot (PD),

allows comparing the variability in precipitation of the five in-

vestigated seasons to a climatic series. Precipitation measured

at the gauges was summarized for the months October till

April in the period between 1983 and 2012 (Tab. 2). The mean

cumulative precipitation of the five investigated accumulation

periods is slightly higher than mean cumulative precipitation

of the 30 year period at all three gauges. The maximum of
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winter precipitation measured in this catchment over the last

30 years in 2009 is included in the five investigated seasons.

Cumulative winter precipitation was lower than the climatic

mean in the season 2011, but within one standard deviation

of the winter precipitation between 1983 and 2012. The tem-

poral CV of measured winter precipitation was 0.22 for the

30 year period (Tab. 2).

4. METHODS OF SNOW COVER
ANALYSES

4.1. Analysis of spatial and temporal
distribution

Seasonal snow cover is analyzed based on digital elevation

models (DEM) with a grid size of 1m (Chap. 2). The surface

elevation at ALS (t1) is subtracted from the surface elevation

at ALS (t2) to calculate surface elevation changes (Δ zALS)

ΔzALS = zt2 − zt1 ≈ HS. (1)

ΔzALS are interpreted as snow depth (HS). HS values in

the range of −10m ≤ HS ≤ 15m are used for the analy-

sis. Negative HS which are an artifact of the measurement

principle (Hopkinson and others, 2001), are not removed to

maintain the original distribution of the ALS-derived infor-

mation. The temporal variability of the mean annual snow

depth (H̄S) and its spatial variability in terms of the stan-

dard deviation (σ) and the corresponding coefficient of varia-

tion (CV ) are analyzed. A threshold HS of 0.15m is used to

distinguish between snow-free and snow-covered area (SCA).

According to the assumed relative vertical accuracy indicated

by Bollmann and others (2011), this threshold accounts for

the distribution of zero snow depths at ±0.15m, i.e. HS be-

low 0.15m can result from zero snow depth and an error of

the DEMs. Areas of HS < 0.15m are also assumed to feature

a scattered snow cover. The inter-annual persistence of HS

and SCA over altitude is analyzed in 25m elevation zones.

Pearson correlation coefficients (r) of HS are calculated

between each combination of the five HS distributions. HS

are sampled to coarser grid sizes (10, 30, 50 and 100m) using

the area-weighted mean of the 1m HS values. Variability is

known to decrease with increase of spatial aggregation (e.g.,

Blöschl, 1999). The spatial scale of 10m is chosen to reduce

the noise of the original 1m data without losing much in-

formation of snow cover variability. The spatial resolution of

30m was used in studies of Sturm and Wagner (2010) and

Winstral and Marks (2014), who analyzed manually sampled

snow depth data. 50m is a typical scale used for the simula-

tion of the high mountain snow cover and mountain hydrol-

ogy (e.g., Strasser, 2008; Schöber and others, 2014). Spatial

scales of more than 100m show a reduction in variability of

high resolution snow depth data (e.g., Grünewald and others,

2013) and cause a distinct loss in information on spatial snow

depth patterns (e.g., Melvold and Skaugen, 2013).

Spatially distributed standardized snow depths (HSs) are

calculated according to Sturm and Wagner (2010) for the

inter-annual comparison of seasonal snow depths with

HSs =
HS − H̄S

σHS
, (2)

where σHS is the annual areal standard deviation of HS in

one winter. Squared errors of HSs (SEs) are calculated for

all possible combinations of two available snow depth distri-

butions (1 and 2 ) with

SEs = (HSs1 −HSs2)
2. (3)

The resulting maps of SEs (10 in total) are used to identify

regions of high inter-annual snow depth variability and areas

of inter-annually persistent HSs. Areal mean of the squared

errors of standardized snow depths (MSEs) are used as a

metric of overall similarity of the snow depth distributions.

4.2. Residual analysis

Spatial snow cover variability is expressed by residuals of HS

(rHS) to their vicinity. We use a moving window approach

to calculate the residual of each HS to the mean HS of its

squared vicinity of 5 x 5 raster cells (Eq. 4)

rHS(x,y) = HS(x, y)−
∑2

i=−2

∑2
j=−2 HS(x+ i, y + j)

n
,

(4)

where n is the number of cells of the window and i,j are the

distances in x- and y-direction from the center. While a ho-

mogeneous snow cover is characterized by almost zero rHS , a

heterogeneous snow cover shows distinctly negative and pos-

itive values of rHS . The magnitude of rHS is controlled by

spatial variations in the underlying topography and variabil-

ity of the snow on its surface. rHS are calculated in a raster

resolution of 10m within a 50m square. Thus, the residual

analysis covers the scale for which snow typically shows a high

spatial auto-correlation (e.g., Shook and Gray, 1996; Deems

and others, 2008; Schirmer and Lehning, 2011). We used a

k-means clustering algorithm (Forgy, 1965; MacQueen, 1967;

Hartigan and Wong, 1979) integrated in SAGA (System for

Automated Geoscientific Analyses) to automatically group

observations with similar characteristics in magnitude and

temporal variability of rHS . A set of approx. 36000 spatially

distributed observations of rHS is used. Each observation

consists of a 5-dimensional vector representing rHS values of

the five years. This clustering method does not create spatial

connected clusters as for example image segmentation algo-

rithms. Rather, the high number of observations distributed

over the entire basin are grouped into classes. We clustered

the observations to a pre-set of 10 classes. Frequency dis-

tributions are calculated for annual rHS of all observations

grouped in each of the 10 classes. The advantage of the clus-

tering of rHS is the spatially distributed information on the

temporal persistence of snow depths residuals to mean snow

depth of their vicinity.

4.3. Geostatistical analysis

Geostatistical analyses are used in cryospheric sciences for

scaling issues by e.g., Blöschl (1999); Shook and Gray (1996),

to investigate topographic and wind control on spatial snow

depth distribution and to analyze regional and temporal vari-

ability of fractal dimensions and typical scale breaks of the

mountain snow cover (e.g., Deems and others, 2006, 2008;

Trujillo and others, 2007; Lehning and others, 2011; Mott

and others, 2011b; Schirmer and Lehning, 2011).

Experimental variograms are used to analyze the spatial

autocorrelation of data pairs as a function of their separation

distance h (Olea, 1999; Sun and others, 2006). The semivari-

ance γ(hk) of HS is given for the mean lag distance h of the

bin k as

γ(hk) =
1

2nk

nk∑

i=1

{HSi −HSi+h}2 , (5)
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where HS are snow depth samples at locations i and i+h,

and nk is the number of data pairs in the bin k. The spatial

characteristics of HS can be explored by the properties of the

variogram - nugget, sill and range (Olea, 1999). The nugget

indicates small-scale variability which has not been captured

by the measurement. The sill is the overall variability (γ(hk))

in the data set, i.e. the higher the sill, the higher is the spatial

variability in the data. The distance between sampling points

(range) from the increase in γ(hk) with increasing h changes

considerably is called scale break distance L. In case of flat-

tening of the increase in γ(hk) on a log-log plot, L marks

the separation of the sampling points at which no more auto-

correlation between data pairs exists.

The fractal (Hausdorff-Besicovich) dimension D was found

to be useful to analyze the irregularity of objects and surfaces

(Burrough, 1993; Gao, 1996). Nearly planar surfaces feature

a D of 2, while a rugged surface filling the third dimension

has a limiting D of 3.

Fractal dimensions are estimated from the slope of a power

law fitted to the log-spaced data

γ(hk) = α · hβk , (6)

where α is the ordinal intercept and the power β is the

slope of the linear fit in the log-transformed variogram. The

fractal dimension D is calculated from β (Gao, 1996)

D = 3− β

2
. (7)

The application and interpretation of geostatistics is strongly

limited by the measurement scale and the sampling design.

For example, if the spacing between the sampling points is

large compared to the extent of the sampled area, the true

variability in the data might not be captured. The high spatial

resolution of the ALS data supports the applicability of the

semivariance analysis. However, the results of L and D are

highly influenced by the methods used. Sources of different

estimates for scale breaks and fractal dimension are discussed

in Xu and others (1993) and Sun and others (2006).

For this study, semivariance is calculated for HS in the en-

tire ice-free terrain with respect to the largest glacier extent in

2001 (17.75 km2), separately forHS on Hintereisferner (HEF,

6.99 km2) and on Kesselwandferner (KWF, 3.65 km2) and for

HS on the remaining small glaciers (2.00 km2). With respect

to the results of other studies analyzing geostatistical prop-

erties of Alpine HS (e.g., Deems and others, 2008; Mott and

others, 2011a; Schirmer and Lehning, 2011), scale breaks in

the order of meters to tens of meters are expected. Thus, this

length characteristic is considered calculating omni-directional

variograms with 2m grid spacing. The lag distance h is sub-

divided into 20 log-spaced bins for each power of ten. The

maximum h is set to 200m for ice-free terrain. With respect to

the more homogeneous snow cover on glaciers, semivariance

is calculated with a maximum h of 1000m for small glaciers

and of 3000m for the two large glaciers HEF and KWF.

For ice-free terrain, a preliminary first break distance Lp

is calculated automatically fitting an exponential function to

h and using a threshold of 95% of γ(hk) (Webster and Mar-

garet, 2007). This automatically fitted L is only used to sep-

arate the data of the used bins into a short-range set and a

long range set. Power laws are fitted to the two data sets in

the log-transformed variogram solving least squares to calcu-

late the short-range fractal dimension Ds for h ≤ Lp and the

long-range fractal dimension Dl for h > Lp. The intersection

0 1 2 3 42200

2400

2600

2800

3000

3200

3400

3600

3800

SCA fraction (%)

HS (m)

E
le

va
tio

n 
(m

 a
.s

.l.
)

 

 

2002 2003 2009 2011 2012

0 20 40 60 80 100

Fig. 3. Mean snow depth HS (solid lines) and SCA fraction (tri-

angles) of 25m elevation zones. The size of the triangles presents

the area of the corresponding elevation zone scaled by the total in-

vestigation area, i.e. small triangles present only small areas with

less contribution to total snow cover volume compared to the con-

tribution of areas marked with large triangles.

of the two fitted lines present the final L, which depends on

the slope of the power laws and differs from Lp. In contrast to

Shook and Gray (1996), who used a fixed Dl of 3 (completely

random spatial distribution), we calculated Dl also for the

long-range section.

5. RESULTS

5.1. Spatial and temporal snow distribution

Mean snow depth at the end of each accumulation season

(H̄S) and its spatial and temporal variability are shown in

Table 3. H̄S ranged from 1.31m in 2011 to 2.58m in 2009.

This range corresponds to 68% of the temporal mean H̄S of

1.88m. Whereas the temporal CV of H̄S and the long-term

temporal CV of winter precipitation measured at cumulative

gauges in the investigated catchment (Tab. 2) are similar,

observed range between minimum and maximum of winter

precipitation is higher than the range of H̄S in the five inves-

tigated years.

Snow covered area (SCA) varied inter-annually by 16%

of its mean value. Temporal mean snow covered area fraction

was 87% of the total area. The standard deviation of spatially

distributed HS (σHS) was lowest in the year of minimum

H̄S in 2011. σHS was similar in 2002, 2003 and 2012. In

these years, the spatial CV is varying due to inter-annual

variations in H̄S. Maximum σHS occurred in 2009, whereas

the spatial CV was lowest in this year of highest H̄S. This

shows the great influence of H̄S on the spatial CV of one

year compared to the influence of σHS . Mean spatial CV of

H̄S was 0.72. The temporal CV shows that H̄S was inter-

annually more variable than σHS and the spatial CV .

Pearson correlation coefficients (r, Tab. 4) of spatial dis-

tributed HS show a high correlation of HS between all ac-
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Table 3. Mean snow depths (H̄S), the standard deviation of spa-

tial distributed snow depth (σHS), the corresponding spatial CV

and the snow covered area (SCA)for each accumulation seasons

calculated from 1m gridded snow depth data. The inter-annual

mean and inter-annual variability in terms of range, σ and tempo-

ral CV are shown in the second part of the table.

Season H̄S σHS CV SCA
(m) (m) / 106 m2

2002 1.98 1.34 0.68 32.9
2003 1.86 1.33 0.71 31.3
2009 2.58 1.61 0.62 33.6
2011 1.31 1.04 0.79 28.6
2012 1.65 1.33 0.80 29.9

mean 1.88 1.33 0.72 31.3
range 1.27 0.57 0.18 5.0

σ 0.42 0.18 0.07 1.85
CV 0.22 0.14 0.10 0.06

cumulation seasons. In the high spatial resolution of 1m, r is

highest for the two seasons with a high fraction of snow free

area in 2011 and 2012 and second highest for the two sea-

sons of the lowest H̄S in 2011 and the highest H̄S in 2009.

The correlations are lower for combinations including the HS

distributions of 2002 and 2003. Thus, no clear dependence of

correlation on H̄S is obvious. In general, correlations of HS

distributions decrease with increasing time lag between the

two seasons. At a spatial resolution of 100m, correlations

between HS distribution of 2003 and later years are simi-

lar, but correlations including HS distributions of 2002 show

still lower values. In general, an increase in correlation with

decrease in raster resolution is obvious due to a reduction in

small-scale variability by spatial aggregation as shown by e.g.

Melvold and Skaugen (2013).

A high Pearson correlation (r = 0.94) was found between

H̄S and SCA with lower H̄S indicating less SCA. This is

obvious in Fig. 3, where mean HS and SCA fraction of the

investigated years are shown for 25m elevation zones. In this

figure, large triangles represent elevation zones with a large

Table 4. Correlation coefficients r of spatial distributed HS cal-

culated in raster resolutions from 1 to 100 for each possible com-

bination of the individual accumulation seasons.

