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Foreword 
 

This Memoire is written around two main scientific articles and is divided into four 

parts. Part I includes the general introduction, the main objectives and the justification 

of the choices of methods and field study. Two scientific papers follow in Part II and III. 

The first addresses the decadal scale and uses the archival digital photogrammety 

method; the second considers the seasonal to the hourly scale and terrestrial laser 

scanning technology. Part IV summarises the key results and discusses the limitations 

and wider perspectives related to this research. 

 

In this context, there is some overlap between Parts I/IV and II/III: this is necessary to 

ensure the independence and classical structure of the articles. All references are listed 

together at the end of this work. 
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Summary 
 

Glacier advance and recession are considered as one of the key indicators of climate change by the 

Intergovernmental Panel on Climate Change (Houghton et al., 1996). Understanding the relationship 

between climatic variations and glacial responses is crucial. The main objective of this study is to use 

remote sensing methods to establish the advance and recession history of an unmonitored Alpine 

valley glacier, the Haut Glacier d’Arolla, in Switzerland, at three different time scales: decadal, seasonal 

and daily. At the decadal scale, the purpose is to apply archival digital photogrammetry to this glacier 

with no established advance/retreat history and to use the data generated to explore the linkages 

between glacier recession and climate forcing. The key question is whether or not archival 

photogrammetric methods can be used to reconstruct glacial history. At the seasonal and daily scales, 

the purpose is to show how repeat measurement of a glacier surface using the new generation of laser 

scanners can be used to study glacier surface ablation and other elements of glacial hydrodynamics. 

The key question is over what timescale can meaningful results be obtained using an ultra long range 

LiDAR RIEGL VZ-6000 scanner specifically designed for measurement of snow and ice cover surfaces.  

 

Results from the use of Digital Elevation Models (DEMs) to perform surface and volume changes with 

high precision show continual recession of the glacier since 1967, associated with long-term climatic 

amelioration but only a weak response to shorter-term climatic deterioration within this trend. Glacier 

surface velocity estimates obtained using surface particle tracking showed that, unlike for most Swiss 

glaciers, ice mass flux from the accumulation zone was too low to compensate for the effects of glacier 

thinning and subsequent snout recession. At the seasonal and daily scales, the LiDAR was confirmed 

to be exceptionally powerful as a potential tool for ablation studies. It was shown that spatial variation 

in seasonal melt was controlled by both aspect and differential debris cover. The daily scale showed 

the effect of ogive-related debris cover on melt patterns and also revealed possible hydraulic jacking 

of the glacier snout associated with short term water pressure rises. This latter demonstration brings 

out how LiDAR may revolutionise cryosphere studies and points to a series of new and important 

research questions. 
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Résumé 
 
Les avancées et les récessions des glaciers sont considérées comme l'un des indicateurs clés du 

changement climatique par le Groupe d'Experts Intergouvernemental sur l'Évolution du Climat 

(Houghton et al., 1996). Comprendre la relation entre les variations climatiques et les réponses 

glaciaires est crucial. L'objectif principal de cette étude est d'utiliser des méthodes de télédétection 

pour établir l'avance et la récession historique d'un glacier de vallée alpin sans surveillance, le Haut 

Glacier d'Arolla, en Suisse, à trois échelles de temps différentes: décennale, saisonnière et journalière. 

À l'échelle décennale, le but est d'appliquer la photogrammétrie aérienne d’archive sur ce glacier dont 

l’histoire des avancées/retraits n’a pas été établie et d’utiliser les données générées pour explorer les 

liens entre la récession glaciaire et le forçage climatique. La question clé est ici de savoir si les méthodes 

de photogrammétrie d’archive peuvent être ou non utilisées pour reconstruire l'histoire glaciaire. Aux 

échelles saisonnières et journalières, le but est de montrer comment la mesure répétée d'une surface 

glaciaire via l’utilisation de la nouvelle génération de scanners laser peut s’avérer utile pour étudier 

l'ablation de surface des glaciers ainsi que d'autres éléments de l'hydrodynamique glaciaire. La 

question clé est ici de déterminer sur quelle échelle de temps des résultats significatifs peuvent être 

obtenus en utilisant un scanner LiDAR RIEGL VZ-6000 à ultra longue portée spécialement conçu pour 

la mesure des surfaces de neige et de glace.  

 

Les résultats de l'utilisation de modèles numériques de terrain (MNTs) représentant les changements 

de surface et de volumes avec une grande précision démontrent une récession continuelle du glacier 

depuis 1967, associée à l'amélioration du climat à long terme, avec uniquement une faible réponse à 

la détérioration du climat à court terme par rapport à cette tendance. Les estimations de la vitesse de 

surface du glacier obtenues par suivi de particules de surface ont montré que, contrairement à la 

plupart des glaciers suisses, le flux de la masse de glace depuis la zone d'accumulation était trop faible 

pour compenser les effets de l’amincissement du glacier et de la conséquente récession du front. Aux 

échelles saisonnières et journalières, le LiDAR a été confirmé comme extrêmement puissant en tant 

qu’outil potentiel pour les études d'ablation. Il a été démontré que la variation spatiale de la fonte 

saisonnière était contrôlée à la fois par la radiation solaire et la couverture de débris différentielle. 

L'échelle journalière a fait ressortir l'effet des ogives en relation avec la couverture de débris sur les 

modèles de fusion et a également révélé un potentiel soulèvement hydraulique du front glaciaire 

associé à l’augmentation de la pression de l'eau à court terme. Cette démonstration met en évidence 

comment le LiDAR peut révolutionner les études de la cryosphère et ouvrir la porte à toute une série 

de nouvelles et importantes questions de recherche. 

 

 

 

Mots-clés 
 
Glacier, Changements climatiques, Photogrammétrie aérienne d’archive, Orthoimagerie, Scannage 

laser terrestre, LiDAR RIEGL VZ-6000, Nuage de points, Modèle Numérique de Terrain (MNT), fonte de 

surface, volumes de fonte, Haut Glacier d’Arolla 
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With the Mont-Collon in the centre of the image and the upstream part of the Haut Glacier d’Arolla on 
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1.1 Introduction 
 

Glacier advance and recession are considered as one of the key indicators of climate change by the 

Intergovernmental Panel on Climate Change (Houghton et al., 1996). Understanding the relationship 

between climatic variations and glacial responses is crucial. Various methodologies have been 

employed to reconstruct past events and to monitor glacier dynamics. In particular, direct and indirect 

remote sensing technologies offer important opportunities, are developing continually and appear to 

produce very high quality results if used correctly. 

 

Some of the earliest developments in passive remote sensing followed from the work of Sebastian 

Finsterwalder who, at the end of the 19th Century, showed that oblique images could be used to 

reconstruct glacier movement using photogrammetry. Archival digital photogrammetry is particularly 

powerful when there are historical images available that can be used to reconstruct systems that have 

not been measured directly. This technique has proved to be particularly valuable in monitoring and 

reconstructing historical glacier change (e.g. Small et al., 1984; Brecher, 1986; Hubbard et al., 2000; 

Baltsavias et al., 2001; Kääb, 2001; Keutterling et al., 2006; Barrand et al., 2009; Heid et al., 2012).  

 

One more recent active technique is Terrestrial Laser Scanning (TLS). This method has been used in the 

geosciences extensively (e.g. Heritage et al., 2007; Alho et al., 2009; Hodge et al., 2009; Smith et al., 

2012; Williams et al., 2013) but has a use in cryosphere studies (e.g. Bauer et al., 2003; Avian et al., 

2006; Schwalbe et al., 2008) that has been more restricted because the wavelengths typical of 

terrestrial laser scanners to date are commonly absorbed by snow and ice surfaces except at very short 

distances. The new generation of laser scanners with ultra long range measurements, although their 

use is not yet widespread, can solve this problem by using near infrared wavelengths.  

 

The main objective of this memoire is to apply these two remote sensing methods to monitor an Alpine 

valley glacier, namely the Haut Glacier d’Arolla, in Switzerland, at two different time scales, decadal 

scale and seasonal scale, to improve the understanding of its dynamics under climate forcing. The 

primary approach is the reconstruction of Digital Elevation Models (DEMs) and the subsequent 

computation of surface and volume changes.  

 

At the decadal scale, the purpose is to apply archival digital photogrammetry to this glacier, one with 

no established advance/retreat history and to use the data generated to explore the linkages between 

glacier recession and climate forcing. Reconstructions of the recent history of glaciers have been 

performed through and since the Little Ice Age (e.g. Fagan, 2000; Maisch, 2000; Matthews et al., 2005); 

and also more recently in relation to recent global warming (e.g. Haeberli, 1990; Abermann et al., 2009; 

Diolaiuti et al., 2012). Here the focus is on the period 1967 to 2009. 

 

At the seasonal scale, the purpose is to show how repeat measurement of a glacier surface using the 

latest generation of laser scanners can be relevant to study glacier surface ablation and other elements 

of glacial hydrodynamics, both seasonally and intra-daily. To do this, an ultra long range LiDAR RIEGL 

VZ-6000 scanner is used which has a laser 3B specifically designed for measurement of snow and ice 

cover surfaces. 
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1.2 General methodological justification 
 

The general objective of the Memoire is glacier monitoring at decadal to daily scales. To determine 

qualitatively and quantitatively the glacier changes over time, three dimensional data have to be 

obtained and precise elevation values have to be extracted. In turn, the associated point clouds allow 

Digital Elevation Models (DEMs) to be built and compared (DEMs of difference). Remote sensing 

techniques are particularly powerful for this purpose as they provide a potentially continuous surface 

coverage.  

 

Archival digital photogrammetry is a passive remote sensing method that extracts quantitative 3D 

point data from historical imagery (Lane et al., 2010). The principle is based on the stereo-matching of 

two overlapping 2D images to create the depth of field or the elevation of the points (Lane et al., 1993) 

that is the third dimension. This technique allows rapid DEM production, for historical imagery if the 

necessary ground control can be obtained. It permits analysis for large spatial extents, ensuring 

measures of the whole glacier or at least a large part of it, although, given the dependence of the 

methodology upon stereo-matching, snow covered surfaces may not have the texture necessary for 

data extraction. The Federal Office of Topography (Swisstopo) has provided high quality aerial images 

since 1967, which allows decadal study. They also obtained imagery primarily in early Autumn when 

the glacier snow line is likely to be at its highest. Thus, this technique meets perfectly the objective of 

studying glacier recession at the timescale of decades. 