1m 10m 30m 50m 100m

2002/2003 0.68 0.77 0.82 0.84 0.86
2002/2009 0.64 0.72 0.76 0.78 0.81
2002/2011 0.62 0.70 0.75 0.78 0.82
2002/2012 0.64 0.73 0.78 0.81 0.85

2003/2009 0.74 0.81 0.85 0.87 0.89
2003/2011 0.74 0.81 0.85 0.87 0.90
2003/2012 0.71 0.79 0.83 0.85 0.88

2009/2011 0.82 0.87 0.89 0.90 0.92
2009/2012 0.79 0.84 0.87 0.88 0.89

2011/2012 0.84 0.87 0.89 0.90 0.91
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Fig. 4. Frequency distribution of snow depth HS and standardized

snow depth HSs (Eq. 1 and 2) for the five accumulation seasons.

The uncertainty of ALS data (± 0.15m) is shaded in blue at zero

HS.

area and, thus, a high contribution to total snow cover volume

compared to elevation zones marked with small triangles. In

these elevations of largest contribution to total catchment

area, HS varied by a factor of two, whereas SCA fraction

varied only by 11% between 87% in 2011 and 98% in 2009.

In general, annual elevation distribution of HS and SCA

fraction seem to run parallel (Fig. 3). HS increased to an ele-

vation of 3100ma.s.l. and decreased above 3200ma.s.l. Inter-

annual differences of HS and SCA fraction can be found

in the lowest elevations and at the mountain ridges above

3400ma.s.l. Differences in mean HS of up to 0.5m occurred

for inter-annually similar SCA fraction below 2800ma.s.l.(i.e.

2002 and 2009).

The remarkable high fraction of snow-free areas in 2011 and

2012 is obvious at HS of 0±0.15m in Fig. 4. The year with

lowest H̄S (i.e. 2011) shows a peak of most frequent HS at

2m. In contrast, the year with highest H̄S (i.e. 2009) result

in a peak of most frequent HS at 3.2m. Frequency distribu-

tions of standardized snow depths (HSs) were found to be

inter-annually more consistent than frequency distributions

of HS. Hence, HSs was chosen to distinguish between areas

of persistent snow cover and areas of high inter-annual snow

depth variability.

The temporal mean of HSs (Fig. 5a) represents the stan-

dard snow pattern in the investigation area with respect to

the available ALS data. South-facing slopes at lower eleva-

tions showed almost no snow cover at the time of the ALS (t2).

At higher elevations, a low snow coverage can be found at

sheer rock faces and along mountain crests. In general, HSs

on the glacier surfaces was higher compared to HSs in ice-free

areas. Increased HSs can be found at the base of steep slopes

and along the glacier margins. These are the areas of a high

temporal standard deviation of HSs (σHSs) with respect to

the available ALS data.

The areas A and B in Fig. 5b emphasis examples of regions

showing high σHSs as a result of avalanche release and accu-

mulation. Corresponding profiles of HS are shown in Fig. 6.

In both areas, HS of the year 2002 is low at steep slopes and

high on glacier surface in a distance of approx. 100m from

the slope base. In profile A, high HS can be found directly at

the slope base in the other years. Peaks of HS at a distance

between 0 and 100m in profile A and at 200m in profile B
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Fig. 6. Snow depth HS along the profiles A and B (Fig. 5b) for the

five accumulation seasons. The dotted lines show the corresponding

mean elevation of the ALS(t1) surface (right axis).

are caused by crevasses at the ALS(t1) reference surface. A

substantial snow volume was kept on the slope in area B

(6b) and not released to the glacier surface prior to ALS(t2)

in 2009. Box C highlights a typical dead ice area next to

the tongue of Hintereisferner which was investigated by e.g.,

(Bollmann and others, 2011) and (Sailer and others, 2012). In

dead ice zones, the high temporal variability of HSs results

from spatially differing surface lowering within the ten year

period. The retreat of the glacier tongue of Kesselwandferner

in the 10 year period caused a high inter-annual variability of

HSs in box D (see also Chap. 5.2). In contrast to the zones

A -D, large parts of the investigation area present low σHSs,

which is indicated by the dominating blue color graduation in

Fig. 5b. An area fraction of 75% corresponds to a threshold

σHSs of 0.4 (Fig. 7). This large section is characterized by

inter-annually persistent HSs. Conversely, about one fourth

of the total area shows a high inter-annual variability of HSs.

These areas were found not necessarily to be located in steep

terrain and are more frequent at the base of steep slopes and

along glacier margins (Fig. 1 and 5).
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Fig. 7. Cumulative probability density function (PDF) of the tem-

poral standard deviation of standardized snow depths σHSs.
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Fig. 10. Histogram of annual rHS for the clusters derived by k-

means clustering of snow depth residuals rHS . Capital letters are

similar to classes shown in Fig. 9. Note that the scales of the area

vary.

The multi-annual cross-combination of squared errors of

HSs (SEs, Eq. 3) helps to analyze the temporal frequency of

the processes causing high inter-annual variability of snow

depths and to explain the magnitude of spatial means of

SEs (MSEs, Fig. 8). Most parts of the areas featuring SEs

lower than 0.5 (masked white in Fig. 8) correspond to areas

of σHSs lower than 0.4 (Fig. 5 b).

High SEs are obvious within the areas A and B (Fig.

8, upper row), where snow variability is a result of the re-

lease and accumulation of avalanches (Fig. 6). These inter-

annual differences of HSs are pronounced especially in com-

binations including 2002. High SEs between the years 2002,

2003 and the more recent surveys 2009, 2011 and 2012 are

obvious for the areas C and D along the glacier margins. In

these areas, high SEs are caused by continues changes in

topography due to melt of dead-ice, collapse of moraines and

glacier retreat within at least 6 years between the surveys

(e.g., Fischer, 2011; Sailer and others, 2012). Thus, MSEs

(Fig. 8) and correlation coefficients (r, Tab. 4) are highest

for cross-combinations including 2002 and smaller for shorter

time lags between the years. Even in the two-year period

2009/2011 and the three-year period 2009/2012, high SEs

can be found along the glacier margins (Fig. 5b, box C). SEs

along the glacier margins are small for the one-year periods

2002/2003 and 2011/2012, which reduces MSEs for these

cross-combinations.

5.2. Residual analysis

While high inter-annual variability was detected for areas

along the glacier margins, it is not shown yet, what causes

the inter-annual variability of SEs in these zones. The tem-

poral clustering of the residuals of each HS value from its

surrounding mean (rHS , Eq. 4) is applied to show more in

detail the differences in the areas highlighted in (Chap.5.1).

The clustering of rHS resulted in seven reasonable classes.

Three of the ten initial classes are not further discussed be-

cause they originate from extreme values of individual seasons

and cover a small relative fraction of 0.1% of the total area.

A map of the clusters with a zoom to the area of the tongue

of KWF is shown in Fig. 9. Figure 10 shows the frequency dis-

tribution of rHS within the classes E to H and for the total

area. 63% (22.5 km2) of the investigated area is character-

ized by a homogeneous snow cover predominantly located on

glaciers and in areas with no snow in all five years (class H).

In these areas the mean rHS are close to zero (maximum σ =

0.18m) in all five accumulation seasons. The transition zone

from homogeneous (rHS
∼= 0) to heterogeneous (rHS �= 0)

snow distribution (class F1 and F2) cover 25% of the total

area. Frequency distributions of rHS in F1 and F2 were sim-

ilar for the individual accumulation seasons (Fig. 10). More

inter-annual variability of rHS is obvious in the classes E1

and E2 of distinct positive and negative rHS (Fig. 10). Maxi-

mum and minimum rHS were found in 2009. This shows that

the spatial variability of HS increases in years of high H̄S,

i.e. HS increases in sinks and channels, whereas crests and

bumps maintain snow-free. In 2002, frequency distribution

of rHS was shifted towards lower values in areas of positive

rHS (Fig. 10). This resulted from a snow cover accumulated

at the mountain crests prior to ALS (t1). The two classes G1

and G2 are characterized by a change in rHS within the five

accumulation seasons. These two classes are located at the

glacier margins (Fig. 9) and together share 6% of the total

area. They show a homogeneous snow cover in 2002 and 2003,

but distinct positive or negative rHS in 2009, 2011 and 2012

(Fig. 10). This change is a result of glacier retreat which ex-

poses the more heterogeneous surface of the former glacier

bed compared to the homogeneous glacier surface. However,

differences in these two classes are not visible in the frequency

distribution of rHS for the total area due to the large fraction

of homogeneous snow cover (class H) within the investigation

area.

5.3. Geostatistical analysis

Variograms were calculated for HS in ice-free terrain, for HS

on Hintereisferner (HEF) and Kesselwandferner (KWF) and

for HS on the remaining small glaciers (Fig. 11). The scale

break L, the corresponding sill γ(hL), the short range fractal

Dimension Ds and the long range fractal dimension Dl were

calculated for ice-free terrain (Tab. 5).

An inter-annual consistent L was found in ice-free terrain at

approx. 20m, whereas γ(hL) ranged considerably between the

two years of lowest and highest H̄S (Tab. 5). The short range

variability of HS is highest in 2002 (Fig. 11a). This results

in a high Ds compared to the inter-annually persistent Ds of

the other four years (Tab. 5). In all five years, the increase of

γ(h) with h flattens out to a consistent Dl of 2.9 for HS in

ice-free terrain. γ(h) for h > L depends on the spatial mean

snow depth H̄S of the individual years with increasing γ(h)

for increasing H̄S.

In contrast, no distinct flattening of γ(h) with increasing

h could be found for h > 10m on glacier surface. The overall

spatial variability of HS in ice-free terrain was found to be

higher compared to γh on glaciers. A break in scaling behav-

ior of HS on glaciers is indicated at L of 10m (Fig. 11b-d).
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Fig. 8. Maps of squared errors of standardized snow depths SEs (Eq. 3) between all possible combinations of the five accumulation

seasons. In the lower left corner, mean squared errors MSE of the cross-combinations are shown for different spatial resolutions.

Table 5. Annual scale break L, the corresponding sill γ (L), short

range fractal dimension Ds and long range fractal dimension Dl
calculated for HS in ice-free terrain.

2002 2003 2009 2011 2012

L (m) 18.0 19.7 19.8 20.4 21.7

γ (L) (m) 0.92 0.75 1.27 0.54 0.64
Ds 2.66 2.45 2.44 2.34 2.43
Dl 2.93 2.93 2.92 2.92 2.91

However, γ(h) is in the magnitude of a few centimeters to one

decimeter at h of 10m and, thus, in the range of the assumed

accuracy of ΔzALS . At h of 10m, γ(h) is slightly higher on

HEF compared to γ(h) on small glaciers and on KWF. At

scales of h below 10m, γ(h) is highest in 2003 and 2012 on

all glaciers. Whereas γ(h) of HS is lowest in 2011, differences

can be found between γ(h) in different accumulation seasons

on the glaciers. Especially HS in 2002 shows low variability

at shorter scales, but γ(h) increases towards scales of about

100m on small glaciers and on HEF. However, variability of

HS in 2002 stays at comparatively low values on KWF. The

variability of HS on KWF in 2003 does not increase for a

large range of h.

6. DISCUSSION

6.1. Spatial and temporal snow distribution

The inter-annual analysis of the snow cover in this partly

glacierized catchment shows a higher range of H̄S (68% of its

temporal mean) compared to the inter-annual range in SCA

(16% of its temporal mean, Tab. 3). Nevertheless, annual

SCA and H̄S of the total area have a high correlation (r =

0.94). With respect to the total snow cover volume and hence

H̄S, elevations of the largest area present a roughly parallel

shift in elevation distribution of HS and SCA (Fig. 3). But

differences in SCA fraction are small in these elevations. This

is a result of the large fraction of glacierized area which is to-

tally snow covered in all years. At lower elevations, snow melt

caused different HS and variable SCA due to the seasonal
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Fig. 9. Clusters derived by k-means clustering of snow depth residuals rHS . The capital letters pair classes with similar temporal

characteristics in magnitude of rHS . The index 1 indicates negative rHS and the index 2 indicates positive rHS . The detailed view

highlights areas of changes in snow accumulation as a result of glacier retreat (black glacier outlines) in the ten-year period between 2001

and 2011.

course of weather conditions. However, variabel HS in these

elevations have less influence on H̄S due to their small area

fraction. The small variation of SCA compared to variation

of H̄S might be challenging for the determination of relation-

ships between snow covered area fraction and snow depths,

like used to calculate subgrid variability of snow cover prod-

ucts from satellite data (e.g. Swenson and Lawrence, 2012)

or to model spatial variability of snow depths (e.g. Luce and

others, 1999; Liston, 2004; Clark and others, 2011). At the

time of peak snow accumulation, very detailed surveys of the

SCA in elevations zones of largest area would be necessary to

obtain mean snow depth of the partly glacierized catchment

from small changes in SCA.

As a result of ice flow and densification of firn, HS can

be underestimated in typical firn areas of the glaciers. This

is more relevant for elevations higher than 3250ma.s.l. Hel-

fricht and others (2014) compared ALS data and ground pen-

etrating radar measurements on the investigated glaciers and

found a mean underestimation of HS of 0.4m (σ = 0.34m)

by ALS data in the firn areas of the glaciers. The decrease

of mean HS in glacierized areas above 3250ma.s.l. (Fig. 3)

can partly result from firn densification and ice dynamics.

Areas of emergent ice flow were found to be small having no

considerable influence on the interpretation of HS. However,

we assumed these dynamical processes to be constant in time

and thus no corrections were applied. Further, in many stud-

ies rough and steep surfaces were found to store less snow on

average (Blöschl and Kirnbauer, 1992; Grünewald and Lehn-

ing, 2011; Grünewald and others, 2013; Helfricht and others,

2012; Schöber and others, 2014).

An increase in annual σHS with increasing H̄S was found.

This finding was also indicated by Sturm and Wagner (2010),

who analyzed H̄S derived from snow depth samples taken

on a regular 30m grid within an 1 x 1 km Arctic test area.

Melvold and Skaugen (2013) also found a decreasing spatial

CV with increasingHS with values between 0.86 (H̄S=1.42m)

and 0.62 (H̄S=2.89m). Winstral and Marks (2014) discussed

the variation of spatial CV when H̄S is changing at a faster

rate than σ. In their study, the mean spatial CV of 11 years

was 0.71, with a slightly higher value for snow surveys in

spring (0.81). This finding is in agreement with the variability

in mean spatial CV found in our study. Winstral and Marks

(2014) also indicate a high spatial CV of 0.89 for one-year

ALS data. Winstral and Marks (2014) related higher spatial

CV of HS to higher wind speeds and higher melt rates. To

some degree this might be true for the spatial CV of HS

in 2011 and 2012 where potential melt conditions appeared

prior to ALS (t2) (Chap. 3). Marchand (2005) showed that

the spatial CV ranges between 0.72 and 0.96 for open sites

in Norway. Jepsen and others (2012) analyzed a total of 5300

snow depth measurements taken at the end of 12 accumu-

lation seasons. They found that the spatial CV of the snow

cover ranged from 0.73 to 1.09 in a continental Alpine water-

shed. In their study, the temporal variability of the spatial

CV is 0.15, which is higher than the temporal variability of

CV of 0.1 found here. Grünewald and others (2010) derived

a spatial CV of HS between 0.6 and 2.0 from terrestrial lidar

data, whereas lowest values were found at the beginning of

ablation season.

In general, the temporal mean spatial CV of ALS-derived

HS in this study (0.72) is at the lower end of values derived

in open and high-elevation Alpine areas in previous studies.

Schöber and others (2014) present a map of spatially dis-

tributed CV s of HS in 2011, which includes the investigation

area of the present study showing low CV s on glaciers. Thus,

with respect to the homogeneous snow cover on the glacier

surface, annual and multi-annual mean spatial CV s of HS in

partly glacierized catchments tend to be lower compared to

CV s in ice-free terrain.

Maximum correlation between two years is 0.84 (2011/2012)

for the original spatial resolution of 1m. This is lower than

inter-annual correlations found for HS by Deems and others

(2008) (r=0.88 - 0.92), Melvold and Skaugen (2013) (r=0.95)

or Schirmer and others (2011) (up to r=0.97). This results

from the large area and complex terrain investigated in this

study. The wide range of snow depths (snow-free to HS of
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Fig. 11. Variograms for HS of the five accumulation seasons a) in ice-free terrain, b) on small glaciers, c) on Hintereisferner and d) on

Kesselwandferner. Vertical lines in (a) show the location of the calculated scale breaks L.

more than 5m in avalanche accumulation areas), the high

number of different topographic features (glaciers, rock walls,

slopes, mountain crests,...) and the corresponding dynamical

processes (glacier retreat, rock fall, collapse of moraines,...)

reduce the inter-annual correlation compared to smaller, tem-

porally more consistent test sites.

Since HS is scaled for statistical models to simulate snow

cover distribution (e.g., Sturm and Wagner, 2010; Lehning

and others, 2011; Grünewald and others, 2013), different mea-

sures of snow depth have been used. We found standardized

snow depth (HSs) best suited to describe the inter-annual

frequency distribution of HS of this area. Thus, we used

HSs to distinguish inter-annually persistent snow cover from

areas of high inter-annual variability of HSs. According to

Sturm and Wagner (2010), we showed a climatological snow

distribution pattern in terms of spatially distributed, tem-

poral mean HSs of the investigated snow surveys. Whereas

in Sturm and Wagner (2010) inter-annually persistent areas

were visually striking, they did not present a measure to dif-

ferentiate between inter-annually variable HSs and areas of

persistent snow cover. Thus, we used the temporal standard

deviation of HSs (σHSs) (Fig. 5b) and showed that 75% of

the investigated area present inter-annually HSs for a thresh-

old of σHSs of 0.4.

In general, σHSs is low on glacier areas and at gentle slopes

(Fig. 5b). Especially in these areas, lidar measurements ofHS

have an appropriate accuracy and most of the snow cover vol-

ume is accumulated there. Thus, ALS is suitable for recording

characteristic snow depth distributions for the calibration and

validation of hydro-meteorological models, as demonstrated

for instance by Schöber and others (2014). High HS were

found consistently on glaciers which are characterized by flat,

sheltered surfaces at high elevations. The preferential accu-

mulation in these areas is also the reason why glaciers exist

where they do. For instance, Dadic and others (2010b) related

the location of the glaciers to differences in the wind field. Re-

distribution of snow to glacier surface was already included

in hydro-meteorological models adapted to the investigated

catchment (Kuhn, 2003).

The reduction of MSEs with increasing aggregation of

raster resolution (Fig. 8) is distinctly higher forMSEs includ-

ing 2002 or 2003 compared to MSEs calculated between sur-

veys since 2009. Small-scale features of high SEs are smoothed,

especially in narrow areas along sheer rock walls and glacier
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margins. Two studies calculated mean squared errors of HSs

(MSEs) for multi-annual data. HSs in Sturm and Wagner

(2010) for snow surveys in March and April compared to one

survey in March ranged from 0.31 and 1.34. Lower MSEs

were found by Winstral and Marks (2014). Based on the snow

depth data of 11 years at a spatial resolution of 30m the

calculated MSEs ranged between 0.06 and 0.6 with a mean

MSEs of 0.31. This range is comparable to mean MSEs of

the present study (0.22 to 0.5) with a mean of 0.34 for a

spatial resolution of 30m (Fig. 8).

Areas of high inter-annual snow depth variability (i.e. high

σHSs) are not restricted to mountain crests and steep slopes,

where ALS data are affected by large errors. In general, 82%

of all σHSs ≥ 0.4 were located at slopes of less than 40◦.
High σHSs were detected at gently inclined slope toes and on

homogeneous glacier surfaces (Fig. 7). These are typical accu-

mulation areas of gravitational snow transport by avalanches

and snow sloughs.

Geomorphological processes change the mountains surface

topography continuously (Bollmann and others, 2011; Sailer

and others, 2012). Thus, the variation in the reference sur-

face at ALS(t1) affects snow depth variability. Further, glacier

retreat alters the surface relief from a more homogeneous sur-

face to heterogeneous landforms featuring ridges and sinks,

which lead to a heterogeneous snow depth distribution (Fig. 9

and 10). This coincides with the findings of Lehning and oth-

ers (2011) and Schirmer and others (2011), who demonstrated

that topographic roughness controls snow cover variability.

The shift of the frequency distribution of rHS towards more

positive and negative values in the year of highest mean snow

depth (i.e. 2009) shows that differences of HS between pref-

erential accumulation areas and areas with less or no snow

increase with an increasing H̄S.

6.2. Scaling behavior of snow depths

The multi-scaling behavior of HS separated by a scale break

distance L into short range fractal dimensions Ds and a long

range fractal dimension Dl was assessed for HS. In ice-free

terrain, L was found to be inter-annually consistent at ap-

prox. 20m, which is comparable to L of 17.3 and 20.4m found

by Schirmer and Lehning (2011) for a cross-loaded slope (i.e.

variable wind direction) in complex mountain terrain. How-

ever, L found by Deems and others (2008) for HS distribu-

tion of two seasons in a forested, moderate elevation terrain

with low rolling topography (L of 15.5 and 15.9m) and at

an Alpine site above the tree line(L of 31.5 and 26.4m) are

slightly lower and slightly higher, respectively. Mott and oth-

ers (2011b) showed very similar values for peak HS calcu-

lated from terrestrial laser scanning measurements in a small

Alpine area (L = 20.4, Ds = 2.31) to those found in this

study. Also Schirmer and Lehning (2011) showed a reduction

in Ds towards values between 2.3 and 2.5 at the end of the

accumulation season. Dl was found to be consistently close

to 2.9 in all studies.

L determined for HS in ice-free terrain marked the begin-

ning of a curve-like reduction in the increase of γ(h) rather

than a distinct bend in γ(h) like for instance those found

in Mott and others (2011b) or Schirmer and Lehning (2011).

This is a result of the large area (approx. 14 km2) and the high

number of different surfaces types (rocks, boulders, talus,...)

in a complex topography (sheer walls, gentle slopes, flat valley

floors) with a different exposure to meteorological conditions

(radiation, wind). Since values of L depend strongly on the

bin spacing, grid resolution, area considered for the variogram

and the maximum range of h used for calculation, they give

an order of magnitude (here a few tenths of meter) rather

than exact values.

γ(h) of HS at h = 2m is highest in 2002 (0.23m) and stays

high for h lower than the scale break L (Fig. 11a). Whereas

γ(h) at h < 4m might be influenced by the accuracy of the

ALS data (Chap. 2), similarities between snow cover distri-

bution in 2002 and 2009 can also be found in SCA and HS at

lower elevations (Fig. 3). In addition, the avalanche activity

in 2002 (Fig. 7) increased the small-scale variability of HS.

No distinct, inter-annually persistent scale break could be

detected on glaciers. Nevertheless, increase in γ(h) appeared

to be higher at scales below 10−1 m compared to increase in

γ(h) at larger h. Even if this variability is obvious in some

years, γ(h) below 10−1 m is close to the accuracy of ΔzALS of

±0.15m (Chap. 2). Thus, an interpretation of this scale break

would be more speculative. However, years without consider-

ably snow fall prior to ALS (t1) (2003, 2012) show higher γ(h)

at short scales compared to years, where snow fall occurred

prior the survey in autumn (see Chap. 3). This is a result of

crevasses and surface structures like melt water channels and

moraines on the glacier surface which, if they are not covered

by snow at ALS(t1), increase small-scale variability.

Especially in 2011, γ(h) of HS was reduced over the whole

range of h by snow accumulation prior to ALS (t1), the com-

paratively low precipitation amount of this season and al-

ready proceeded melt at the snow surface on the glaciers

prior to ALS (t2). The lower values of γ(h) on glaciers in

comparison with γ(h) in ice-free terrain highlight the more

homogeneous snow depth distribution on the ice surfaces.

7. CONCLUSIONS

In this paper we report a comprehensive analysis of the spatial

distribution of the snow cover at the end of five accumulation

seasons between 2002 and 2012 in a partly glacierized moun-

tain catchment in Tyrol, Austria. The distribution of HS at

the end of the accumulation season is of high relevance for

cryospheric and hydrologic studies, such as snow melt model-

ing or seasonal glacier mass balances. The analysis makes evi-

dent that the snow covered area (SCA) is inter-annually much

more persistent than the mean annual snow depths (H̄S). Al-

though a strong correlation was found between SCA and H̄S,

SCA varied only by 16% of its temporal mean, but H̄S varied

by a factor of two in the five years. The inter-annual vari-

ability of H̄S in the five accumulation seasons (CV = 0.22)

is of similar magnitude to the climatic variability of winter

precipitation in this region. Although 5 years of data do not

make a climatic mean, the presented dataset - including one

season of comparatively low HS and one season of extremely

high HS - may provide a more reasonable base for statistical

analysis and simulation of the snow depth distribution than

data of one-year acquisitions. With respect to the statistical

analysis, frequency distribution of standardized snow depths

turned out to be more inter-annually consistent compared to

frequency distribution of absolute snow depths. 75% of the

investigated area present an inter-annual standard deviation

of the standardized snow depth of less than 0.4 at a spatial

scale of 10m and, thus, can be interpreted as the standard

snow pattern representing highly valuable information for the

snow cover modelling of this area. The high inter-annual vari-

ability in snow depth in the remaining area is attributed to

occasional avalanches, wind transport and changes in the sur-

face topography. Especially areas associated with changes in
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glacierization were found to cause inter-annual snow depth

variability. Ice melt in dead-ice bodies causes inter-annual

variability in snow depth. A shift from homogeneous snow

distribution towards a more heterogeneous snow cover was

observed in areas which became ice free due to glacier re-

treat within the investigated 10 year period. Compared to

ice-free basins, this circumstance keeps the modeling of snow

challenging with regard to the expected proceeding glacier

retreat. So far, these changing zones cover only a low area-

fraction and still have a low impact with respect to i) the total

snow volume in the basin and ii) a coarse spatial resolution of

the data as typically used for modeling (e.g. 50 - 100m). Nev-

ertheless, areas of high inter-annual variability caused inter-

annual differences in the correlation of snow depths which are

even visible at a spatial resolution of 100m. Geostatistical

analysis is performed to show inter-annual persistence of the

scaling behavior of the mountain snow cover. The differences

between spatial autocorrelation of HS in ice-free terrain and

spatial autocorrelation of HS on glaciers show the great in-

fluence of glaciers on the snow depth variability in mountain

catchments. Spatial variability of snow depth turned out to

depend on mean snow depth in ice-free terrain, but is influ-

enced by the existence of a snow layer at ALSt1 on glacier sur-

faces. In accordance with typical scale breaks shown by other

authors forHS in Alpine areas at the end of the accumulation

season (e.g., Deems and others, 2006; Mott and others, 2011b;

Schirmer and Lehning, 2011), inter-annually persistent scale

breaks at 20m were detected in ice-free terrain of the total

investigated catchment. On smooth glacier surfaces, the short

and long range fractal characteristics can not be distinguished

easily indicating a scale invariant behavior of HS in such ar-

eas. However, disruptive surface structures, such as crevasses

or meltwater channels, could turn the fractal parameters into

length scales comparable to length scales in ice-free terrain.