 

To detect processes at smaller spatial and temporal scales, this technique is possible with the new 

generation of drone technologies, but these require very extensive post-processing and have not yet 

been proven for ice surfaces. Thus, the active terrestrial laser scanning (TLS) methodology was chosen 

as an alternative. The scanners emit near-infrared laser signals and measure the distance between the 

laser and the object as function of the time lapse between the emission of the pulse and the detection 

of the backscattered signal (Cracknell et al., 1991) to produce a point cloud in a coordinate system 

[X,Y,Z]. With particular capability for measurement of ice and snow covered terrain and a precision of 

better than one centimetre at distances of up to 6 km, the LiDAR RIEGL VZ-6000 is appropriate for the 

seasonal and intra-day surveys objectives.  

 

 

 

1.3 Study site choice and justification 
 

The catchment of the Haut Glacier d'Arolla is located at the head of the Val d’Hérens, Valais, in the 

Swiss Alps. This glacier is the source of the river Borgne d'Arolla whose water flows are exploited by 

HYDRO Exploitation SA1. The climate of the Haut Glacier d'Arolla is temperate, with warm summers, 

and cold and fairly wet winters, although this general pattern is strongly affected by local relief (Arnold, 

2005). This glacier is strongly affected by climate change as it has been in continual recession even 

during the cooler and snowier periods when adjacent glaciers (e.g. Tsijiore Nouve, Bas Glacier d’Arolla) 

advanced (e.g. Zryd, 2001; Fischer et al., in press).  

 

This area is an ideal study site as it has been the subject of numerous scientific publications that have, 

together, changed the understanding of glacier dynamics and subglacial hydrology (e.g. Sharp et al., 

                                                           
1 See http://www.hydro-exploitation.ch/ for further information 
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1993; Harbor et al., 1997; Nienow et al., 1998; Swift et al., 2002; Mair et al., 2003; Willis et al., 2003; 

Nienow et al., 2005; Fischer et al., 2011) and the relationship between glaciers and climate (e.g. Brock 

et al., 2000b; Arnold, 2005; Pellicciotti et al., 2005; Brock et al., 2006; Dadic et al., 2010). However, it 

is surprising that there is no formal recession history established for this glacier and that questions 

related to climate forcing at the decadal scale have largely been overlooked. There are also no detailed 

studies of the spatial patterns of ablation at either the seasonal or daily time scales. Otherwise, the 

glacier has an excellent set of archival imagery.  

 

In logistical terms, the glacier is readily accessible, relatively safe and it is possible to walk around and 

on the glacier. A large portion of the glacier is also visible from the true right moraine that formed 

during the Little Ice Age, which gives a good vantage point of the glacier for application of the TLS.  
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Chapter picture  
Walking on the Haut Glacier d’Arolla 
 
Julien and Arnaud in direct contact with the ice of the glacier tongue (10/08/2013)  



Response of an Alpine valley glacier to climate change at the decadal scale 

 

 

 
19 

 

2.1 Introduction 
 

Glacier advance and recession are considered as one of the key indicators of climate change by the 

Intergovernmental Panel on Climate Change (Houghton et al., 1996). Indeed, they are integrators of 

climate that is, unlike a weather station which measures the temporal variability of individual variable, 

glaciers combine them together, with changes manifest as variations in length, surface, volume, 

thickness or flow rate (Francou et al., 2010). Measuring their change can provide very valuable data 

on how the cryosphere is responding to the integrated effects of a range of changing parameters.  

 

The international monitoring of glaciers started in 1894. The aims were, on one hand, to better 

understand the mechanisms associated with glacier variations that had been noted during the Little 

Ice Age, and, on the other hand, to better comprehend the relation of these processes with climate 

(Haeberli et al., 1989). Since 1896, the International Glacier Commission has published an annual or 

multi-year report on the state of worldwide glaciers (e.g. Forel et al., 1896; Mercanton, 1961). The first 

reports were based on qualitative information about the advance and retreat of glaciers globally. 

Quantitative measurements became dominant from 1967 with early volume change determinations 

(Kasser, 1967) and thus mass balance calculations. This idea brought into focus the essential link 

between climate fluctuations and glacier motion. The first glacier inventories followed and in particular 

the World Glacier Inventories (WGI) from 1976. By the middle of the 1980s, thanks to the birth of the 

World Glacier Monitoring Service (WGMS), glacier fluctuations had become recognised as a priority 

variable in climate system monitoring (WMO, 1983).  

 

The availability of quantitative data on glacier response to climate relies upon either direct 

measurement or indirect monitoring using often image based methods. The latter has included a suite 

of satellite and airborne platforms capable of monitoring entire ice sheets. For smaller valley-based 

glaciers, image based methods need higher ground resolutions, of the order of metres rather 10s of 

metres. Image based methods become particularly powerful when there are historical images available 

that can be used to reconstruct systems that have not been measured directly. Photogrammetry, a 

science initially motivated by the aim of using photographs to quantify glacier recession (Finsterwalder, 

1890), has proved to be valuable in monitoring and reconstructing historical glacier change (e.g. Small 

et al., 1984; Brecher, 1986; Hubbard et al., 2000; Baltsavias et al., 2001; Kääb, 2001; Keutterling et al., 

2006; Barrand et al., 2009; Heid et al., 2012).  

 

The main objective of this paper is to apply archival digital photogrammetry to an Alpine valley glacier 

with no established advance/retreat history (the Haut Glacier d’Arolla, Switzerland) and to use the 

data generated to explore the linkages between glacier recession and climate forcing at the scale of 

decades. Reconstructions of the recent history of glaciers have been performed through and since the 

Little Ice Age (e.g. Fagan, 2000; Maisch, 2000; Matthews et al., 2005), and also more recently in relation 

to recent global warming (e.g. Haeberli, 1990; Abermann et al., 2009; Diolaiuti et al., 2012). This study 

aims to look at glacier recession at the timescale of decades using imagery available from 1967. The 

specific objectives are: (1) to apply archival photogrammetric methods to generate high resolution and 

precise Digital Elevation Models (DEMs) of the glacier using available imagery; (2) to use these to create 

orthoimagery (that is imagery corrected for the effects of relief and image distortion) and hence to 

identify the spatial patterns in glacier recession; (3) to use the DEMs to determine surface change by 

DEMs of difference, and the associated limits of detection arising from the associated data quality; (4) 

to combine these with estimates of glacier flux to allow determination of ice volume changes; and (5) 

to consider how climate forcing is related to this glacier response. The paper also uses the opportunity 
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provided by a gauging station operating throughout the study period to quantify how recession in the 

snout zone has contributed to water yield. 

 

2.1.1 Climate Change and glaciers in a Swiss context 
 

It is well-established that glaciers are subject to climate changes, which may occur in precipitation, 

temperature, radiation or all three at the same time. The response of the glaciers is to change the 

amount and the spatial distribution of the mass accumulation and melt by ablation (Hooke, 2005). 

Global climate is rapidly changing and Switzerland is particularly affected. Since the beginning of the 

measurements in 1864, which is also generally taken as the end of the Little Ice Age, average 

temperature has increased by approximately 0.12 °C per decade thus an increase of 1.7 °C over the 

period 1864-2011 (OFEV et al., 2013). Although this trend has been punctuated by periods of general 

cooling, annual temperatures showed a clear upward trend and, since the mid-1980s, all annual means 

have remained above the reference mean (Figure 1) (MétéoSuisse, 2010). 
 

 
Figure 1: Annual temperatures in Switzerland between 1864 and 2009 in function of the deviation from the reference mean 
established between 1961 and 1990 
In red, years above this mean; in blue, years below this mean; in black, twenty-years weighted average (low-pass Gaussian 
filter); the numbers indicate hierarchically the hottest years; [MétéoSuisse, 2010] 

 

This figure shows that between the 1960s and the early 1980s, a relatively cooler period occurred after 

a warmer period in the 1950s. This was followed by a very rapid warming from the mid-1980s which 

was maintained until present although the increasing trend slowed from the late 1990s onwards. 

Temperature records since the Little Ice Age are available to the end of the period, and showed 1994 

as the hottest year, followed by 2003 and 2002. Unlike temperatures, it is not possible to establish a 

dominant general trend for the entire Swiss territory regarding precipitation. But for high altitude areas 

(> 2’500 m), the impacts of climate change on snow cover appear to be negligible (ONERC, 2008). 

Regarding radiation, sunshine duration decreased significantly until about 1980, before rising again 

considerably (OFEV et al., 2013). 

 

Globally, similar sorts of changes have been associated with the reduction in the extent of snow and 

ice masses (IPCC, 2008). Glaciers have been reported to be in a general state of mass balance, but also 

in a state of retreat (IPCC, 2013). For instance, in Switzerland, almost one third of the total glacierized 
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area has disappeared since 1973 (Fischer et al., in press). Given the lack of a clear snowfall trend at the 

altitudes typical of Swiss glaciers, but a clear annual warming trend, it is probable that the recession is 

an ablation signal, related both to a progressive increase in duration of the melt season and warmer 

temperatures within that season (OcCC et al., 2007). Progressive loss of the ice mass store may cause 

a catchment to move from a glacial regime, where melt is dominant in the period July through to 

September, to a nival-glacial regime where there is greater proportionate contribution from snow 

melt, that occurs in spring as well as summer, and where the reduced glacier stock makes water yield 

more dependent upon interannual variability in snow fall (OcCC et al., 2007). 

 

 

 

2.2 Methodology 
 

2.2.1 Study site 
 

The catchment of the Haut Glacier d'Arolla is located at the head of the Val d’Hérens, Valais, in the 

Swiss Alps. This temperate glacier measures 3.46 km2 (Fischer et al., in press). Its accumulation in terms 

of its firn zone is mainly between the top of the Grande Arête north (3355 m), the Mont Brûlé south 

(3578 m) and The Vierge to the west (3232 m). The glacier currently flows to an altitude of 2579 m and 

its mean elevation is 2987 m (Fischer et al., in press). Its average surface slope is relatively flat at 16.9° 

and its direction is north to north-west in the ablation zone. The glacier lies primarily on a bed of 

unconsolidated sediments with some bedrock outcrops (Hubbard et al., 1997). This glacier is the 

source of the river Borgne d'Arolla whose water flows are exploited by HYDRO Exploitation SA2. The 

climate in the area is temperate, with warm summers, and cold, fairly wet winters, although this 

general pattern is strongly affected by local relief (Arnold, 2005). 

 

This area has been the subject of numerous scientific publications that have, together, changed the 

understanding of glacier dynamics and subglacial hydrology (e.g. Sharp et al., 1993; Harbor et al., 1997; 

Nienow et al., 1998; Swift et al., 2002; Mair et al., 2003; Willis et al., 2003; Nienow et al., 2005; Fischer 

et al., 2011) and the relationship between glaciers and climate (e.g. Brock et al., 2000b; Arnold, 2005; 

Pellicciotti et al., 2005; Brock et al., 2006; Dadic et al., 2010). However, there has been almost no 

attempt to reconstruct the history of glacier recession over recent decades and so to start to provide 

linkages between this understanding and glacier response over longer time periods. 

 

2.2.2 Reconstruction of x, y, z point clouds and orthoimage production 
 

Archival digital photogrammetry was used to construct Digital Elevation Models (DEMs) from historical 

imagery. Digital photogrammetry is well-established for glacier monitoring (e.g. Pellikka et al., 2010), 

mass balance determination (e.g. Baltsavias et al., 2001; Hubbard et al., 2000; Huss et al., 2010) and 

computation of the volumes of ice mass change (e.g. Keutterling et al., 2006; Barrand et al., 2009). The 

aerial imagery was provided by the Swiss Federal Office of Topography (Swisstopo), with scales varying 

between 1:9,000 and 1:25,000. The imagery was scanned by Swisstopo to photogrammetric standard 

at a resolution of 14 m. All images were obtained during the months of August and September for: 

1967, 1977, 1983, 1988, 1997, 2000, 2005 and 2009. In theory, this provides a 42 year record of glacial 

                                                           
2 See http://www.hydro-exploitation.ch/ for further information 



Remote sensing of the interactions between climate variability and glacier dynamics for an Alpine temperate glacier, from the 
scale of the decades to hours 

 

 
22 
 

history for the catchment. Table 1 shows the theoretical precision of elevations that might be obtained 

with these images (after Lane et al., 2010) given their scale and the scanning resolution used. 
 

Table 1:  Image scale, theoretical precision and the RMSE globally and by co-ordinate of the bundle adjustment  
Also shown is the elevation uncertainty calculated from independent assessment and its propagation into uncertainty of 
elevation changes and calculated volume estimates (see below) 

Year Image 
scale, x 
(1: x) 

Theoretical 
precision 

(m) 

Global 
RMSE of 
bundle 

adjustment  
(m) 

RMSE 
X (m) 

RMSE 
Y (m) 

RMSE 
Z (m) 

Mean 
error Z 

(m) 

i 
(m) 

dzi-1,i 

(m) 
v, i-1, i 

(m3) 

1967 13’700 0.19 0.59 0.83 0.81 0.04 0.00 0.04   

1977 10’000 0.14 0.39 0.21 0.23 0.01 0.00 0.01 0.082 4'886 

1983 12’000 0.17 0.35 0.18 0.25 0.08 0.02 0.09 0.177 8'582 

1988 22’200 0.31 0.88 0.42 0.62 0.45 0.05 0.49 0.981 39'645 

1997 9’000 0.13 0.36 0.53 0.45 0.06 0.01 0.06 0.973 29'266 

2000 9’000 0.13 0.37 0.39 0.34 0.07 0.01 0.07 0.190 3'936 

2005 11’900 0.17 0.36 0.33 0.40 0.04 0.01 0.05 0.172 2'805 

2009 13’000 0.18 0.30 0.34 0.24 0.07 0.02 0.07 0.163 1'956 

 

Application of digital photogrammetry required ground control points (GCPs) to be visible on the 

images used for DEM determination. However, as this study uses historical imagery obtained for other 

purposes, GCPs were not available. Thus, archival digital photogrammetric methods were applied (e.g. 

Chandler, 1999; Lane et al., 2010). These use points that can be confidently identified as stable over 

the timescale of the study, in a two steps process: (1) the positions of such points are obtained with 

differential GPS (dGPS); and (2) these are mapped onto 50 cm orthoimagery, provided by Swisstopo 

for 2004, to check that they are located within generally stable zones. The dGPS data were obtained 

by Leica SR530 and Trimble R10 GNSS/GPS/Glonass systems using the Real-Time Kinematic (RTK) 

method. Measurements were made with reference to a fixed and continually logging base station. The 

co-ordinates of the latter were post-processed using the Swiss AGNES network of continually recording 

dGPS stations and transformed into the Swiss coordinate system CH1903+. All GCPs measured for the 

photogrammetry were then post-processed to this base station. A total of 51 GCPs were mapped 

initially and of these about 20 were deemed to be identifiable and stable (lateral displacements of < 

0.3 m, that is commensurate with image resolution). However, these were not uniformly distributed 

in space, because of constraints associated with access to certain parts of the basin and because much 

of the basin contained unstable ground (e.g. ice cored moraine).  

 

All the computational operations were performed in the Leica Photogrammetry Suite of ERDAS 

IMAGINE® 2008. Camera Calibration Certificates provided by Swisstopo were used to remove lens 

distortion and to establish the interior geometry of the images (the principal points of autocollimation 

(PPA) and symmetry (PPS), the focal length and the fiducial marks). The exterior orientation (i.e. the 

positional elements X0, Y0, Z0 and the angular and rotational elements ω (around the X axis), ϕ (around 

the Y axis) and к (around the Z axis)) were determined in a simultaneous bundle adjustment using the 

field measured dGCPs. Automatic generation of tie points was used to improve the precision of the 

bundle adjustment, with the objective that the root mean square error (RMSE) of the solution (i.e. the 

fit of the solution) was commensurate with the theoretical precision (as defined by the image scale 

and the scanning resolution) (Table 1). Tie points are particularly important where the availability of 

ground control is limited or constrained spatially. By measuring the position of a point on two images, 

then four measurements (two sets of (x, y) image co-ordinates) are obtained. But this is for a data 

point with only three unknowns (X, Y and Z), such that there is a net gain of one measurement. Thus 

tie points can improve the quality of the solution. If the RMSE of the solution is commensurate with 
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the theoretical precision, then the solution will provide data of a quality that is commensurate with 

the scale of the imagery. 

 

Once an acceptable bundle adjustment had been obtained for each image date, point data were 

extracted using stereo-matching, with an average point spacing of 0.30 m. The automated terrain 

extraction algorithm used was that for mountainous regions (ERDAS, 2009). Initial visual assessment 

of the point clouds suggested that they were of excellent quality and so it was decided that no further 

work was required to optimise the stereo-matching algorithm. The point clouds were used to 

orthorectify the available images to a resolution of 0.3 m. 

 

2.2.3 Data processing 
 

Each point cloud was used to create a Digital Elevation Model (DEM) and a relief shaded model, in the 

software ArcGIS. The success of the stereo-matching, and the density of point data available (around 

16 points/m2 on the glacier), meant that a relatively simple nearest neighbour interpolation method 

gave excellent surface representation. Point clouds were interpolated onto the same X Y grid, the latter 

with a 0.30 m resolution. The orthoimages, aided by the relief shaded model, were manually digitised 

in ESRI ArcGIS to identify the glacier margin for each date. As snow cover prevented data acquisition 

on the upper part of the glacier, an upstream boundary common to all dates was chosen, downstream 

of which data could be reliably used. This meant that the focus of the work was upon recession of the 

glacier snout. 

 

DEMs of difference were calculated for time-consecutive DEMs and only the glacial. Volumes of ice 

mass gain/loss were extracted for consecutive time periods from the DEMs of difference, constraining 

each by the digitised outline for the start of each time period. 

 

2.2.4 Management of error and determination of data uncertainty 
 

During each of the above stages, attempts were made both to minimize error and to quantify any 

residual data uncertainty. First, in the analysis, the use of dGCPs was restricted to those with a 

precision within 0.050 m after post-processing. The position of the continuously recording base was 

also corrected to better than 0.050 m. Second, as noted above, bundle adjustment solutions were 

sought and achieved commensurate in terms of their RMSE with the theoretical precision, under the 

assumption of negligible mean error in the bundle adjustment (Table 1). This suggests that the method 

will deliver results that are optimal given the image scale and scanning resolution. 

 

Third, in the analysis, more GCPs than the minimum necessary were always added to calculate a 

solution to the bundle adjustment. This allowed to compare the fitted GCP positions to their field 

measurements and so to calculate a mean error and a standard deviation of error (i) (Table 1) for 

each date i. This standard deviation was applied to the sum of the control points residual values. In all 

cases, the mean error was found to be negligible (< 0.05 m) (Table 1). That is, there was no major 

systematic bias in the solutions. However, this overlooks the fact that the precision of individual data 

points will not be zero and if the mean error is negligible, it is the point precision that controls the 

magnitude of change necessary to be deemed significant (Lane et al., 2003). Thus, for each pair of 

datasets being compared, under the assumption that the precision is Gaussian, random, and 

uncorrelated between the pair of datasets being considered, the detectable level of change, with a 95 

% confidence, was defined as (Lane et al., 2003): 
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|𝑑𝑧𝑖−1,𝑖| > 1.96 ∗ |√𝜎𝑖−1
2 +  𝜎𝑖

2|                                                           [1] 

 
This was used to quantify the magnitudes of change detectable (Table 1) when comparing datasets. It 

was also used to determine the uncertainty in the volume of change estimates (Table 1) using (Lane et 

al., 2003): 
  

𝜎𝑣 = 𝐴𝑟2𝑑𝑧𝑖−1,𝑖                                                                         [2] 
   

with 𝐴 = the area used for volume of change computation; and 𝑟 = the resolution, in this case 0.3 m. 

 

2.2.5 Correction of volumes of change for ice mass flux 
 
Volumes of ice mass gain or loss cannot be determined directly from volumes of change without 

correction for ice mass flux. The 1D mass balance of a glacier can be determined from (Cogley et al., 

2011): 
 

𝑑𝑉𝑖𝑐𝑒

𝑑𝑡
=

𝑑𝑉

𝑑𝑡
+ 𝐴𝑢𝑈̅                                                                        [3] 

 

where t = time: Vice = the volume of ice mass loss or gain; V = the volume of surface change detected 

from the DEMs of difference; Au = the glacier cross-sectional area across the upstream boundary of the 

glacier; and 𝑈̅ = the section averaged velocity obtained by glacier surface velocity measured along the 

upstream boundary multiplied by 0.9 (Kääb, 2001). 