While our results in general confirm the fractal characteristics

ofHS indicated by other studies in ice-free terrain, these have

so far only be shown for smaller areas. Fractal parameters

calculated for irregular or smaller regular subareas may be a

next step in obtaining parameters for statistical snow models

(e.g., Lehning and others, 2011) or deterministic snow models

working in a gridded model layout. The present study shows

for the first time the persistence and variability of the snow

pattern for five accumulation seasons in a comparatively large

catchment with a complex topography of ice-free terrain and

glaciers.
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Bavay, M., T. Grünewald and M. Lehning, 2013. Response of snow

cover and runoff to climate change in high Alpine catchments

of Eastern Switzerland, Advances in Water Resources, 55, 4 –

16.
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Lehning, Michael, Thomas Grünewald and Michael Schirmer, 2011.

Mountain snow distribution governed by an altitudinal gradient

and terrain roughness, Geophys. Res. Lett., 38(19), L19504.
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Chapter 5

Locally extreme snow depths on

glaciers

The idea for the work presented in this chapter came up at the Davos Atmosphere

and Cryosphere Assembly DACA-13 in Davos (Switzerland). Besides the evaluation

of areas with inter-annually consistent accumulation, areas of extreme snow depths

are of interest in terms of their contribution to the total snow cover volume on glacier

surfaces.

A poster on this topic was presented at the Alpine Glaciology Meeting in Innsbruck.

Helfricht, K., Lehning, M., Sailer, R. and Kuhn, M.: The influence of gravi-

tational snow transport on the winter mass balance of Alpine glaciers in the Ötztal

Alps. Poster presentation: Alpine Glaciology Meeting in Innsbruck (Austria), 27-28

February, 2014.

The corresponding manuscript is in preparation. Parts of the manuscript are

presented hereafter.

5.1 Introduction and Methods

Parameterizations based on terrain characteristics were developed to simulate gravi-

tational snow transport in hydrological models by e.g. Gruber (2007) and Bernhardt

et al. (2010). Machguth et al. (2006b) found that simple parameterization of gravi-

tational snow transport improved model performance of glacier mass balance simu-

lations. Likewise, Dadic et al. (2008) used a the slope-dependent parameterization of

gravitational transport according to Gruber (2007) to improve glacier mass-balance

estimations. As shown by Strasser (2008) and Warscher et al. (2013), the same
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approach turned out to be a valuable tool to simulate snow transport from steep

mountain slopes to the valley floors in hydrological model setups. Gravitational

transport of snow by avalanches released in ice-free areas is known to be a signifi-

cant part of the accumulation on Himalayan glaciers (e.g. Bolch et al. 2011, 2012),

but mass budgets of gravitational snow transport on the catchment scale do not ex-

ist from these regions. Detailed studies on avalanche conditions and the final snow

deposition were carried out by e.g. Sovilla et al. (2001, 2006), Sailer et al. (2008) or

Schweizer et al. (2008). However, multi-annual data of extreme snow depths in total

catchments at the end of the accumulation season are rare. In general, in-situ snow

depth samples are risky in typical avalanche deposition zones. Since lidar technique

enables data acquisitions of surface elevation changes even in inaccessible terrain,

avalanches and snow depths were studied at the slope scale using terrestrial laser

scanning (e.g. Prokop et al. 2008; Schaffhauser et al. 2008; Grünewald et al. 2010;

Schirmer et al. 2011; Wirz et al. 2011).

The aim of this study is to investigate the spatial and temporal variation in extreme

snow depths on glaciers from ALS data and their contribution to the total snow cover

volume on glaciers. Thus, the five-year dataset of ALS derived snow depths (HSALS)

on 13km2 of glacier surface in the Upper Rofental catchment (Chap. 1.3.1) and the

one-year data of HSALS on approx. 125km2 of glacier surface in the entire mountain

range were used to analyze the size of areas with extreme snow depths caused by

lateral snow transport and the contribution of this increased snow deposition to

the total snow cover volume. Glacier outlines of previous work were used (Chap. 4)

and were drawn for the entire mountain range in 2010 according to Abermann et al.

(2010). The size of the areas with extreme snow accumulation and their contribution

to the the total snow cover volume are investigated. Multi-annual data are analyzed

with respect to the spatial and temporal variation of extreme snow depths and

their location to distinguish different processes of gravitational snow transport. The

findings on extreme snow depths on glaciers in the entire mountain range are related

to different glacier sizes.

According to the study presented in Chap 4, relative snow depths (HSr) and stan-

dardized snow depths (HSs) were calculated with

HSr =
HS

µ
, (5.1)

and

HSs =
HS − µ

σ
. (5.2)

where µ is the areal mean HS on each glacier separately and σ the corresponding
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standard deviation.

To determine grid cells of extreme snow depths (HSx), thresholds T of HSr and

HSs were used

HSx = HS (HSr,s ≥ T ). (5.3)

Increased snow depths exceeding the mean snow depth µ on the individual glacier

(HSexc) were calculated using

HSexc = HSx − µ. (5.4)

Raster cells showing extreme snow depths were aggregated into connected patches.

The number of raster cells showing extreme snow depths nx was multiplied with the

size of the raster cells of 100 m2 to calculate the total area of extreme snow depths

(Ax) for each glacier

Ax = nx · 100. (5.5)

The exceeding volume (Vexc) on each glacier was calculated multiplying the mean of

the exceeding snow depths H̄Sexc with Ax

Vexc = H̄Sexc · Ax. (5.6)

Finally, Ax and Vexc were compared to the total glacier area and snow cover volume

on the individual glaciers.

For the spatial and temporal analysis of connected areas of HSx based on the multi-

annual ALS data, the mean HS, mean slope, mean slope height and the correspond-

ing normalized slope height were calculated for each patch of HSx with a minimum

size of 1000 m2.

5.2 Results

5.2.1 Multi-annual analysis of extreme snow depths

A threshold has to be determined for the extraction of areas with extreme snow

depths. With respect to the high inter-annual variability of mean snow depths

in this region (Helfricht et al. 2014b), standardized snow depths HSs (Eq. 5.2)

and relative snow depths HSr (Eq. 5.1) were calculated. It is shown that similar

cumulative proportions of glacier area and the corresponding volume of the snow

pack were derived for HSs (Fig. 5.1a left axis) and HSr (Fig. 5.1a right axis)
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Figure 5.1: a) Cumulative proportion of the area (dotted lines) and of the volume (solid

lines) for all HS corresponding to standardized snow depths (HSs, blue) and relative snow

depths (HSr, green) less or equal than the given value. b) Percentage of the total area

with values higher than the given HSs (dotted lines) and HSr (solid lines) separately for

the five accumulation seasons. c) Percentage of the total area with HSr higher than the

given value (Ax, dotted lines) and the corresponding exceeding volume (Vexc) related to the

total volume (solid lines) separately for the five accumulation seasons. d) Percentage of the

total area with HSr higher than the given values (Ax, dotted lines) and the corresponding

exceeding volume (Vexc) related to the total volume (solid lines) for different years of

occurrence.

of 1.5, where approx. 10 % of the total snow cover volume can be found at 5 %

of the total area. HSs of 1.5 would include 93.3 % of all HS in case of a normal

distribution. Thus, inter-annually persistent Ax of 6 to 7 % of the total area could

be expected. With respect to the not normal distribution, the inter-annual range

of the area proportion is between 5 and 6 % for HSs ≥ 1.5 (Fig 5.1b). However,

the inter-annual variability of the area proportion is higher for HSr ≥ 1.5. This

range of 2 % corresponds to 50 % of the minimum area proportion of 4 % in 2003

and 2009 (Fig 5.1b). With respect to this higher inter-annual variability, we used

HSr of 1.5 as the threshold for HSx. In general, the volume proportion of Vexc was

about 1 % lower compared to the corresponding area proportion of Ax for HSr of

1.5 (Fig. 5.1c).

We determined the overlapping regions for values of HSr above a certain threshold

for the five years investigated (Fig. 5.1d). Approx. 13 % of the total glacierized

area turned out to show HSx for HSr > 1.5 at least one time within the five years.
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The corresponding Vexc is less than 5 % of the total snow cover volume. A strong

reduction in area affected by HSx is obvious for locations with HSx in at least two

of the investigated years. Only a small area and volume fraction of less than 1 %

shows HSx in all of the five investigated years.

This may be seen as a surprising result given the fact that snow depth distributions

have been found to be persistent at least in less extreme terrain (e.g. Schirmer et al.

2011). However, the less persistent pattern found here can be understood considering

that the maximum snow depths in our terrain is at least partly caused by avalanches,

which have inherently a more random probability of occurrence between the years.

Table 5.1: Ratio of area showing extreme snow depths (Ax) to the total glacier area

and the corresponding fraction of exceeding volume (Vexc) to the total snow cover volume

calculated with a threshold HSr of 1.5 for the individual glaciers. n gives the number of

years of occurrence. Glaciers are arranged with descending area of the 2011 extent. Mean

area ratio and mean volume ratio for all glaciers in the catchment are shown.

ID Name area (km2) n = 1 n = 2 n = 3 n = 4 n = 5

area ratio

1 Hintereis Ferner 6.99 0.14 0.05 0.02 0.01 0.00

2 Kesselwand Ferner 3.65 0.08 0.04 0.02 0.01 0.00

3 Vernaglwand Ferner Süd 0.51 0.10 0.04 0.02 0.01 0.00

4 Mittlerer Guslar Ferner 0.43 0.05 0.02 0.01 0.00 0.00

5 Hintereiswände 0.40 0.13 0.06 0.03 0.01 0.00

6 Rofenberg West 0.34 0.12 0.02 0.01 0.00 0.00

7 Vernaglwand Ferner Nord 0.22 0.09 0.05 0.04 0.01 0.00

8 Rofenberg East 0.09 0.19 0.08 0.04 0.02 0.00

9 Kleiner Guslar Ferner 0.01 0.03 0.02 0.00 0.00 0.00

all 12.65 0.12 0.05 0.02 0.01 0.00

volume ratio all 12.65 0.04 0.02 0.01 0.01 0.00

We calculated Ax and Vexc for each glacier in the subcatchment separately using a

threshold HSr of 1.5 (Table 5.1). Values of Ax for n = 1 range between 0.03 and

0.19 for the individual glaciers, where both limiting values were found at the two

smallest glaciers.

Figure 5.2 shows the areal distribution of Ax. In general, areas of HSx can be found

along the foot of steep rock walls along the glacier margins. Only some areas of

HSx extend further onto the glacier. For instance, at the southern glacier margin

of Hintereisferner (HEF), an area of HSx is visible, for which the threshold was met

more than once within the five years investigated. Ax with an occurrence of n = 5

are located very isolated at small cirques near steep rock faces. With respect to the

presented spatial distribution of Ax (Fig. 5.2), areas of HSx with HSr ≥ 1.5 give

reasonable results for typical accumulation areas of gravitational mass transport.
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Figure 5.2: Distribution of areas affected by extreme snow depths (HSr ≥ 1.5) according

to the number of years of occurrence. Shown IDs of the glaciers are listed in Table 5.1.

Mean slope angle, slope height and mean snow depth HS were analyzed for con-

nected patches of extreme snow depths HSx with HSr > 1.5. Slope height is the

vertical difference between the elevation of the foot of the slope and the elevation

of the grid cell along the path of gravitational flow accumulation. The normalized

slope height presents the position of HSx in relation to the total vertical extend of

the slope with values between 0 and 1 (equivalent to 0 and 100 %). Both parameters

have lower values at the foot of the slope. Figure 5.3 presents the results for one,

three and five years of occurrence.

Most of the area with extreme snow depths in at least one of the investigated years

is located on slopes between 10 and 30 ◦ and at slope heights lower than 200 m

(Fig. 5.3). The two largest connected patches are found on slopes between 20 and

30 ◦, but at different absolute and normalized slope heights. Largest connected

patches of HSx with a occurrence in at least 3 of the investigated years are located

at slopes between 20 and 40 ◦ and at approx. 30 to 60 % of the total slope height
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Figure 5.3: Mean slope, slope height, normalized slope height, snow depth (HS, color

scale) and area (size of dots) of connected patches showing HSr ≥ 1.5 for different years

of occurrence years (n). The number of years (n), minimum area (Amin) and maximum

area (Amax) of the patches are given in the title of each subplot together with the total

number of patches np. Note that the size of the dots is scaled to the corresponding Amax.
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(Fig. 5.3). Smaller connected patches are found even in less steep areas (10 to 30 ◦)

at the lowest 30 % of the slopes. A high number of patches were found in the upper

30 % of the slopes. In the upper 30 % of the slopes, comparatively small patches were

found for an occurrance of 1 year. These patches were consistent for at least 3 years

and are attributed to cornices and increased accumulation in wind sheltered areas

next to the ridges. Only 20 connected patches with an area larger than 1000 m2 are

identified for an occurrence of HSx in all five investigated years (Fig. 5.3). Almost all

of these patches are located at slopes between 30 and 40 ◦. Whereas larger patches

are found in the lower half of the slopes, ten smaller patches are located between

50 and 70 % of the total slope height. In general, mean absolute snow depth HS

in the patches (color scales in the subfigures of Fig. 5.3) increases with decreasing

patch size and increasing annual occurrence of HSx.

5.2.2 One-year analysis in the entire mountain range of the

Ötztal Alps

Ax was determined for 188 glaciers in Ötztal Alps using a threshold HSr of 1.5

(Fig. 5.4). Areas showing HSx at the glacier tongues of Gepatschferner (box A) and

Taschachferner (box B) are visually striking. These are the two glacier tongues with

actually highest annual emergence flow of the ice in the investigated region. Thus,

Ax are more likely caused by glacier dynamics than by extreme snow depths. At

most of the other glaciers, HSx can be found along the glacier margins at the foot

of steep slopes and rock walls.

Table 5.2: Absolute and relative number of glaciers n and corresponding area for the

given glacier size classes.

sice class (km2) <0.1 0.1 - 0.5 0.5 - 1 1 - 5 5 - 10 >10 Sum

n glaciers 82 69 13 16 7 1 188

n glaciers (%) 44 37 7 9 4 1

area (km2) 3.47 17.08 8.85 30.47 49.18 16.00 125.06

area (%) 3 14 7 24 39 13

According to Abermann et al. (2009), results at the 188 glaciers were divided into 6

classes of glacier size (Tab. 5.2). The statistical distribution of mean snow depth µ,

of HSexc (Eq. 5.4) and of the ratios for Ax to the total glacier area and Vexc to the

total snow cover volume are shown in Fig. 5.5. The high number of 82 small glaciers

with a size of less than 0.1 km2 (44 % of the investigated glaciers) sum up to only

3 % of the total glacierized area (Tab. 5.2). HSexc, the corresponding area Ax and

Vexc are small at these glaciers. This can be caused by the generally higher mean
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Figure 5.4: Spatial distribution of HSr > 1.5 on glacier surfaces in the Ötztal Alps at

the end of the accumulation season 2011. Box A and B highlight areas of HSx, that are

discussed in the text.
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Figure 5.5: Boxplots of mean snow depth µ, snow depth exceeding mean snow depth

HSexc, the ratio of Ax to the total glacier area and the ratio of Vexc to the total snow

cover volume calculated with HSr > 1.5 for all glaciers subdivided into size classes. Note

that the label of the size classes show the maximum glacier size and the corresponding

minimum glacier size is given by the size class to the left. The number of glaciers in a

size class is presented in Table 5.2. At each box-plot, the central mark is the median, the

edges of the box are the 25th and 75th percentiles, the whiskers extend to extreme data

points within 1.5 times the inter-quantile range and outliers are shown as red crosses.

snow depth µ compared to µ on larger glaciers.

At glaciers of a size between 0.1 and 5 km2 (53 % of all investigated glaciers, 45 %

of the total glacierized area), snow depths of 1.5 times the µ of approx. 2 m were

exceeded at a mean Ax of less than 10 % of the total area. The median of Vexc on

the glaciers of this size was about 5 %. The seven glaciers of a size between 5 and

10 km2 show mean HSexc similar to smaller glaciers, but the relative area affected

by HSx and Vexc is comparatively low. The outlier in the area- and volume-ratio

can be assigned to Taschachferner, where the emergence flow at the glacier tongue

can be assumed to cause overestimation of actual HS by ∆ zALS. Likewise, the only

glacier of a size larger than 10 km2, namely Gepatschferner, shows comparatively

high HSexc, Ax and Vexc, which is very likely caused by the contribution of snow

covered crevasses and ice dynamics on ∆ zALS. In general, Ax as well as Vx are less

than 10 % of the total glacier area and volume at more than 75 % of all glaciers. The

area fraction of Ax considering all investigated glaciers is 7.1 % with a σ of 4.9 %.

Mean volume fraction of Vexc is 6.6 % with a σ of 5.0 %.
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5.3 Discussion

The area with extreme snow depth (Ax) has been analyzed as a function of the

threshold used for HSx (Fig. 5.1). By definition, HSx with a certain threshold

of HSr increases with increasing mean snow depth µ. However, high µ do not

necessarily increase avalanche activity (e.g. Haegeli and McClung 2003; Schweizer

et al. 2008). In Chapter 4, two slopes in the investigated area are shown, where

large snow amounts remained on the slopes at the end of the accumulation season

with highest µ in 2009, whereas avalanches distributed almost the entire snow from

these slopes to the glacier surface in 2002. It can be assumed that some of this

snow load was redistributed to glacier surface in the following melt season and,

thus, additional snow was accumulated in the typical avalanche deposition areas

also in 2009. However, this shows that high avalanche activity is more caused by

the formations of critical layering of the snow pack than by snow depth only. In

addition, the progress of the melt season has some influence on the occurrence of

wet snow avalanches from steep slopes prior the ’snow-on’ ALS surveys.

In general, using a inter-annually consistent threshold of absolute HS is not appli-

cable, because mean snow depths varied by a factor of two within the investigated

years (Chap. 4). In case of avalanche release in years of high µ, typical accumu-

lation areas of avalanches are assumed to show higher HS compared to avalanche

deposition in years of lower µ such that these areas are captured by HSr ≥ 1.5 as

well. Distinct accumulation areas of gravitational snow transport were found in a

narrow zone along the foot of steep slopes and sheer rock walls in a terrain inclined

more than 20 ◦. However, the areas with extreme snow depths vary considerably

from year to year and this is in contradiction to known persistent snow patterns

from snow transport and preferential deposition. Formally, this lack of interannual

persistency is expressed by the fact that Ax determined for one year is on average

twice as high as with the condition that extreme snow depth must be reached in at

least two years.

On large glaciers, the analysis of HSx from ALS data is influenced by firn den-

sification and ice dynamics (e.g. Sold et al. 2013; Helfricht et al. 2014a). Annual

emergence velocities of up to 5 m a−1 were measured in the last years at the tongues

of the glaciers Taschachferner and Gepatschferner (data not published yet). These

areas of emergent ice flow are obvious in Fig. 5.4 box A and box B and cause an

overestimation of Ax and Vexc of the glaciers (Fig. 5.5). A considerable underesti-

mation of HS derived from ALS is very likely in the firn areas of the same glaciers

because of ice flowing towards the ablation zone (Chap. 3). However, large devia-

tions between actual HS and ∆zALS are expected along the central flow line of the

glaciers, but to be small along the glacier margins. In general, most of the glaciers
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in the investigated region slowed down after a last advance in the 1980’s (e.g. Span

and Kuhn 2003; Abermann and Lambrecht 2007; Mayer et al. 2013). The influ-

ence of ice dynamics at small glaciers and at most of the tongues of larger glaciers

(A < 5 km2) are assumed to be less than 0.5 m. For large glaciers like Taschachferner

and Gepatschferner, corrections have to be considered in the calculation of HS from

∆zALS as shown by e.g., Sold et al. (2013). However, these corrections require mea-

surements and calculations of mass balance, which both are not available for the

two mentioned glaciers. In contrast, actual ice dynamics of Hintereisferner allow to

analyze ∆zALS in terms of HS in a large part of the glacier (Chap. 3).

Open crevasses at the time of the ALS survey in fall, which are covered with snow

at the end of the accumulation season contribute to overestimation of Ax. Although

the crevassed area is small relative to the total glacier area and more frequent on

the larger glaciers, HSx might be large with respect to the penetration depth of the

laser signal into crevasses. In this study, HS were analyzed in a raster resolution

of 10 m. Thus, the influence of crevasses is smoothed. Some influence of crevassed

areas on Ax is obvious on Hintereisferner (Fig. 5.2).

Some avalanches are released in steep ice covered slopes of the glaciers. Although

these avalanches redistribute snow from steep slopes to flat glacier surfaces, no mass

gain in terms of additional snow contributing to glacier mass balance is achieved.

Hence, Vexc on glaciers is overestimated. For instance avalanches at the southern

margin of Hintereisferner were released at a partly ice covered slope. However, with

respect to the flat glacier surfaces, this contribution is assumed to be lower than 1 %

of Vexc.

Extreme snow depths are assumed to be a result of both: the wind-induced preferen-

tial deposition first and the subsequent gravitational snow transport. The transport

of snow by wind was found to contribute to the glacier mass balance and to cause

increased accumulation in general (e.g. Kuhn 2003) and distinct areas of prefer-

ential snow deposition (e.g. Plattner et al. 2006; Dadic et al. 2010a,b; Mott et al.

2011b; Bernhardt et al. 2010). Downward wind in the lee side of ridges causes in-

creased deposition, which in general is more homogeneous in distribution compared

to locally limited avalanche accumulation. In contrast, the gravitational mass flow

shows limited persistence within the five years. Inter-annually persistent depositions

of gravitational snow transport are restricted to very small areas. Thus, the relative

importance of gravitational mass flow can be seen less compared to the redistribu-

tion by wind. µ on small glaciers in wind sheltered cirques is higher compared to

µ on larger glaciers. This results from the increased preferential deposition in the

cirques caused by wind and avalanches (e.g. Kuhn 1995). Thus, with respect to

the high µ, Hexc, are small and the relative area fraction of Ax might be underesti-
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mated (Fig. 5.5). However, very small glaciers were found to show high variability

of multi-annual volume change in the Austrian Alps (Abermann et al. 2009; Kuhn

et al. 2012).

Two types of gravitational snow transport were determined to produce the observed

patterns of HSx. Avalanches with a occurrence of 1 or 2 times in the five investigated

years are accumulated in slopes between 10 and 30 ◦. Temporally more persistent

snow sloughs accumulated in steeper slopes between 30 and 40 ◦. These findings

are consistence with the results of Gruber (2007), who found most avalanches at

slopes toes inclined by 30 to 35 ◦ and few in flat terrain. (Sovilla et al. 2010)

found most avalanches deposited on steep slopes in the range of 21 to 34◦. They

reported, that the depth of avalanche accumulation is strongly negatively correlated

with the slope angle with shallow deposits at steep slopes. We found that the HS

of avalanche accumulation patches increased with a increasing number of years of

occurrence, whereas the area of the patches decreases to small areas of persistent

snow sloughing, respectively.

In snow hydrology, accumulation is defined in terms of snow water equivalent (SWE).

In this study, only HS was considered. To transform HS and snow cover volume

into the mass of SWE, the bulk density of snow has to be known. Bulk density of

snow shows only small variability at the start of melting season in high mountain

catchments (e.g. Jonas et al. 2009; Schöber et al. 2014). With a variability of

snow density in the order of 10 % and a mean bulk density of approx. 400 kg m−3,

variability of Vexc is not higher than 0.5 % of the total snow cover volume. Typical

densities of avalanches are found to be somewhat higher than the bulk density

of snow at the end of the accumulation season with deposition densities of up to

560 kg m−3 (e.g. Sovilla et al. 2001, 2006). However, the accumulation of snow

sloughs can be assumed to be less dense. Hence the contribution of the additional

mass from gravitational mass transport to seasonal glacier mass balance might be

somewhat higher than the fraction of Vexc to the total volume.

(Benn and Lehmkuhl 2000) described the influence of avalanches on the distribution

of the equilibrium line altitude of glaciers in the Khumbu Himal. They discussed

the importance of avalanches for the total accumulation on glaciers of different size,

hypsometry and the existence of typical firn areas. Inter-annual variability of the

mass balance of the investigated glaciers in the Ötztal Alps can be assumed to be less

affected by avalanche deposition with respect to the different precipitation regimes

and smaller elevation range of the glaciers and the adjacent mountain slopes.

The observed persistence of snow sloughs show that simple parameterizations of

continuous gravitational snow transport like e.g. developed by Gruber (2007) or

Bernhardt and Schulz (2010), are a valuable tool to consider typical areas of HSx
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in hydrological models. The application of such slope-dependent approaches were

successfully integrated in spatially distributed hydrological models (e.g. Machguth

et al. 2006b; Dadic et al. 2008; Strasser 2008; Warscher et al. 2013). However, the

spatial model resolution has to be in accordance to the narrow areas of increased

snow depth along steep slopes. Thus, spatial resolutions of 50 m or less need to be

used in snow-hydrological models adapted to complex mountain terrain.

5.4 Conclusions

We show a method to locate areas of extreme snow depths at the end of the

accumulation season. Multi-temporal ALS data with a high spatial resolution

of seasonal snow depths are analyzed to investigate the contribution of locally

extreme snow depths to seasonal snow volume on glaciers in a large part of the

Ötztal Alps and for several glaciers in a partly glacierized subcatchment. Snow

transport from ice-free terrain to glacier surface in terms of snow sloughs and

avalanches contributes to seasonal mass balance at an area of 5 to 10 % of the total

area of individual glaciers. The snow volume, which is redistributed by wind and

gravitational transport to glacier surface and, thus, increases snow cover volume in

addition to the accumulation by solid precipitation and wind drift, was found to

be in the same magnitude. Large areas of avalanche deposits on flat surfaces were

only found in one or two years of the five investigated seasons. Temporally more

persistent snow sloughs increase snow in narrow zones along the glacier margins at

slopes up to 40 ◦. These areas of typically extreme snow depths can be considered in

snow-hydrological models using slope-dependent approaches. The data presented in

this study show that parameterizations of mass transport to the foot of the slopes

are in good agreement with multi-annual observations. However, affected area,

additional volume and exceeding snow depths shown in this study are a reliable

basis to validate model results for gravitational snow transport. The extension

of this data set and the application of ALS to obtain snow cover distribution

in different mountain regions can give more insights in avalanche distribution in

mountain catchments and their contribution to glacier mass balance.



Chapter 6

Assimilating ALS data in

hydrological models

At the alpS - Centre for climate change adaptation technologies (Innsbruck, Aus-

tria), two spatially distributed energy balance models, namely SES and AMUND-

SEN, are used for hydrological simulations of partly glacierized catchments in the

Ötztal Alps (Tyrol, Austria). Even though the models are designed for different

purposes in terms of flood forecasting (SES) and simulation of reservoir inflow

(AMUNDSEN), model performance of both models was improved by assimilation

of ALS derived snow depths into model calibration and validation. In this Chapter,

already published results and recent work are presented to emphasize the value of

ALS derived snow depth data for hydro-meteorological simulations.

6.1 The snow and ice melt model SES

In the frame of the project HoPI (Hochwasser-Prognose Inn) a flood forecasting

system of the Tyrolean river Inn was developed (Kirnbauer et al. 2009; Achleitner

et al. 2012). Whereas runoff of most areas is calculated using an HRU based

model, glacierized catchments at the Alpine main ridge are simulated using the

fully-distributed energy balance model SES (Asztalos 2004). The model is based

on the work of Blöschl et al. (1991a) and was designed for flood prognosis in

hourly resolution. SES calculates the snow water equivalent (SWE) of the snow

cover in the total catchment and the firn layer on glaciers. Melt is simulated for

snow, firn and the ice at glacier surface. A linear reservoir approach model is

used to rout meltwater and precipitation runoff (Nash 1960; Asztalos et al. 2006).