 

The parameter Au for each date was determined across the upstream section by extracting the altitude 

along the section from the DEM for each date and combining this with a DEM of the glacier bed (Sharp 

et al., 1993) interpolated from single point radio echosounding and provided by Dr. I Willis (Cambridge 

University). As Au differs for the start year and the end year, a mean of the results was effectuated 

between the two years of interest. 

 

To estimate 𝑈̅, the orthoimages were first used to identify surface displacements from points common 

to consecutive image pairs. There was too much image decorrelation with the temporal separation of 

images in this case to allow automated methods (e.g. Scherler et al., 2008), so a manual approach was 

adopted. Large blocks on the glacier surface were identified and digitised that were common to pairs 

of orthoimages. Their mean velocity was then calculated between image pairs using the displacement 

of their X and Y positions (Table 2). 
 

Table 2 : Mean velocity  
Normalized by year and with standard deviation from the global mean 4.61 m/y 

Period Mean velocity 

(m/y) 

𝜎 

(m/y) 

1967-1977 4.97 ±0.58 

1977-1983 4.39 ±0.17 

1983-1988 3.62 ±0.37 

1988-1997 3.75 ±0.28 

1997-2000 4.61 ±0.32 

2000-2005 4.11 ±0.03 

2005-2009 3.60 ±0.39 
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2.2.6 Contextual data 
 

To aid data interpretation, hourly river discharge data for the Haut Glacier d’Arolla were obtained from 

HYDRO Exploitation SA from 1962. Figure 2 shows the location and an image of the water intake. 

Temperature and precipitation data were obtained by altitude dependent extrapolation from the 

station of Sion, a station about 30 km from the snout of the Haut Glacier d'Arolla and 2000 m lower in 

elevation, using a monthly calculated lapse rate for the region. 
 

         
 

 

 

2.3 Results  
 

2.3.1 Data quality 
 

With reference to Table 1, the global RMSE was better than 0.90 m in all cases and more precisely 

better than 0.4 m except for the oldest imagery (1967) which had an RMSE of 0.59 m, and the 

imagery with the smallest scale (1988) which had an RMSE of 0.88 m. Indeed, there is a general 

positive association between x in Table 1 and the global RMSE of the solution. As the focus is on vertical 

changes of ice mass surfaces that were relatively smooth, the Z RMSE is of particular interest. This was 

better than 0.09 m except for 1988. The i indicated that the residuals of the control point standard 

deviation was similar in magnitude to the RMSE Z reflecting minimal mean error in the solution. Thus, 

the level of detection possible was always better than 1 m. The interpretation of the magnitude of 

these changes, as well as the volume uncertainty shown in Table 1, depends upon the actual changes 

measured and this is discussed further below.  

 

2.3.2 Glacier stages from 1967 
 

Figure 3 shows the glacier stages from 1967. The positions of the ice front show a continuous retreat 

of the glacier snout, with no advance during the cooler periods shown in Figure 1. The glacier snout 

also narrows both in length and in width. From 1967 to 1988, snout recession was mainly along a West-

East line. Notably from 1988 onwards, given the valley morphology, recession was oriented North-

North-West to South-South-East and became markedly greater in the middle of the snout than in the 

partially debris-covered moraines on the glacier margins.  

Figure 2: The water intake of the Haut Glacier d’Arolla 
Location of the water intake within the basin on the 
orthoimage 2009 (Figure 2a) and the intake itself 
(personal picture) (Figure 2b) 
And a picture of the device 
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Figure 3: Haut Glacier d’Arolla stages since 1967 
3a, Zone of interest on the orthoimage 2009; the red outline represents the 2009 DEM contour without problematic zones 
(gaps or exaggerated triangulation);  
3b, Focus of the stages on the 2009 relief shaded model with the upstream boundary clearly defined 
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2.3.3 Changes in glacier surface elevation 
 

The DEMs of difference allowed visualisation of the changes in glacier altitude over the time. Figure 4 

illustrates two examples: (1) between 1967 and 2009 representing the entire duration of study; and 

(2) between 2005 and 2009 representing the most recent period. The Limits of Detection (LoD) were 

calculated from [1] (and presented in Table 1 as dzi-1,i). As the positive changes were negligable, they 

are not displayed.   

 

Globally, changes between 1967 and 2009 show surface reduction. This represents either ice mass 

thinning but cannot be taken as the ice volume loss without correction for flux effects. The most 

significant areas of surface reduction are on the glacier and notably close to the position of the snout 

in 2009, with around 120 m of surface reduction in 42 years. A gradient in surface loss is visible from 

this point to the snout position in 1967, no doubt reflecting down glacier reduction in ice mass 

thickness. A gradient also occurs in the up glacier direction from this point. There is an area with slightly 

slower rates of surface reduction near the centre line of the glacier which corresponds to the main 

medial moraine of the glacier. Two areas (blue circles on Figure 4a) on the western Little Ice Age 

moraine underlined consequent reduction, which indicates the presence of dead ice buried inside 

rocks and sediments. On the opposite moraine, several channels eroded into the Little Ice Age moraine. 

 

The changes between 2005 and 2009 mirror the full period of data. Surface loss was particularly 

important at the snout reflecting snout retreat, important either side of the mid glacier medial 

moraine, and lowest on the medial moraine. The downstream region where the ice was trapped by 

debris (blue circle on Figure 4b) was highlighted as well. Channel erosion was also present on the 

eastern moraine. 
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Figure 4: DEMs of difference – erosion; with LoD, on the relief shaded model 2009 
4a, The global volumes of change between 1967 and 2009 which is the entire period of study;  
4b, The volumes of change between 2005 and 2009 which is the most recent period of study 

Changes in elevation [m] 

1967 – 2009 

Changes in elevation [m] 

2005 – 2009  

Changes in elevation [m] 

1967 – 2009  
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2.3.4 Volumes of surface change  
 

In all periods, the volumes of surface change were involved a loss, but with relatively low uncertainty, 

between one and two orders of magnitude smaller than the volume loss (Table 3). When expressed 

per year, the raw volumes had a peak loss between 1977 and 1983, and then decreased. The maximum 

loss was reached between 1997 and 2000. The rates then diminished until 2009, which is not surprising 

as the volume of ice that remains becomes progressively smaller. The period 2005-2009 showed the 

smallest rate of loss.  
 

Table 3: Volumes of ice mass loss  
Volumes of surface loss corrected by the flux and with calculated uncertainty 

Period Volume of surface loss 
associated with glacier 

(m3/year) 

Au   
(mean for the 
period) (m2) 

𝑈  
(m/year) 

 

Flux (Au𝑈) 
(m3/year) 

Volume of ice 
mass loss 
(m3/year) 

1967-1977 743'591 ±4'886 82'664 4.97 ±1.14 410'838 ±94'236 1'154'429 ±94'363 

1977-1983 1'017'378 ±8’582 74'436 4.39 ±0.33 326'772 ±24'564 1'344'150 ±26'020 

1983-1988 747'548 ±39’645 69'331 3.62 ±0.73 250'977 ±50'611 998'525 ±64'290 

1988-1997 596'346 ±29’266 58'757 3.75 ±0.55 220'340 ±32'317 816'686 ±43'599 

1997-2000 1'477'138 ±3’936 42'704 4.61 ±0.63 196'865 ±26'903 1'674'003 ±27'190 

2000-2005 691'250 ±2’805 34'128 4.11 ±0.05 140'267 ±1'706 831'517 ±3'283 

2005-2009 504'120 ±1’956 26'219 3.60 ±0.77 94'387 ±20'188 598'507 ±20'283 

 

2.3.5 Changes in the upstream boundary cross-section 
 

Figure 5 shows the DEM of the glacier bed (after Sharp et al., 2003) with the glacier stages for the 

period studied. The 2009 DEM is illustrated also, on the right side. Figure 6 shows the cross-sectional 

area of the glacier along the upstream boundary. Over the period 1967 to 2009, there is a progressive 

reduction in the upstream boundary area, and this reflects a loss of both width (Figure 3) and thinning. 

However, it is not continual, with little loss of area until 1988 (and almost no loss between 1983 and 

1988) and more rapid loss from thereon. By 2009, at the upstream cross-section, the glacier had lost 

about 75 % of its initial thickness. The presence of slower rates of thinning, notably between 1967 and 

1983 probably reflects the slightly cooler temperatures during this period. 
 

               
 

Figure 5: DEM of the glacier bed and DEM of the glacier in 2009 
The same colour gradation was conserved; figures are on the 2009 relief shaded model with the boundary cross-section 
defined by the upstream glacier stages 
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 Figure 6: Upstream cross-sectional area  
Issued from the thickness along the boundary multiplied by the resolution which is 0.3 m; for each year (not the mean seen on 
table 3) 

 

2.3.6 Section averaged velocity close to the upstream boundary of volume 
calculation 

 

Figure 7 shows the section averaged velocity estimated from tracking surface debris blocks. These 

comprise the combined effects of ice deformation, subglacial sediment deformation and basal sliding 

(Willis et al., 2003). The flow was more rapid between 1967 and 1977. It decreased progressively until 

1988 and quite stagnated until 1997. The period 1997-2000 marked a new increase in the velocity 

before a gradual deceleration. The uncertainty oscillates between 1 % and 22 % (Table 3).  
 

 
Figure 7: Mean section averaged velocity with the 95 % errors bars as uncertainty 
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2.3.7 Volumes of ice mass loss 
 

The volumes of surface change, upstream boundary area and velocity data were combined in [3] to 

calculate the volumes of ice mass loss (Table 3). The annual melting rate, which is the volume of ice 

mass loss in (m3/year) divided by the area in (m2), was also determined (Figure 8). Between 1967 and 

1997, the level of melting was relatively constant. The years 1997 to 2000 saw a major increase, with 

more than 7 m3/m2/year of loss. This was lower in 2000-2005 and 2005-2009 but still at a higher level 

than before 1997. 

 

The flux correction decreases through time, both in absolute terms and also as a proportion of the 

total ice loss. Glacier thinning, which will reduce the downstream flux, thus contributes to the rapid 

rate of retreat of the snout. 
 