Besides a digital elevation model for the derivation of topographic information,

SES requires the meteorological input data of precipitation, temperature, global

77
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radiation, relative humidity and wind speed. For more information on model

equations and model performance the reader is referred to the original publication

of Kirnbauer et al. (2009) and Schöber et al. (2014). In the following some

findings of the study of Schöber et al. (2014) are presented. They are linked to

the results of the publications in Chapter 3 and 4 and emphasize the value of us-

ing ALS derived snow depth distributions to calibrate and validate simulated SWE.

6.1.1 Publication in Journal of Hydrology

HYDROL 19326

Schöber, J., Schneider, K., Helfricht, K., Schattan, P., Achleitner, S., Schöberl F.

and Kirnbauer, R. (2014): Snow cover characteristics in a glacierized catchment

in the Tyrolean Alps - Improved spatially distributed modelling by usage of Lidar

data, Journal of Hydrology, Available online 16 January 2014, ISSN 0022-1694,

http://dx.doi.org/10.1016/j.jhydrol.2013.12.054.

Schöber et al. (2014) investigated accumulation characteristics at the end of winter in

a partly glacierized catchment in the Austrian Alps. Remotely sensed snow covered

area (SCA) and SWE derived from ALS data were assimilated in an extensive

calibration and validation scheme for the Vent catchment. The study focused on the

validation of modeled SWE with SWE maps calculated from ALS data. The SWE

maps were produced from ALS derived snow depths applying a linear regression

between snow depth and snow density developed on the basis of a large data set of

complementary measurements.

ALS derived accumulation patterns were related to elevation, slope and curvature

to simulate the variability of the snow cover. Both, modeled SCA and volume of

the snow cover were in good agreement with observed values on the watershed scale.

Spatial variability of the snow cover, expressed by subpixel variability of the 1 m

original ALS derived snow depths HSALS within 50 m grid cells in terms of the

CV (e.g. Marchand and Killingtveit 2005), appeared to be low on glaciers and on

northerly exposed ice-free slopes in higher elevations (Fig. 6.1). This is caused not

only from a more homogeneous snow cover, but also from high HSALS in these areas.

Pixels on south facing slopes, areas with shallow snow cover, and in more general

pixel in ice-free areas show large sub-pixel variability up to 100 % or even more. ALS

data were successfully assimilated in a Monte Carlo calibration scheme. Results of

spatially distributed snow water equivalent modeled with SES (SWESES) of the

best model run were compared to ALS derived snow water equivalent (SWEALS).
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Figure 6.1: Analysis of the sub-pixel variability of HSALS in the Vent catchment on 20

April 2011: coefficient of variation (CV ) of all HSALS pixels with 1 m resolution within

one 50 m SES-pixel (Schöber et al. 2014).

72 % of all pixels have a deviation between the ALS derived accumulation SWEALS

and the simulated snow water equivalent SWESES that is lower than 200 mm.

The Mean Pearson correlation between SWEALS and SWESES is 0.72. Thus, SES

satisfyingly reproduce the observed variability of SWE, although the snow cover

simulated using SES is apparently smoother compared to ALS derived snow distri-

bution (Fig. 6.2 a and b). The SWE residuals (i.e. the difference of SWEALS minus

SWESES) are shown for the total catchment (Fig. 6.2 c) and a subregion in the Up-

per Rofental (Fig. 6.3). In general, modelled residuals are positive (i.e. SWEALS

exceeds SWESES) on Hintereisferner, whereas negative residuals are obvious on e.g.

Kesselwandferner and Vernagtferner.

To analyse the distribution of the residuals in more detail, firn areas and ice areas

were delimited using a Landsat image from 31 August 2009 (according to Chap. 3).

Most of the negative residuals are located in the firn areas of the glaciers (Fig. 6.2 d,

red outline). The median of the residuals is -137 mm SWE in the firn area of

Kesselwandferner, whereas the median of the residual in the ice area is -29 mm SWE

. The mean relative deviation between SWEALS and SWESES in the firn areas of all

glaciers in the catchment (Fig. 6.3, GV-firn) is -13 % (-19 % without Hintereisferner)
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Figure 6.2: The distribution of (a) SWEALS and (b) SWESES in the Vent catchment

on 20 April 2011. In (c) the distribution of the pixel-wise residuals is plotted. Besides the

glacier boundaries outlines of firn areas are given. The boxplots in (d) show the statistical

distribution of residuals for the glaciers Hintereisferner (HEF), Kesselwandferner (KWF),

Vernagtferner and all glaciers of Vent catchment (GV) subdivided in firn and ice areas

(Schöber et al. 2014).

and hence close to the detected deviations between HSALS and HSGPR measured

on glaciers in this catchment (Chap. 3). Higher values of SWESES compared to

SWEALS are seen as uncritical in the firn areas, where HSALS, and hence SWEALS,

is influenced by submergence and firn densification. Median residuals close to zero

for the ice areas of the entire catchment (GV-ice) are in agreement with the results

for HSALS presented in Chap. 3. Hence, differences between HSALS and HSGPR

found in Chap. 3 on three glaciers of the study region are transferable to the glaciers

of the Vent catchment. However, SWESES is generally lower than SWEALS on

Hintereisferner, either on firn or on ice (Fig. 6.3). This is not related to glacier

dynamics. The most likely reason is that the available meteorological data does not

reflect the conditions on Hintereisferner (e.g. Hoinkes and Steinacker 1975; Kuhn

et al. 1999). Redistribution of snow towards this low elevated glacier tongue is

assumed to increase accumulation (Kuhn 2003).
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Figure 6.3: Maps of residuals between SWEALS and SWESES in the HEF catchment

for the available ALS datasets; (a) 7 May 2002, (b) 4 May 2003, (c) 7 May 2009, (d) 20

April 2011. Brownish colors show higher SWESES compared to SWEALS (Schöber et al.

2014).

In Schöber et al. (2014), the ability of ALS data to improve the hydrological simu-

lations is shown. In contrast to uncertainties of winter precipitation measurements

in mountain catchments of up to 50 % (e.g. Sevruk and Nespor 1998), the assessed

uncertainty range for mean SWEALS in the order of 15 % is comparatively low.

Schöber et al. (2014) emphasize the vital importance of including basin-wide SWE

measurements in hydrological model applications at the watershed scale. These

findings are beneficial for improvements in water resources management.
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6.2 Adaptation of AMUNDSEN to the Ötztal

Alps

The Alpine MU ltiscale Numerical Distributed Simulation ENgine AMUNDSEN

was developed by Strasser (2008) to simulate the snow cover in mountain regions

with a high spatial and temporal resolution. Based on a digital elevation model,

AMUNDSEN calculates the surface energy balance considering spatially varying

shortwave and longwave radiation fluxes caused by topographic effects. Evapo-

transpiration and snow-canopy interaction are calculated and gravitational snow

transport is implemented using the approach of Gruber (2007). Different layers of

snow, firn and ice are treated separately in terms of albedo parameterizations and

water storage characteristics. AMUNDSEN requires the meteorological input of

precipitation, temperature, global radiation, relative humidity and wind speed.

In the frame of the alpS-project MUSICALS (MU ltiscale Snow/ICe melt simulation

into ALpine reservoirS), AMUNDSEN was adapted to a large part of the mountain

region of the Ötztal Alps (Tyrol, Austria). The aim of the project was to simulate

the contribution of discharge from approx. 560 km2 partly glacierized catchments

to inflow of the Gepatsch reservoir (46◦ 56’ N, 10◦ 44’ 30” E) more realistically with

respect to the contribution of snow and ice melt. Initial ice thickness distribution of

all glaciers in the Ötztal Alps was calculated using the method of Huss and Farinotti

(2012) (Seiser et al. 2012). Required glacier surface elevations and glacier outlines

of the year 1997 exist from the Second Austrian Glacier Inventory (Lambrecht and

Kuhn 2007). The linear reservoir approach used by Asztalos et al. (2006), which

is based on Nash-cascades (Nash 1960), was included in AMUNDSEN to transfer

surface melt and precipitation discharge to hourly runoff. Warscher et al. (2013)

developed a module to simulate snow redistribution. It considers the sky view

with respect to the main wind direction. Using this approach, reasonable snow

patterns were simulated in the complex terrain of the Berchtesgaden Alps (Bavaria,

Germany). However, test runs for the Ötztal Alps showed that increased snow

depths on glacier tongues compared to ice-free terrain could not be reproduced.

In AMUNDSEN, snow accumulation on slopes inclined more than 35◦ is consistently

redistributed to the base of the hillsides using the fast and mass-conserving algo-

rithm to parameterize mass transport and deposition developed by Gruber (2007).

However, initialization of this gravitational transport with uncorrected snow accu-

mulation on steep slopes results in unrealistically high snow depths in small areas

in the transition zone from flat to steep terrain at the end of accumulation season.

When summer melt is less than the accumulation in these zones, extreme snow
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depths potentially accumulate to high snow walls in long-term simulations.

One objective of the project was to analyze ALS derived snow depths and develop

a more reasonable method to redistribute solid precipitation within the catchments

prior applying parameterizations of processes adding small-scale spatial variability

to snow cover distribution (i.e. redistribution by wind, gravitational snow trans-

port). To account for this preferential deposition, topographic derivatives of the

local terrain were tested.

6.2.1 Topographic correction of snow depths

Several empirical models correlate snow cover distribution in mountain catchments

to topographic parameters such as elevation, slope and northing (Chap. 1.2.2). Ad-

ditionally, curvature was found to be useful to simulate small scale variability in

snow distribution (e.g. Blöschl and Kirnbauer 1992; Huss et al. 2008; Sold et al.

2013; Schöber et al. 2014). However, modeling the increased snow depth on low

elevated glacier tongues is still challenging (e.g. Dadic et al. 2008, 2010a; Schöber

et al. 2014).

In this study, the descriptive power of topographic openness was investigated for

the simulation of spatial snow cover variability. Originally, topographic openness

was developed to visualize topographic character and features in images (Yokoyama

et al. 2002). It expresses the degree of dominance or enclosure of a location on an

irregular surface. Topographic openness is a measure for the viewshed and calculated

from multiple zenith and nadir angles along multiple azimuths. It has two viewer

perspectives in terms of positive and negative openness. The latter describes the

attribute below the surface (Fig. 6.4) and has low values for convex and high values

for concave forms (Fig. 6.5). For detailed explanations of fundamental equations the

reader is referred to the work of Yokoyama et al. (2002).

Negative openness turned out to have a higher descriptive power compared to posi-

tive openness, which is more similar to the sky view factor. Negative openness values

depend on the maximum distance (calculation radius) L which is considered for cal-

culation. Short L result in a high spatial variability of negative openness. Large L

values include large scale topography of ridges and valley floors and hence highlight

the over-deepening of e.g. the surface elevations of glacier tongues compared to the

surrounding ridges and peaks. Maps of the spatial distribution of negative openness

calculated with L = 10m (Fig. 6.6c) and L = 5000m (Fig. 6.6d) for surface topog-

raphy in the Hintereisferner region are shown in Fig. 6.6b. In general, the potential

of negative openness to reproduce spatial variability of HSr (Fig. 6.6a, Chap. 5.1,
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Figure 6.4: Positive and negative surface openness defined in terms of zenith and nadir

angles (from Yokoyama et al. (2002)). Different results (black dots) for different calculation

radius L are shown.

Figure 6.5: Low and high values of negative surface openness at illustrated profile of a

hilltop along azimuth for convex and concave surfaces, respectively (from Yokoyama et al.

(2002)). The calculation radius L is shown.
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Eq. 5.1) on scales of some meters (e.g. at ridges, deep channels) to scales tens to

hundreds of meters (glacier surfaces) is obvious. A stepwise forward multiple regres-

sion analysis was applied to highlight the descriptive power of negative openness for

the spatial distribution of relative snow depths HSr. Three statistical model setups

were compared:

• (i) a model including standard parameters of elevation, northing, slope and

curvature

• (ii) a model including elevation and negative openness with ranges L of 10 and

5000 m

• (iii) a model including all six parameters.

A spatial resolution of 10 m was used for the calculation of the parameters elevation,

slope, northing and curvature. The regession analysis was based on a very high

number of points (n = 361302). Thus, the coefficient of determination r2 was similar

to the adjusted r2 up to the fifth decimal precision.

Table 6.1 shows the derived multiple regression equations, r2 and the mean of the

squared residuals (MSE) for the multiple linear regressions (i) - (iii). The model (i)

has a lower r2 and a higher MSE compared to model (ii). Thus, the model (ii)

including negative openness explains more of the spatial variability of HSr. The

extension of the model (ii) with the parameters of model (i) does not result in a

higher model efficiency. The stepwise selection scheme of model (iii) is presented in

Table 6.2. After step 3, when both negative openness and elevation are included,

model performance does not increase considerably with additional parameters.

Spatially distributed HSr calculated with the regression model (ii) and (i) are

shown in Fig. 6.6 e and f, respectively. Whereas both look similar and are in good

agreement with the spatial distribution of ALS derived HSr, differences can be

obtained from the direct comparison of these two model results (Fig. 6.7). The

model (ii) shows less HSr compared to model (i) at exposed ridges. Model (ii)

results in higher HSr in the cirques of typical glacier accumulation areas. Two

areas are marked in Fig. 6.7, which both were found to show increased snow depths

(Chap. 4). Area A is influenced by snow which is redistributed from the glacier

plateau of Gepatschferner to sheltered cirques. High avalanche activity observed

in area B (Chap. 5) may result from increased snow accumulation caused by

topographic shelter of this particular slope.
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Figure 6.6: Maps of (a) multi-annual mean relative snow depth HSr, (b) elevation,

(c) negative openness with L = 10m, (d) negative openness with L = 5000m, (e) the

regression result of model (ii) (including elevation, negative openness with L = 10m and

negative openness with L = 5000m) and (f) the regression result of model (i) (including

elevation, slope, northing and curvature).
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Table 6.1: Results for a stepwise forward linear regression including the shown parameters

elevation z, negative openness with a range of 10 m no10, negative openness with a range

of 5000 m no5000, northing n, curvature c and the slope α in a spatial resolution of 10 m.

ID model parameters r2 r2adj MSE

(i) HSr = 0.000685 z -0.00073 n - 8.3765 c - 0.01476 a -0.7413 0.32 0.32 0.21

(ii) HSr = 0.001098 z + 1.9608 no5000 + 1.6534 no10 -7.5807 0.39 0.39 0.19

(iii) HSr = 0.001177 z + 2.3165 no5000 - 0.2822 no10 -0.00085 n - 4.8132 c - 0.00025 a -5.2823 0.40 0.40 0.19

Table 6.2: Results of the stepwise forward selection scheme adding the parameters pre-

sented in the second column.

Model Step variable r2 r2adj MSE

1 neg. openness L = 10m 0.18 0.18 0.25

2 elevation z 0.29 0.29 0.22

3 neg. openness L = 5000m 0.39 0.39 0.19

4 northing n 0.39 0.39 0.19

5 curvature c 0.40 0.40 0.19

6 slope α 0.40 0.40 0.19

Model (ii) can reproduce 39 % of snow cover variability in a spatial resolution of 10 m.

A r2 of 0.45 resulted using the setup of model (ii) in a spatial resolution of 50 m.

Compared to Grünewald et al. (2013), who derived adjusted r2 of 0.5 for the same

region but a rather coarse raster resolution of 400 m, these values satisfyingly confirm

the application of the terrain openness in simple relations between topography and

snow cover distribution even for spatial resolutions of some tens of meters. However,

elevation is required to reproduce spatial variability of the snow cover in statistical

models, because it aggregates the effects of melt in lower elevations, varying snow line

elevations during precipitation events and the increasing precipitation with elevation.

6.2.2 Simulating the snow cover in the Ötztal Alps

The findings of Chapter 6.2.1 were used to model snow distribution and runoff from

the Ötztal Alps. Negative openness was calculated for the entire Ötztal mountain

range based on a 50 m DEM with L = 50m and L = 5000m. The average of

both openness calculations was calculated for each raster cell. A linear relation was

applied between the minimum and the maximum threshold of negative openness

and a correction factor for solid precipitation. At least 10 % of the initial solid pre-

cipitation can be stored even in almost vertical slopes and in very exposed areas.

Wind-sheltered areas can aggregate a maximum of 1.6 times the initial solid precip-

itation. This is a value similar to the redistribution factor derived by Kuhn (2003)
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Figure 6.7: Differences in HSr between the regression result (ii) (including elevation,

negative openness with L = 10m and negative openness with L = 5000m) and the

regression result (i) (including elevation, slope, northing and curvature).

for basins in the Ötztal Alps. At each time step, solid precipitation of each raster

cell is multiplied with the corresponding correction factor. The new total amount of

solid precipitation over the entire area is related to the initial precipitation amount

to keep the total precipitation volume constant. This ratio, again, is applied to

each raster cell. Consequently, simulated accumulation is reduced in areas of low

negative openness (i.e. exposed ridges, sheer rock faces) and increased in flat and

sheltered areas (i.e. cirques and low elevated valley floors). However, the value range

of calculated negative openness and the final relation to precipitation correction are

site-specific and have to be calibrated for study regions individually.

Model results of spatially distributed snow water equivalent (SWEsim) at the end

of accumulation season were compared to the SWEALS derived for the winter

2010/2011 (Chap. 6.1.1). SWEALS was calculated from ∆zALS using the statis-

tical regression between HS and snow density according to Schöber et al. (2014).
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Figure 6.8: Difference in SWE distribution in the Ötztal Alps between the 8 October

2010 and 20 April 2011 calculated from ALS measurements. The boxes A, B and C

highlight areas of high surface elevation changes that are discussed in the text.

Fig. 6.9 shows the SWEALS and SWEsim simulated with elevation correction of pre-

cipitation only and with additional topographic correction using the redistribution

scheme including negative openness. Areas of high SWEALS can be found at the

glacier tongues of Gepatschferner (Fig. 6.8, box A) and Taschachferner (box B). At

these two glaciers tongues ∆zALS and hence SWEALS is highly influenced by emer-

gence of the ice flow. Recent measurements of the ice flow at the glacier tongues

of Gepatschferner and Taschachferner show annual vertical velocities in the magni-

tude of up to 5 ma−1 (unpublished data). These values are assumed to show locally

limited maximum of vertical ice flow in the investigated area. Most of the glaciers

in the Ötztal Alps slowed down dramatically after an glacier advance in the 1980’s

and show only small horizontal and even less vertical ice flow (e.g. Span 1999; Span

and Kuhn 2003; Abermann and Lambrecht 2007; Blumthaler 2011).
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Figure 6.9: Difference in SWE distribution in the Ötztal Alps between the 8 October

2010 and 20 April 2011 a) simulated with an elevation gradient of precipitation only and b)

simulated with topographic correction. The box D highlights an area of high accumulation

that is discussed in the text.
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Fig. 6.9a shows (SWEsim) applying only a precipitation gradient without topo-

graphic correction of the solid fraction. In comparison to SWEALS, higher SWEsim

is simulated at the mountain crests and less SWEsim is simulated for the valley

floors and on the glaciers. The application of the redistribution scheme including

negative openness resulted in more realistic simulation of snow distribution with

almost no snow on ridges and higher SWEsim on glaciers compared to SWEsim at

the adjacent slopes (Fig. 6.9 b). As discussed in Chap. 6.1.1, high accumulation on

Hintereisferner in 2011 (Fig. 6.8, box C) can not be simulated using standard pre-

cipitation input in hydrological models adapted to the entire mountain region. In

contrast, SWEsim at the highest elevations of the glaciers is constantly higher than

SWEALS (Fig. 6.9 b, box D). In these typical accumulation areas of the glaciers,

∆zALS underestimates actual HS and thus actual SWEsim of the snow cover due

to ice flow and densification of the firn layer. In Chapter 3, it is shown that typical

values of underestimation of HS by ∆zALS in firn areas of the glaciers in this region

is 0.4 m on average. This corresponds to a SWEsim of approx. 160 mm assuming a

typical bulk snow density of 400 kg m−3 for snow at the end of accumulation season.

In general, it is obvious that the topographic correction using negative openness

shifts reliable amounts of simulated accumulation from the mountain crests to the

flat valley floors and to glacier surfaces. These results are promising, even that a

large part of the Ötztal Alps (approx. 560 km2) was simulated at once.

6.2.3 Results of the runoff simulations

Runoff was modeled for the total investigated mountain range of the Ötztal Alps

using the spatially distributed model AMUNDSEN in a spatial raster resolution of

50 m and in hourly time steps from 1997 to 2010. The model was calibrated on runoff

data of the years 1997 to 2006 and simulated runoff was validated for the years 2007

to 2010. An example of the simulated and the observed runoff is given in Fig. 6.10

for the Gepatsch catchment, which drains directly into the reservoir (Chap. 1.3.1,

Fig. 1.4). In general the fit between observed and simulated runoff is promising with

respect to the objective of simulating the short-term reservoir inflow. Daily cycles

of runoff are captured and timing of runoff contributions from snow, firn and ice

are reasonable. For instance, after the cold period in mid of July 2000 associated

with solid precipitation in high elevations, runoff is again generated from snow melt

before ice melt starts. Observed peaks of runoff caused by heavy rain events are not

captured by the simulated runoff. Often, locally limited orographic precipitation

is not measured at the rain gauges and, thus, the resulting peak runoff can not be

simulated.

Simulated runoff is compared to runoff measurements at 8 gauge stations. In total
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Figure 6.10: Example of hourly runoff simulation with AMUNDSEN at the gauge station

Gepatschalm in the year 2000. The outflow of each linear reservoirs which contributes to

total runoff is plotted separately.

the catchment area contributing to measured runoff is 415 km2, which corresponds

to 74 % of the total investigated area. Size and the ice covered fraction of the

catchments are given in Table 6.3. The Nash-Sutcliff-Efficiency NSE (Nash and

Sutcliffe 1970) and the volume bias, calculated using observed runoff qobs and the

simulated runoff qsim with

bias =

∑
(qobs − qsim)∑

qobs
(6.1)

are used to evaluate the model performance.

Table 6.3: Calibration (cp) and validation (vp) results for runoff simulation with

AMUNDSEN in the given partly glacierized catchments.

catchment cp 1998 - 2006 vp 2007 - 2010

name size (km2) ice cover 1997 (%) NSE bias NSE bias

Vent - Rofenache 98.6 38.3 0.84 0 0.82 -0.1

Obergurgl - Gurgler Ache 72.4 31.8 0.82 -0.02 0.79 -0.06

Vent - Niedertal 66.7 31.1 0.79 -0.02 0.68 0.15

Taschachbach 60.5 24.0 0.84 -0.01 0.81 0.05

Gepatschalm 53.9 39.7 0.86 -0.01 0.82 0

Pitze 27.0 48.2 0.88 0 0.85 0

Radurschlbach 24.0 1.5 0.64 0.07 0.62 -0.12

Fissladbach 11.4 2.1 0.66 -0.01 0.74 -0.13
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For the six largest catchments, the high mean NSE of 0.84 for simulated hourly

runoff in the calibration period and 0.8 for the validation period, respectively, shows

that the annual and daily cycle in runoff are well captured. However, NSE is

lower for small catchments with almost no glacier surfaces. In these catchments,

overall runoff amount is small and errors in precipitation measurements, which are

used as model input, have a strong influence on model efficiency. The volume bias is

rather small in the calibration period, but shows some higher values in the validation

period.

6.2.4 Evaluation of simulated surface elevation changes of

glaciers

The application of hydro-meteorological models for long-term runoff-simulations in

partly glacierzed mountain catchments requires not only evaluation of simulated

runoff, but also information on snow cover and the storage of water in the glaciers

(e.g. Blöschl and Kirnbauer 1992; Kuhn 2000; Huss et al. 2014). Whereas modeled

SWE was already evaluated by SWEALS, a realistic snow and ice ablation would

secure a realistic simulation of the contribution of the cryosphere to total runoff.

Kuhn et al. (2009) and Huss (2012) showed that the transfer of mass balance from

measured to unmeasured glaciers is challenging with respect to meteorological con-

ditions and different glacier types. The simulation of a large part of the total Ötztal

Alps with AMUNDSEN is not assumed to reproduce single glacier mass balances.

It rather should be able to simulate long term changes of the storage and release of

water from the cryosphere. Glacier volume changes can be derived from the glacier

inventory of the Ötztal Alps for the period between 1997 and 2006 (Abermann et al.

2009, 2012). These observed surface elevation changes (∆hobs) correspond to a pe-

riod of nine years and were used to validate surface elevation changes simulated

with AMUNDSEN (∆hsim) for the same period. SWEsim was converted into ∆hsim

using different bulk densities for ice (900 kg m−3), firn (750 kg m−3) and old snow

(500 kg m−3).

The mean surface elevation change over this period derived from the glacier inventory

was -5.47 m (Fig. 6.11 a). Surface elevation change simulated with AMUNDSEN is

-6.06 m (Fig. 6.11b). Thus, the mean value of simulated multi-annual volume loss of

the cryosphere is approx. 11 % more negative compared to the observed value.
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Figure 6.11: Surface elevation changes a) observed on glaciers in the Ötztal Alps between

1997 and 2006 (∆hobs, Austrian glacier inventory,Abermann et al. (2009, 2012) and b)

simulated with AMUNDSEN (∆hsim).
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However, surface elevation changes of the glacier inventory are calculated from

geodetic surveys and, thus, include the contribution of ice flow. Also basal and

englacial melt processes contribute to geodetic volume changes. These processes

have to be considered when comparing geodetic and direct glaciological mass balance

(e.g. Zemp et al. 2010; Fischer 2011). Figure 6.11 shows the two maps of spatially

distributed ∆hobs and ∆hsim. In the higher elevated areas of the glaciers, ∆hsim are

higher compared to ∆hobs. In contrast, at the low elevated glacier tongues, ∆hsim

were more negative compared to ∆hobs. The statistical distributions of the residuals

between ∆hsim and ∆hobs are shown for individual elevation zones in Fig. 6.12. In the

elevation of the largest glacier area at about 3050 m a.s.l., the median of the residuals

is close to zero. ∆hsim is higher than ∆hobs at glacier surfaces above 3200 m a.s.l.

Maximum of mean residuals is 2.4 m at an elevation of about 3450 m a.s.l.. Residuals

of up to 2 ma−1 were found, which is similar to observed ice submergence velocities

(Chap. 3). Towards the glacier tongues, the residuals between ∆hsim and ∆hobs

are negative. However, processes as increased ablation caused by layers of dust

or thin debris cover on glacier surface, basal and englacial melt and the soil and

debris budget at the glacier bed can reduce the difference between simulated abla-

tion and observed surface lowering at the glacier tongues. Negative residuals below

2400 m a.s.l. can be assigned to the glacier tongue of Gepatschferner, which features

increased vertical ice flow. However, residuals between ∆hsim and ∆hobs are small

at the very front of this glacier tongue. This can be related to the very rapid down-

wasting of the partly debris covered glacier tongue of up to 8 ma−1 (unpublished

measurements). Additionally, residuals are small if ice thickness is low at the glacier

tongue and disappeared in both, simulation and observation, within the investigated

period.