 
Figure 8: Annual melt rate with uncertainty 
The volume of ice mass loss in (m3/year) divided by the area (m2) 

 

2.3.8 Comparison with water yield from the basin 
 

The water yield was computed using data from HYDRO Exploitation SA. Figure 9 shows a continual 

increase in yield, with water production at present about 50 % higher than the 1960s. There was no 

real trend before 1977 and greater variability until 1997.  

 

This yield comes from annual snowmelt within the catchment as well as glacier ice melt. It is possible 

to estimate the relative contribution of these variables by normalizing these volumes by year and 

comparing them to the volumes of ice mass loss (Table 4). The respective density of the water (1000 

kg/m3) and of the ice (917 kg/m3) were respected as well. The studied part of the glacier has been 

responsible for 2 % to almost 6 % of annual flow. However, it was markedly variable, increasing 

between 1967 and 1983, being lower up until 1997, reaching a maximum contribution between 1997 

and 2000, and then declining progressively until its lower level in 2009. 
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Figure 9: Water yield from the basin between 1967 and 2009 
Each year is a civil year; 2003 misses because the data were available only between the months of January and September; 
the dashed line is the trend line 

 
Table 4: Contribution of glacier ice melt to the water yield  
By comparing the measured water volumes at the intake and the volume of ice mass loss 

Period Measured water 

volume 

(m3/year) 

Volume of ice mass 
loss 

(m3/year) 

Contribution of study area 

due to ice melt 

(%) 

1967-1977 20'432'880 1'154'429 ±94'363 5.18 ±0.46 

1977-1983 21'870'150 1'344'150 ±26'020 5.64 ±0.12 

1983-1988 23'357'340 998'525 ±64'290 3.92 ±0.28 

1988-1997 24'951'300 816'686 ±43'599 3.00 ±0.17 

1997-2000 26'552'400 1'674'003 ±27'190 5.78 ±0.10 

2000-2005 27'057'920 831'517 ±3'283 2.82 ±0.01 

2005-2009 27'137'286 598'507 ±20'283 2.02 ±0.07 

 

 
Figure 10: Contribution of glacier ice melt to the water yield, with uncertainty 
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2.4 Discussion 
 

2.4.1 Data quality 
 

The quality of the results depends firstly on the quality of the imagery available. The aerial images have 

to be cloud free, shadow free on the zones of interest, without snow cover on the glacier and with a 

larger scale as possible as scale directly controls the precision of the results obtained. As Table 1 shows, 

the poorest results were obtained with the smallest scale imagery (note that x in Table 1 is the 

reciprocal of scale). However, as the data in Table 3 showed, this translates into relatively low 

uncertainties when multi-year comparisons are being made for a system where the changes at the 

multi-year scale can be large. 

 

To reconstruct the position and orientation of images, ground control points were required. The quality 

of the result depended on the quality of the individual data points, the density of data points used and 

their distribution within the surface (Lane et al., 2003). In this way, the 20 points selected were 

recorded with better than 0.05 m precision to cover as much of the imagery as possible. Nevertheless, 

some areas were not accessible as the western part and the upper part of the glacier because of 

unstable and difficult terrain. Thus the South-East part, the sandur and the region of the Refuge des 

Bouquetins were the best identified. This did not lead to an optimal distribution of control points and 

meant that tie points were critical in improving the solution.  

 

These issues aside, the error analysis still produced encouraging results: the global RMSE was always 

better than ±0.88 m with ±0.45 m for the Z co-ordinate. The uncertainties in the volumes of ice mass 

loss after propagation of error were less than 8 % of the measured volume. These low levels of 

uncertainty suggest that this method can be used to reconstruct snout recession and surface change 

of otherwise unmeasured glaciers. Moreover, if combined with measurements of surface velocity, it 

can be used to calculate ice volume changes. Thus, this kind of approach can provide valuable data on 

glacier response to climate forcing over multiple decades for unmonitored glaciers, where imagery is 

available.  

 

2.4.2 Glacier recession and climate forcing 
 

As shown in Figure 3, the Haut Glacier d’Arolla has been in continuous recession since 1967, despite 

the snowier and colder periods recorded in Switzerland in the early 1980s during which most Swiss 

glaciers advanced (Haeberli et al., 1998). Its continuous recession, without any noticeable advance 

since the Little Ice Age has been mentioned by others authors (e.g. Alean et al., 2008; Fischer et al., in 

press).  

 

The annual average melt rate (Figure 8) for the period 1977 to 1983, characteristic of this cooler period, 

was actually quite similar as the proceeding (1967-1977) and following (1983-1988) periods. The data 

help to understand why this is the case. In order for the Haut Glacier to advance during the early 1980s, 

two conditions must be met: (1) the amount of snow and ice accumulation of several years should 

exceed the amount of ablation (Paterson, 1994); and (2) the accumulation, which will tend to be in the 

upper part of the basin, must be able to translate to the glacier terminus sufficiently rapidly that it can 

lead to a glacier advance. Figure 11 and 12 illustrate the temperature and precipitation in Arolla 

estimated from these of Sion. The annual temperatures were generally lower between 1977 and 1983 
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when considering the period 1967 to 2009. However, the mean was the same as that of 1967 to 1977. 

Precipitation increased globally between 1977 and 1983 and was markedly less variable.  
 

 
Figure 11: Temperature of Arolla  
Estimated from Sion (Lane, 2012) 
 

 
Figure 12: Precipitation of Arolla  
Estimated from Sion (Lane, 2012) 

 
It is possible that these conditions combine to create a positive mass balance. Nevertheless, for this to 

translate into a glacier advance, the upper basin accumulation must translate downstream. The time 

required for a mass balance perturbation to correct the difference between the steady-state volumes 

of the glacier before and after the change in mass balance is the response time (Johannesson et al., 

1989). If this time is not long enough, the variations are never perceived at the glacier front. This time 

required will be partly a function of glacier length, the latter positively correlated with the delay 

between a climatic deterioration and a glacier advance. It will also be a function of glacier velocity. The 

velocity average of about 4.15 m per year (Figure 7) can be considered as realistic as it matches with 

others scientific researches on the Haut Glacier d’Arolla (e.g. Harbor et al., 1997: 8 m/year at the center 

and <2m/year at the glacier margin; Hubbard et al., 1998: mean of 5 to 6 m/year; Mair et al., 2002a; 
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Mair et al., 2008). Thus if the surface velocities measured for the Haut Glacier d’Arolla (Table 2) are 

representative of the whole glacier, then the glacier equilibrium line altitude will need to be depressed 

to very low levels indeed such that accumulation can occur sufficiently close to the glacier snout, and 

there can be an accumulation-related advance. Thus, the Haut Glacier d’Arolla is less sensitive to short 

duration increases in accumulation.   

 

The ice flux divergence of a glacier is an important component as it determines the rate of temporal 

changes of its thickness (Seroussi et al., 2011). For the Haut Glacier d’Arolla, flux was responsible for 

approximatively 35 % of the volume of ice mass loss between 1967 and 1977. This then decreased to 

about 15 % between 2005 and 2009. As it became less important, it characterised the progressive 

predominance of ablation, controlled by climate change: the thinning glacier is no longer able to 

sustain its snout position because of falling flux. As a global warming occurs (Figure 1), it was thus not 

surprising that the glacier was retreating so rapidly. 

 

The peak in the surface melt rate (Figure 8) between 1997 and 2000 could likewise be the expression 

of the response time. Although temperature rises from 1986, more slowly from 1992 (Figure 11), it is 

possible that the response of the system in terms of melt was delayed by an increase in accumulation 

in the late 1970s and early 1980s: that is, the cooling in this period took time to be perceived at the 

snout and then, because of the rapid warming, was only capable of slowing the retreat rate, not 

causing an advance. The dynamics of the glacier was always to melt but not exactly in the same way, 

always with a lag, which can be in part explained by this response time. More generally, this shows 

that extreme care must be taken in interpreting data on the recession of glacier snouts in relation to 

climatic forcing because there will be lags in how a glacier responds to short periods of higher than 

average accumulation. 

 

2.4.3 Spatial variation in ice melt 
 

The spatial patterns of melt for the entire period and for the period 2005 to 2009 (Figure 4) showed 

substantial variability, clearly related to the effects of debris cover on melt, and moraine formation. 

Three medial moraines have been defined for the Haut Glacier d'Arolla: an ablation-dominant moraine 

east of the glacier centre line, an ice-stream interaction moraine west of the glacier centre line, and a 

medial-lateral supraglacial moraine complex along the western margin of the glacier (Gomez et al., 

1985). Since 1985, the Eastern medial moraine has widened. The western medial moraine and the 

medial-lateral supraglacial moraine are much less distinguishable because of ice loss between the two. 

Figure 4b shows how moraine cover can substantially slow ice loss, eventually leading to intact ice-

cored moraine: for the period 2005 to 2009, the areas where the melting was more rapid were located 

on the downstream-centre of the glacier (Figure 4) which were not debris covered (Figure 13). Glacier 

response to climate fluctuations is strongly influenced by the degree of supraglacial debris cover (Benn 

et al., 2003). A thin debris cover (<∼5 cm) enhances ablation due to a reduced albedo and so an 

increased absorption of shortwave radiation, whereas thicker debris insulates the underlying ice and 

reduces ablation, because of its low thermal conductivity (Nakawo et al., 1981). A negative feedback 

is therefore occurring whereas the moraines develop, and the lateral expanse of moraine cover 

increases, so parts of glacier become isolated from melt. It leads to downstream extension of medial 

and lateral moraines beyond the snout terminus (e.g. Figure 13).  
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Figure 13: The Haut Glacier d’Arolla three medial moraines  
Map (after Gomez et al., 1985); the evolution of these moraines in 1988 (the closest of 1985 interpretable image), 2005 and 
2009 (to illustrate the DEM of difference on Figure 4) 

 

2.4.4 Linkages between climate forcing and water yield 
 

The measured water volumes produced by this catchment increased progressively from 1967 to 2009 

(Table 4). The contribution of the ice melt to these volumes did not react except that it has decreased 

continually as the volume of ice in the studied region falls. However, it does show how the Haut Glacier 

d'Arolla is losing its net storage of water as ice and that just for the part of the glacier studied, there is 

a progressive loss of water supply. The volumes calculations do not consider the whole ablation part 

and the upstream boundaries were the same for all the years (Figure 5). Thus, as the glacier retreats, 

there was always less ice to melt inside the area considered to the volumes determination.  