However, areas of large differences between ∆hsim and ∆hobs are restricted to a small

number of glaciers. Additionally, high rates of submergence and emergence can be

expected at the central flow line, but are assumed to be small towards the glacier

margins.

In general, these findings are in good agreement with the educated guess of the

difference between geodetic and surface mass balance. Up to now, glacier dynamics

are not considered in the model setup of AMUNDSEN. This is also due to the com-

plex topography and very variable ice dynamics of the individual mountain glaciers

(Chap 3). Modeling the dynamical response of glaciers in this region needs further

investigation and measurements at glaciers which still show distinct ice flow. Nev-

ertheless, simulated surface mass balances have to be corrected for glacier dynamics

especially in long-term simulations of glacierized mountain catchments (e.g. Huss

et al. 2008, 2010; Sold et al. 2013). This is not relevant for the operational ap-

plication of AMUNDSEN in short-term runoff forecast as long as the glacier area
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Figure 6.12: Residuals between simulated surface elevation change on glacier surfaces

∆hsim and observed glacier thickness changes ∆hobs (Austrian Glacier Inventory, Aber-

mann et al. (2009, 2012)) for the period 1997 to 2006. Statistical distributions are shown

for all 50 m grid cells in 100 m elevation zones. Note that the red line shows the median,

the edges of the box are the 25th and 75th percentiles, the whiskers extend to extreme

data points within 1.5 times the inter-quantile range and outliers are shown as red crosses.

distribution used in the model corresponds to actual glacierization in the catchments.



Chapter 7

Conclusions and Outlook

In this thesis, airborne laser scanning (ALS) data of five accumulation seasons were

analyzed with the aim to gain information on seasonal snow patterns for the adap-

tation of hydro-meteorological models to partly glacierized mountain catchments.

ALS data and in-situ measurements of snow depths were compared to detect areas

on glacier surfaces, where deviations between ALS-derived snow and actual snow

depths are of such a magnitude, that they have to be considered in snow hydro-

logical studies. A systematic approach is presented to analyze deviations between

ALS derived snow depths and snow depths calculated from GPR measurements. It

was shown that actual snow depths are underestimated when interpreting seasonal

surface elevation changes from ALS in terms of snow depths in the accumulation

areas of large glaciers. Landsat images were successfully used to delineate areas of

increased deviations caused by submergent ice flow and the densification of the firn

layer. A distinct overestimation of actual snow depths by ALS data was observed

at the glacier tongues of the two largest glaciers in the Austrian part of the Ötztal

Alps, namely Taschachferner and Gepatschferner (Chap. 5.3 and 6.2.2), and at the

front of Kesselwandferner (Chap. 3). However, most of the glaciers in the investi-

gated mountain region show only small firn areas and low velocities of vertical ice

flow. This is caused by the present state of the ice cover in the Ötztal Alps, which

is characterized by high annual mass loss and distinctly reduced ice flow within the

last decades. Thus, spatially distributed snow depths derived from ALS data at the

glacier surface provide information on the minimum snow depths, which must be

simulated by hydro-meteorological models particularly in the higher elevated parts

of the glaciers in this region. Additional information and assumptions on ice flow are

required for the analysis of seasonal surface elevation changes in glacierized mountain

regions where higher ice flow velocities can be expected (e.g. Huss et al. 2008, 2010;

Sold et al. 2013). The comparison of ALS derived snow depths and ground truth

measurements showed that ALS surveys are an important and reliable data source

97
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for the spatial distribution of snow depths for most parts of the here investigated

glaciers (Chap. 6).

A high inter-annual persistence of the snow patterns was found on glacier surfaces.

These areas contribute to an high fraction of inter-annual persistent snow distribu-

tion in the partly glacierized catchment of the Upper Rofental valley (Chap. 4).

75 % of total area in this catchment present a low inter-annual standard deviation

of standardized snow depths and, thus, can be interpreted as the standard snow

pattern representing highly valuable information for the snow cover modelling of

this region. The high inter-annual variability of snow depths in the remaining area

is caused by occasional avalanches, wind transport and changes in the surface to-

pography within the investigated 10 year period. Especially areas associated with

changes of the ice cover were found to cause inter-annual snow depth variability.

With respect to the proceeding changes in climate and ice cover, this fact keeps the

modeling of the runoff from snow melt in partly glacierized basins challenging.

Persistent areas of increased snow depths deposited by snow sloughs from steep

slopes and rock walls were found along the glacier margins at slopes up to 40◦ (Chap.

5). These areas of extreme snow depths can be considered in hydro-meteorological

models using slope-dependent approaches to simulate gravitational snow transport.

However, the contribution of the additional volume corresponding to extreme snow

depths on glacier surfaces to the total volume of the seasonal snow cover is rather

small (< 5 %).

Catchment specific characteristics like the elevation of the maximum specific accu-

mulation, the aspect of the largest accumulation and the relation between slope and

snow depths can be determined from ALS-derived snow patterns (Chap. 2). Accu-

mulation gradients were calculated and yield a basic information for the calibration

of precipitation gradients in hydro-meteorological models. The geostatistical analy-

sis shows inter-annually persistent scale breaks in snow depth variability at 20 m in

ice-free terrain. Thus, a spatial resolution of equal or less than 50 m turned out to

be demanded to simulate the major snow cover variability in high mountain terrain.

On smooth glacier surfaces, a break in autocorrelation of spatially distributed snow

depths can not be inferred easily indicating a scale invariant behavior of snow depths

in such areas.

For the first time, the persistence and variability of the snow pattern are presented

for five accumulation seasons in a comparatively large catchment with a complex

topography of ice-free terrain and glaciers. Although 5 years of analyzed data do not

make a climatic mean, the presented dataset - including one season of comparatively

low HS and one season of extremely high HS - provide a more reasonable base for

statistical analysis and simulation of the snow depth distribution than data of one-
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year acquisitions. With respect to their high spatial resolution, ALS derived snow

depths are a useful basis to test statistical approaches for the simulation of the

spatial snow cover variability. Such empirical relations were used to show the high

descriptive power of the topographic derivative Negative Openness for simulations

of the spatial snow distribution in mountain catchments.

Using the ALS derived snow depth distributions for the calibration and validation of

hydro-meteorological models shows promising results. In general, basin-wide SWE

calculated from ALS derived snow depths is better suited than the snow covered

area to constrain parameters for hydro-meteorological models (Chap. 6.1.1). The

assimilation of SWE maps calculated from ALS data in the calibration and validation

of hydro-meteorological models improved the results not only for the runoff, but also

for the simulated snow cover distribution and mass balance of the glaciers.

Long time monitoring of SWE stored in the snow cover of alpine catchments can

lead to valuable conclusions about inter-annual variability and possible trends in

volume and duration of snow cover as an impact of climate change. However, the

application of basin-wide ALS surveys is limited by the high costs including the

airborne data acquisition and the management of the huge data amounts. Thus,

the use of Terrestrial Laser Scanning (TLS) might be of more advantage, although

this technique is restricted to smaller basins or subareas with respect to the limited

reach of the laser signal and topographic shading. Extensive field surveys simulta-

neously with the ALS flights enable the quantification of single processes causing

deviations between ALS derived and actual snow depths on glacier surfaces. There-

for further investigations and measurements have to be performed at glaciers which

still show distinct ice flow (e.g. Sold et al. 2013). Combined measurements of ac-

tual snow depths and lidar-derived surface elevation changes will be beneficial to

investigate seasonal dynamics of large valley glaciers in the investigated region (e.g.

Taschachferner, Gepatschferner, Chap. 6.2.3) and in mountain ranges worldwide.

Revealing both, information about the spatial distribution of snow depths and the

volume of the snow pack in entire mountain catchments, ALS data are a valuable

source of extensive snow accumulation measurements in high alpine catchments.

The information on the spatial snow distribution is beneficial for the adaptation of

hydrological models to mountain regions in order to compute the runoff from snow

and ice melt more realistically. The results of this study improved the adaptation

of hydrological models to partly glacierized mountain catchments. Thus, they will

also have a major impact on the reduction of errors of future runoff scenarios as

well as on the adaptation of strategies to e.g. run hydropower production in high

mountain regions economically more efficient and more sustainable with respect to

climate change.
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Appendix A

Glaciers and fieldwork impressions
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102 Glaciers and fieldwork impressions

Figure A.1: View from the top of Weissseepitze over the large plateau of Gepatschferner

in easterly direction.(photo: Markus Keuschnig, 46◦50’47”N, 10◦43’02”E, 28. April 2011).

Figure A.2: View from the LIA moraine of Gepatschferner towards the glacier tongue

(photo: Martin Stocker-Waldhuber, 46◦52’42”N, 10◦45’42”E, 27. August 2012).

Figure A.3: View from Gepatschferner towards the Gepatsch reservoir (46◦51’23”N,

10◦44’41”E, 13. October 2010).
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Figure A.4: Next to the tongue of Taschachferner (46◦54’10”N, 10◦49’30”E, 26. Juli

2013).

Figure A.5: View from the LIA moraine of Kesselwandferner towards the tongue of

Hintereisferner (46◦49’50”N, 10◦49’10”E, 28. April 2011).
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Figure A.6: Supportive friends and fieldwork essentials.
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The Cryosphere, 3, 205–215, doi:10.5194/tc-3-205-2009, 2009.

Abermann, J., Fischer, A., Lambrecht, A., and Geist, T.: On the potential of

very high-resolution repeat DEMs in glacial and periglacial environments, The

Cryosphere, 4, 53–65, doi:10.5194/tc-4-53-2010, 2010.

Abermann, J., Seiser, B., Meran, I., Stocker-Waldhuber, M., Goller, M., and Fischer,

A.: A new ALS glacier inventory of North Tyrol, Austria, for 2006 AD, Zeitschrift

für Gletscherkunde und Glazialgeologie, 43/44, 109–119, 2012.

Abermann, J., S. H. and Lambrecht, A.: Analysis of surface elevation changes

on Kesselwand glacier - comparison of different methods, Zeitschrift für

Gletscherkunde und Glazialgeologie, 41, 147 – 167, 2007.
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López-Moreno, J. I. and Nogués-Bravo, D.: Interpolating local snow depth data: an

evaluation of methods, Hydrological Processes, 20, 2217–2232, doi:10.1002/hyp.

6199, 2006.

Lui, X.: Airborne LiDAR for DEM generation: some critical issues, Progress in

Physical Geography, 32 (1), 31 – 49, doi:10.1177/0309133308089496, 2008.



116 BIBLIOGRAPHY
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dynamik des Vernagtferners, Ötztaler Alpen, Zeitschrift für Gletscherkunde und

Glazialgeologie, 45/46, 259 – 280, 2013.

McCullagh, M. J.: Terrain and Surface Modelleing Systems: Theory and Prac-

tice, The Photogrammetric Record, 12, 747–779, doi:10.1111/j.1477-9730.1988.

tb00627.x, 1988.



BIBLIOGRAPHY 117

McKay, G. A. and Gray, D. M.: Handbook of Snow, chap. The distribution of the

snow cover, p. 153190, Pergamon Press Canada Ltd, 1981.

Melvold, K. and Skaugen, T.: Multiscale spatial variability of lidar-derived and

modeled snow depth on Hardangervidda, Norway, Annals of Glaciology, 54(62),

273–281, doi:10.3189/2013AoG62A161, 2013.

Michlmayr, G., Lehning, M., Koboltschnig, G., Holzmann, H., Zappa, M., Mott,

R., and Schner, W.: Application of the Alpine 3D model for glacier mass balance

and glacier runoff studies at Goldbergkees, Austria, Hydrological Processes, 22,

3941–3949, doi:10.1002/hyp.7102, 2008.

Molotch, N. P., Colee, M. T., Bales, R. C., and Dozier, J.: Estimating the spatial

distribution of snow water equivalent in an alpine basin using binary regression

tree models: the impact of digital elevation data and independent variable selec-

tion, Hydrological Processes, 19, 1459–1479, doi:10.1002/hyp.5586, 2005.
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Schöber, J., Schneider, K., Helfricht, K., Schattan, P., Achleitner, S., Schöberl, F.,
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List of Symbols and Abbreviations

γh Semivariance of snow depths for a given lag distance h

∆hGPR Snow depth calculated from GPR measurements

∆hobs Observed multi-annual surface elevation change on glacier sufaces

∆hsim Simulated multi-annual surface elevation change on glacier sufaces

∆zALS Surface elevation change derived from ALS data

ALS Airborne Laser Scanning

AMUNDSEN Alpine MUltiscale Numerical Distributed Simulation ENgine (Strasser 2008)

Ax Area where HS excesses H̄S

CV Coefficient of Variation

dGPS Differenttial Global Positioning System

Dl Long range fractal Dimension

Ds Short range fractal Dimension

DEM Digital Elevation Model

DSM Digital Surface Model

DTM Digital Terrain Model

GF Gepatschferner (glacier)

GPR Ground penetrating Radar

GPS Global Positioning System

HEF Hintereisferner (glacier)

HS Snow Depth

H̄S Spatial mean snow depth

HSr Relative Snow Depth

HSs Standardized Snow Depth

HSx Snow Depth where HS excesses H̄S

HSexc Snow Depth where HS excesses H̄S reduced by the mean snow depth

IMU Inertial Measurement Unit

KWF Kesselwandferner (glacier)

lidar / LiDAR Light Detection And Ranging

MSEs Mean Squared Error of standardized snow depths

125



126 List of Symbols and Abbreviations

rHS Residuals of Snow Depths to their vicinity

SCA Snow Covered Area

SEs Squared Error of standardized snow depths

SES Snow and ice melt model (Kirnbauer et al. 2009)

SWE Snow Water Equivalent

TLS Terrestrial Laser Scanning

TWT Two Way Travel time of the radar signal

Vexc Volume of the snow cover that correspnds to HSexc

VF Vernagtferner (glacier)
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