 

This assumption is supported by the augmentation of the melt rate (Figure 8) since 2000 as the ice 

melt contribution to the water yield diminishes. Another explanation could be a diminution of the 

snow precipitations, which brings less snowmelt but, in the same time, which induce an attenuation 

of the snow cover protection of the glacier. Thereby, the glacier ice melts faster and the volumes of 

loss are higher.  

 

1988 

2009 2005 
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2.5 Conclusions 
 

This study demonstrates the potential of archival digital photogrammetry to reconstruct glacier 

advance and recession. Provided that certain conditions are met, it is possible to generate data with a 

very good precision in the vertical and so to detect surface changes of better than 0.3 m over quite 

long time periods. Critical to this success is available historical imagery, a glacier surface that is not 

snow covered, and no cloud cover during image acquisition.  

 

In this study, photography was used from 1967 to 2009 to quantify the dynamics of a glacier that is not 

in the Swiss Glacier Monitoring database (VAW, 2013). Information generated about the position of 

the glacier snout demonstrated that the Haut Glacier d’Arolla was in constant recession since 1967. 

Key explanations as response time were emitted and spatial variation in ice melt was explicated by 

debris-cover areas. The surfaces changes, the ice mass losses during the period (after correction for 

flux effects) and their relationship to climate variability were generated as well. In particular, an initial 

work about the links between the water yield, the glacier behaviour and the climate change was 

started which have to be pursued, especially from the perspective on the future hydroelectric 

development exploitation.   
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Chapter picture  
The Haut Glacier d’Arolla with the LiDAR scanner 
 
LiDAR RIEGL VZ-6000 scanner measuring the glacier (30/07/2013) 
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3.1 Introduction 
 

Methods for detecting changes in glacier volume and their spatial distribution have made increasing 

use of remote sensing. Some of the earliest developments in remote sensing followed from the work 

of Sebastian Finsterwalder who, at the end of the 19th Century, showed that oblique images could be 

used to reconstruct glacier movement using photogrammetry. It is not surprising that, since this early 

progress, the number of techniques available to measure glaciers using remote sensing has burgeoned, 

to include (e.g. Iken et al., 1983; Rippin et al., 2003; Mair et al., 2008), radar altimetry and 

interferometry (e.g. Reinhardt et al., 1986; Andreassen et al., 2002; Herman et al., 2011), digital aerial 

photogrammetry (e.g. Brecher, 1986; Baltsavias et al., 2001; Keutterling et al., 2006; Barrand et al., 

2009; Heid et al., 2012), numerical modelling (e.g. Hubbard et al., 1998; Brock et al., 2000c; Hubbard 

et al., 2000; Fischer et al., 2011) and airborne laser scanning (e.g. Rees et al., 2007; Notebaert et al., 

2009; Deems et al., 2013; Helfricht et al., 2013).  

 

One emerging technique is Terrestrial Laser Scanning (TLS). This has been used in some geosciences 

extensively (e.g. Heritage et al., 2007; Alho et al., 2009; Hodge et al., 2009; Smith et al., 2012; Williams 

et al., 2013) but has a use in cryosphere studies (e.g. Bauer et al., 2003; Avian et al., 2006; Schwalbe et 

al., 2008) that has been more restricted because the wavelengths typical of terrestrial laser scanners 

to date are commonly absorbed by snow and ice surfaces except at very short distances. 

 

The main objective of this study was to show how repeat measurement of a glacier surface using the 

new generation of laser scanners can be relevant to study: (1) glacier surface ablation; and (2) other 

elements of glacial hydrodynamics; over two scales, seasonal and daily. As the time between 

repetitions shortens, so the magnitude of change should reduce, and so they should become closer to 

the level of detection determined by instrument related uncertainty. Thus the question is over what 

timescale can meaningful results be obtained. To do this, an ultra long-range LiDAR RIEGL VZ-6000 

scanner was used which has a laser 3B specifically designed for measurement of snow and ice cover 

surfaces.  

 

 

 

3.2 Study area 
 

The catchment of the Haut Glacier d'Arolla is located in the Val d’Hérens, Valais, in the Swiss Alps. The 

glacier has a surface area of 3.46 km2 (Fischer et al., in press), a mean elevation of 2987 m and a snout 

elevation of 2579 m. Its average slope is 16.9°. The glacier rests on a bed of unconsolidated sediments 

with some bedrock outcrops (Hubbard et al., 1997). The area has been the subject of extensive 

scientific research, including subglacial hydrology (e.g. Nienow et al., 1998; Kulessa et al., 2003; Willis 

et al., 2003), surface ice flow acceleration during spring events (e.g. Mair et al., 2002b; Mair et al., 

2003; Mair et al., 2008; Fischer et al., 2011), ice flow velocity (e.g. Harbor et al., 1997), and studies of 

the controls on surface melt (e.g. Brock et al., 2000a; Hubbard et al., 2000; Pellicciotti et al., 2005; 

Brock et al., 2006). 

 

The climate of the Haut Glacier d'Arolla is temperate, with warm summers, and cold and fairly wet 

winters, although this general pattern is strongly affected by local relief (Arnold, 2005). It has been in 

continual recession since at least the 1960s (Gabbud et al., submitted) even during cooler and snowier 
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Figure 1: Study site and scans extension  
1a, The Haut Glacier d’Arolla on the orthoimage 2009 
1b, Picture taken exactly where stood the LiDAR head on 
the 05/08/2013, representing the field of vision of the 
scanner 

In yellow, LiDAR location; in blue, approximation of the 
area selected for the seasonal survey; in red, 
approximation of the area selected for the intra-day 
survey 
 

periods when adjacent glaciers (e.g. Tsijiore Nouve, Bas Glacier d’Arolla) advanced (e.g. Zryd, 2001; 

Fischer et al., in press).  

 

The focus of this study is application of the RIEGL VZ-6000 scanner at the scale of a melt season and at 

the intra-day scale to measure surface patterns of ice melt in the ablation zone of the Haut Glacier 

d’Arolla, based upon a scan site located on the true right moraine of the glacier that formed during the 

Little Ice Age (which became ice free in the 1860s). To do this, two regions were focused upon (Figure 

1). 
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3.3 Methodology 
 

3.3.1 Terrestrial laser scanners 
 

Terrestrial laser scanners emit near-infrared laser signals and measure the time required for a return 

of that signal after reflection from a target of interest. A system of rotation and oscillation of mirrors 

creates parallel bands of beams which travel in the atmosphere. When they hit a reflector, echos are 

created. The backscattered signal is captured by a receiver which converts the optical signals into 

electrical signal. These signals are then digitized and provided to the processor for online waveform 

processing (RIEGL, 2013c). The distance between the laser and the object is computed as function of 

the time lapse between the emission of the pulse and the detection of the backscattered signal 

(Cracknell et al., 1991). This in turn produces a point cloud in a co-ordinate system [X,Y,Z] with the 

LiDAR head as its origin point [0,0,0] (Figure 2).  
 

            
 

3.3.2 RIEGL VZ-6000 
 

Here, a RIEGL VZ-6000 scanner was used, an instrument that can provide ultra long range 

measurements (up to 6000 m, according to the reflectivity of the target surfaces) at up to 220’000 

measurements per second (RIEGL, 2013a). It has a near infrared wavelength (that is between 0.7 μm 

and 1 mm) which means that reflections from snow and/or ice covered terrains are possible even at 

distances of over 1 km (RIEGL, 2013b). To achieve the latter, the instrument needs to be operated with 

as low a frequency as possible (here 30 kHz was used). At this frequency, a measurement step of 0.005° 

is possible, implying an average point spacing of c. 0.09 m at 1 km and c. 0.18 m at 2 km. As the system 

uses a wavelength classified as a 3B laser, important precautions were taken to protect the eyes of 

walkers/climbers in the landscape and from reflections back to instrument operators (according to the 

standards of RIEGL, 2012). 

 

3.3.3 Scans undertaken  
 

A series of scans were performed during the melt season of 2013, using the same measurement 

position in all cases. The upper part of the glacier was not detectable because of the geometry of the 

Figure 2: Scanner’s own co-ordinate system [X,Y,Z] 
The rotating polygon mirror deflects the laser beam in a 
plane P perpendicular to the x/y plane, changing the angle 
Ѳ; the rotating optical head rotates in the x/y plane, 
changing the angle ф; the line scan changes the angle Ѳ, the 
frame scan changes the angle ф (RIEGL, 2013c) 
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valley, but the central (about 3 km from the source) and the bottom (about 1 km) portions were clearly 

visible and were scanned on the following dates: 06/07/2013, 30/07/2013, 05/08/2013, 11/08/2013 

and 15/09/2013, at around noon in all cases. To test the capacity of the scanner to measure at a higher 

frequency, a scan was performed every hour between 9h and 17h on 05/08/2013. For all scans, the 

decision was taken to use natural features, effectively bedrock outcrops, to orient each scan to the 

same relative (i.e. local) co-ordinate system during post-processing, the latter established for the 

06/07/2013. For this reason, the point clouds covered a larger area than that which was of interest. 

The Table 1 shows the parameters used in the scans. In particular: (1) the surface area was measured 

by air view; (2) when the entire scan was acquired in two or three times, the number of points increases 

because of overlap; (3) the point density is a mean over the surface of interest (the studied portion of 

the glacier); (4) the intra-day scans were performed each hour, in one shot for 8 minutes. 
 

Table 1: Seasonal (Table 1a) and intra-day (Table 1b) surveys scan parameters  

Dates Surface area 
scanned 

(m2) 

Number 
of points 

measured 

Point 
density 
(x/m2) 

Number 
of scans 

Total measurement 
time 
(min) 

06.07.2013 6'610'785 13'709'776 2.07 2 36 

30.07.2013 2'201'591 5'589'410 2.54 2 26 

05.08.2013 1'963'256 22'773'067 11.60 3 58 

11.08.2013 2'002'014 8'288'364 4.14 2 30 

15.09.2013 552'774 7'687'512 13.91 1 12 
 

Time,  
05/08/2013 

Surface area 
scanned 

(m2) 

Number 
of points 

measured 

Point 
density 
(x/m2) 

9h 1'203'484 2'278'934 1.89 

10h 1'263'887 2'407'482 1.90 

11h 1'432'985 2'735'018 1.91 

12h 1'435'513 2'928'132 2.04 

13h 1'381'755 2'815'296 2.04 

14h 1'463'919 3'304'290 2.26 

15h 1'492'458 3'120'042 2.09 

16h 1'490'799 2'837'250 1.90 

17h 1'594'398 3'302'694 2.07 

 

3.3.4 Point cloud processing 
 

Point cloud processing required a series of steps: (1) joining the overlapped scans to one layer, 

trimming the data to the area of interest (only the glacier) and removing of clear outliers due for 

example to atmospheric reflections as dust or moisture, which were minimised through scanning on 

cloud free days; (2) manually identifying a small number of points to orient and to displace the data 

approximatively into the same local co-ordinate system; (3) improving the precision of the 

approximate orientation and overlapping of the scans by comparing automatically only stable points 

during the period; (4) assessing the quality of each final orientation by minimising the standard 

deviation while providing sufficient data density to be reliable; (5) transforming the point cloud into a 

surface (mesh) and manipulating the surfaces to estimate surface change. The software used for 

processing point clouds from the RIEGL VZ-6000 is RiSCAN PRO® (see RIEGL, 2005 for further details). 

The processing was undertaken for two separate projects: (1) the seasonal scale; and (2) the intra-day 

scale; reflecting the fact that the precision of the latter should be better than the former because the 

instrument was not moved between scans. 
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For both steps of the registration, the co-ordinate systems for the first seasonal survey (06/07/2013) 

and the first intra-day survey (09h, 05/08/2013) were used as the datum onto which the others 

seasonal and intra-day surveys respectively were registered. For the approximate co-registration, a 

small number (minimum 4) of manually identified common points were used to provide an initial 

estimate. Then, the density of the point clouds was reduced to facilitate and to shorten the time of 

computation for the precise orientation, and patches of data associated with bedrock outcrops were 

identified. Afterwards the precise orientation was undertaken through an iterative closest point 

process (Zhang, 1992) in which the orientation and the position of each scan were iteratively modified 

in order to calculate the best fit between the point patches. The output includes an indication of the 

quality of the fit as a root mean square error.  

 

Each co-registered point cloud was triangulated using nearest neighbour interpolation (a 2D-Delaunay 

triangulation algorithm) which was judged to be sufficient given the relatively high point density in 

relation to local variability in surface elevation, but with criteria that limited the maximum length of 

triangle edges and triangle angles. The maximum edge length was defined as 5 m with the aim of 

avoiding large data gap while removing too extended triangles. The maximal angle between the 

triangle normal and the ray of sight was 90° to correspond to the quite flat glacier area. 

 

Finally, the points were exported to the SURFER® software (see Golden Software, 2012 for further 

details). A regular grid with a 0.3 m spacing (reflecting the approximate point density) was interpolated 

using kriging. Kriging is a very flexible gridding method based on the regionalized variable theory 

assuming that the spatial variation in the phenomenon represented by the z-values is statistically 

homogeneous throughout the surface (Golden Software, 2012) (what was expected for this study). 

SURFER® uses the variogram model that measures how quickly phenomena changes of the average. A 

linear component was employed with the slope and the anisotropy equal 1. 

 

The resulting DEMs could be compared by subtraction to visualise surface changes and also to perform 

volume calculations. It should be noted that the interpolation methods could be improved given that 

this was a scan from a single point, through consideration of more advanced geostatistical methods. 

 

3.3.5 Data quality 
 

Following Cooper (1998), the derived data could have two types of error: systematic error associated 

with point errors that are highly inter-correlated (e.g. a clear mean error); and random error associated 

with individual data points that are locally uncorrelated with one another. Under the assumption that 

the mean error is negligible and that the random errors are Gaussian and pairwise uncorrelated, the 

standard deviation of error can be used to identify limits of detection for surface change. To have 95 

% confidence in a measured change (Lane et al., 2003): 
 

|𝑧2 − 𝑧1| > 1.96 ∗ √𝜎𝑧1
2 +  𝜎𝑧1

2                                                                [1] 
 

where zi is the elevation of a point at times 1 and 2 and 𝜎𝑖 is the standard deviation of error taken as 

characteristic of the entire dataset. Thus, this calculation could be used to identify a range for which 

estimated changes were too small to be statistically significant and so could be considered as noise.  
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3.4 Results 
 

3.4.1 Data quality 
 
Table 2 shows the standard deviations of error of each compared dataset and the associated limits of 

detection (LoD) using [1] for each pairwise surface comparison. As the LiDAR was not moved the 

05/08/2013 between scans, the standard deviations were significantly smaller (approximatively 6 

times) as these of the seasonal survey. This is reflected in the LoD also. With these results, it was 

possible to visualise significant changes in the DEMs of difference.  
 

Table 2: Standard deviation diagonal and Limits of Detection for seasonal scale (Table 2a) and hourly scale (Table 2b) 

Dates 06/07/2013 30/07/2013 05/08/2013 11/08/2013 15/09/2013 

06/07/2013 ±0.000         

30/07/2013 ±0.133 ±0.068       

05/08/2013 ±0.135 ±0.189 ±0.069     

11/08/2013 ±0.114 ±0.175 ±0.177 ±0.058   

15/09/2013 ±0.167 ±0.213 ±0.214 ±0.202 ±0.085 
 

Time, 
05/08/2013 

09h 10h 11h 12h 13h 14h 15h 16h 17h 

09h ±0.000                 

10h ±0.031 ±0.016               

11h ±0.031 ±0.044 ±0.016             

12h ±0.034 ±0.046 ±0.046 ±0.017           

13h ±0.041 ±0.051 ±0.051 ±0.053 ±0.021         

14h ±0.035 ±0.047 ±0.047 ±0.049 ±0.054 ±0.018       

15h ±0.034 ±0.046 ±0.046 ±0.048 ±0.053 ±0.049 ±0.017     

16h ±0.037 ±0.048 ±0.048 ±0.050 ±0.055 ±0.051 ±0.050 ±0.019   

17h ±0.039 ±0.050 ±0.050 ±0.052 ±0.056 ±0.052 ±0.051 ±0.054 ±0.020 

 

3.4.2 Surface changes at the seasonal scale 
 

Table 3 shows the average melt volume per day for each period ([m3/day]) and the same melt volumes 

divided by the surface to provide an average surface lowering (effectively a melt rate) in [m3/m2/day]. 

The same calculations were performed for the intra-day survey in [m3/m2/hour]. To compare these 

two time scales, the first melt rate results were normalised by hour also. This calculation assumes that 

at the scale of the study, there is negligible upstream flux. This assumption is discussed below. 

 

The results are logical and reflect the seasonal evolution of meteorological conditions (Figure 3 - 

Evolène). The melt rates during July and early August are similar; they then decline gradually during 

the transition from mid-summer to early autumn. Critical here is the progressive reduction in solar 

insolation due to the growing effects of valley shading. Averaged over the entire period, for the area 

studied, the glacier lost approximatively 0.05 ±0.002 m3/m2 of ice by day during the summer season 

2013. Figure 4 illustrated the raw melt rate for each interval of time and the results normalised by day. 

In practice, the melt rates are thus spatially variable: whilst showing the generally decreasing melt 

rates through time, there are clear zones of lower melt that trend North-South and which are related 

to medial moraines (Figure 5). There are some diagonal lines, which are related to small imprecisions 

in the orientation of individual laser lines. It should be noted that these observations may well under-

estimate melt because there is no correction for the effects of ice mass flux. Given velocity 
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measurements made at the Haut Glacier d’Arolla of up to about 1.0 m per year (inferred from Mair et 

al., 2003), at the timescales being observed, the lateral displacement is not likely to be much more 

than a single grid cell. 
 

Table 3: Melt volumes and melt rates for the seasonal survey (Table 3a) and the intra-day survey (Table 3b) 
With the same final melt rate (to help the comparison) and uncertainty 

Dates Number 

of days 

Volume 

(m3/day) 

Melt rate (dh) 

(m3/m2/day) 

Melt rate (dh) 

(m3/m2/hour) 

06/07-30/07 24 5'496 ±48 0.059 ±0.001 0.002 ±<0.0001 

30/07-05/08 6 5'501 ±273 0.059 ±0.003 0.002 ±<0.0001 

05/08-11/08 6 4'022 ±256 0.043 ±0.003 0.002 ±<0.0001 

11/08-15/09 35 2'866 ±50 0.031 ±0.001 0.001±<0.0001 

06/07-15/09 71 4'011 ±20 0.043 ±0.001 0.002 ±<0.0001 
 

Time, 

05/08/2013 

Volume 

(m3/hour) 

Melt rate (dh) 

(m3/m2/hour) 

9h-10h 13 ±0.45 0.001 ±<0.0001 

10h-11h 12 ±0.64 0.001 ±<0.0001 

11h-12h 18 ±0.68 0.002 ±<0.0001 

12h-13h 12 ±0.78 0.001 ±<0.0001 

13h-14h 13 ±0.79 0.001 ±<0.0001 

14h-15h 77 ±0.71 0.008 ±<0.0001 

15h-16h 18 ±0.73 0.002 ±<0.0001 

16h-17h 20 ±0.79 0.002 ±<0.0001 

9h-17h 174 ±0.57 0.018 ±<0.0001 

 

 
Figure 3: Temperatures and precipitations during the period of study (06/07/2013 to 15/09/2013)  
These values are issued from Evolène station 
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Figure 4: DEMs of difference for the seasonal survey 
Above, the raw periodic melt rate (effective changes); below, the changes normalised by day 
The axes are in the LiDAR co-ordinate system; the proportionality between the scale and the LoD was conserved 
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Figure 5: Outline of the seasonal survey shows on an old orthoimage (2009) 

 

3.4.3 Surface changes at the intra-day scale 
 
Figure 6 illustrates the DEMs of difference from 9h to 11h, 13h, 15h and 17h on the 5th August 2013.  

This day was one of the warmest days of the summer (Figure 3). There was no precipitation and a high 

insolation which increased the temperature rapidly (Figure 7). The maximal reached 22.9°C in Arolla at 

13h. At this scale, it is possible to note two important elements of the surface change. The first is clear 

measurement of differential melt associated with ogives on the glacier surface. At the intra-day scale, 

given Mair et al. (2003), these cannot be related to down glacier movement of undulations in the ice 

surface, but rather must reflect differential melt rates associated with the effects of ogive-related 

differences in surface albedo. The second pattern is associated with a positive surface change in the 

up glacier portion of the study area, early in the morning, which decays progressively during the day.  
 

 
Figure 6:  DEMs of difference for the intra-day survey 
The axes are in the LiDAR co-ordinate system 

(m) 
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Figure 7: Temperatures and insolation conditions on the 05/08/2013  
These values are issued from Evolène station (insolation - Météosuisse) and Arolla usine station (temperature - HYDRO 
Exploitation SA) 

 

 

 

3.5 Discussion 
 

3.5.1 Methodological issues and data quality 
 

In methodological terms, this paper shows that long range terrestrial laser scanners that use 

wavelengths suitable for reflection by snow and ice are able to provide exceptional levels of detail on 

surface ice melt. Here, this was demonstrated with respect to both the seasonal and intra-day scales. 

These data were able to reveal spatial variability in melt related to moraine cover at the seasonal scale 

and the presence of ogives in the ice surface at the intra-day scale. 

 

The typical survey distance for these measures was between 2 and 3 km and data with a mean spatial 

resolution of 0.17 m were obtained. The acquisition time for the larger seasonal scale area was less 

than c. 20 minutes and for the smaller intra-day scale area less than 8 minutes. Obtaining these data 

comes with the following caveats: (1) atmospheric absorption (clouds and rain) both reduce the 

possible survey distances and introduce substantial noise; (2) the actual scan areas had to be enlarged 

to allow measurement of zones (here bedrock outcrops) that could be guaranteed as fixed during the 

study periods; (3) better precision was possible where the scanner did not need to be moved between 

surveys (i.e. at the intra-day timescale); (4) use of the scanner required attention to be given to safety 

related issues; and (5) the complexity of the glacier surface may need more than a single scan position. 

In this case, only a single position was needed because a suitable vantage point of the glacier could be 

identified. These issues notwithstanding, the data obtained appeared to be highly realistic with only 

very minimal artefacts (e.g. Figure 4) present in the data. In theory, the scan can be used to provide 

highly reliable and spatially rich data on surface melt patterns, without further correction, provide that 

the time between scans is short as compared to the lateral glacier surface velocity. If the scanner is 

not moved between scans, and despite the 2 to 3 km distance from the area scanned, melt rates of 2 

cm or greater could be measured.  
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3.5.2 Seasonal surface changes 
 

There is a broad association between overall melt rates and the evolution of temperature and 

insolation from early June until mid-September. 

 

The spatial variability in melt was clearly associated with the effects of debris cover related to medial 

moraines (Figure 5). The Haut Glacier d’Arolla possesses three medial moraines: an ablation-

dominated moraine east of the glacier centre line, an ice-stream interaction moraine west of the 

glacier centre line, and a medial-lateral supraglacial moraine complex along the western margin of the 

glacier (Gomez et al., 1985). The first corresponds to the linear-curved feature shape on the eastern 

part of the study area and the second is found in the centre of the figure (Figure 4). These melting 

differences result from debris cover thickness effects. A thin debris cover (<∼5 cm) enhances ablation 

due to a reduced albedo and an increased absorption of shortwave radiation, whereas thicker debris 

insulates the underlying ice and reduces ablation, because of its low thermal conductivity (Nakawo et 

al., 1981). As the scanner also provides data on the reflectance properties of the surface, it is possible 

that in addition to obtaining surface melt rate data, it may also be able to infer debris cover 

characteristics, something that is planned to explore in future projects. 

 

It was also possible to identify some aspect effects. The aspect of the study area is shown in Figure 8. 

The region that was the most exposed to the sun (dark red) during the summer coincides with the zone 

downstream where there was more melt. Obviously others parameters have to be mentioned to 

explain these changes in the mass balance, both meteorological and physical, but they show that there 

is work to be done to exploring how these data may be used to drive spatially distributed melt models. 
 

                           
 

3.5.3 Intra-day surface changes 
 

The ability to detect differential melt associated with ogives was surprising. Ogives are small scale 

debris bands that generally form annually (Benn et al., 1998) and which can be considered as kinematic 

waves that are a consequence of inertial forces (Hooke, 2005). They characterise the overall ice flow 

direction (Benn et al., 1998) and lead to patterns of cumulative strain that is greater at the glacier 

Figure 8: Aspect for the seasonal survey 
The darker the red, the more the glacier 
received sun during the summer season 2013 
Axis, distance in [m] 
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margin with velocity greatest near the central-line (Hambrey et al., 1980). Here, it was shown how they 

cause spatial patterns in surface melt.  

 

The more intriguing part of these data is the measurement of surface uplift early on during the day 

that diminishes gradually to allow the ogive pattern to become dominant across the glacier. Such a 

change could have severals origins: (1) a registration error, with one or more surfaces having an 

incorrect spatial trend; (2) the effects of differential ice flux which would lead to thickening in the 

upstream part of the area of interest; (3) the effects of aspect on differential surface melt; or (4) the 

effects of within day hydraulic jacking (e.g. Kulessa et al., 2008). A check of the spatial distribution of 

the residuals to the fitted co-registration showed no spatial trend, so eliminating the first hypothesis. 

The second hypothesis can be evaluated by considering the magnitude of the observed changes. These 

are typically around 0.10 m in two hours (09h to 11h, Figure 6). That is, ice that is 0.10 m higher than 

any one grid cell will need to move downstream by 0.30 m, the grid cell resolution, in order for the 

magnitude of change to be due to an ice flux effect. In the area of uplift, the glacier surface slope is 

about 0.1. That is, there would need to be a lateral displacement of the glacier of about 1.0 m in 2 

hours. This is almost an order of magnitude greater than the maximum daily velocities measured on 

the Haut Glacier d’Arolla, associated with relatively infrequent spring-melt related speed up events. It 

is highly unlikely. Additionally, feature tracking using the point clouds (e.g. of structual weaknesses 

evident in the surface) showed no lateral displacement at the 2 hours timescale. 

 

The possibility that aspect and debris cover could explain this difference, even if correct, does not 

explain surface uplift. At the intra-day scale, it can be added that the slope down glacier was the same 

throughout the area. The aspect (Figure 9) showed that the upper part was probably subject to higher 

insolation, which also counters this explanation.  
 

 
 
The hypothesis that remains is that some kind of intra-day hydraulic jacking was measured. Kulessa  et 

al. (2008) suggest that this may happen at a sub-daily scale associated with the onset of melting and 

the associated local build up of subglacial water pressure. This phenomenon has not been observed at 

the Haut Glacier d’Arolla and, indeed, if it is a local effect, the density of the net of point measurements 

required to detect it is higher than those densities typically used at this glacier. 

 

With other hypotheses excluded, it may be that the surface uplift could be thus describing a hydraulic 

jacking effect associated with subglacial hydrological processes. The transition from a distributed to a 

Figure 9: Aspect for the 05/08/2013 
The darker the red, the more the glacier 
received sun on the 05/08/2013  
Axis, distance in [m] 
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canalised system has been observed and explained at seasonal scale (e.g. Nienow et al., 1998; Mair et 

al., 2002a; Kulessa et al., 2008; Mair et al., 2008). The hydraulic jacking may occur because after partial 

closure of the channels overnight, there was a rapid input of melt water linked to high insolation and 

rapid temperature rise (Figure 7), at a rate that is greater than the capacity of the channels to melt 

(Hock et al., 1993), such that the pressure builds up (Mair et al., 2003). Afterward it followed an ice-

bed decoupling, resulting from an uplift of the ice and a strengthening of the subglacial lubrication 

(Mair et al., 2003). The fact that this is restricted to the upper part of the studied area may reflect the 

steep gradient in ice thickness up glacier, which will drive closure rates. To further evaluate this 

assumption, repeat survey of this area, coupled with measurements of subglacial channels using radar, 

is required. 

 

 

 

3.6 Conclusions  
 

This study has shown that elements of the melting and dynamic processes of an Alpine temperate 

valley glacier can be measured using long range terrestrial laser scanning. This was demonstrated using 

data obtained at two temporal scales: seasonal and intra-day. At the seasonal scale, mean melt rates 

of 0.05 ±0.002 m3/m2 per day, uncorrected for flux effects, were measured between July and mid-

September. The data show how this melt rate declined with the transition from mid-summer to early 

autumn, and how it was spatially variable in relation to glacier debris cover. At the intra-day scale, 

differential melt was measured associated with ogive-related variability in debris cover as well as a 

possible hydraulic jacking early on during the day associated with temporary build up of subglacial 

water pressure.  

 

At the spatial scale of study (a scan distance of 2 km to 3 km), use of a laser wavelength optimal for 

snow and ice cover allowed data to be obtained with a mean point spacing of less than 0.20 m. The 

surface changes that could be detected depended on: (1) whether or not the scanner was moved 

between surveys, leading to better precision at the within-day scale when the scanner was fixed; and 

(2) the quality of the co-registration process. 
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Chapter picture  
The sandur of the Haut Glacier d’Arolla  
 
With the snow covered glacier as background (06/07/2013) 
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4.1 Overall conclusion  
 

4.1.1 Glacier recession and climate forcing 
 
The Haut Glacier d’Arolla has been in continuous recession since 1967, associated with a progressive 

temperature rise. This is despite the snowier and colder periods recorded in Switzerland in the late 

1970s and early 1980s during which most Swiss glaciers advanced (Haeberli et al., 1998), including 

adjacent ones (Bas Glacier d’Arolla; Tsijiore Nouve). Although the snowier/colder period may have 

increased ice accumulation in the upper glaciated part of the basin, the low rate of ice flux was 

insufficient to prevent a continued thinning and snout recession. Thus, unlike other glaciers, the 

duration of the snowier/colder period was too short to translate into a glacier advance, that is it has 

too long a response time, and continual recession was recorded. The long response time is probably a 

function of the low glacier surface slope. 

 

4.1.2 Glacier melt dynamics at three time scales 
 

The combination of the decadal scale photogrammetric survey with the seasonal and intra-day laser 

scanning surveys allowed different rates of melt to be calculated. Melt rates were highest down glacier, 

reflecting snout retreat. In addition, because of the glacier configuration, spatial patterns of melt 

showed substantial variability, clearly related to the effects of debris cover on melt, and moraine 

formation. The Haut Glacier d’Arolla possesses three medial moraines: an ablation-dominated moraine 

east of the glacier centre line, an ice-stream interaction moraine west of the glacier centre line, and a 

medial-lateral supraglacial moraine complex along the western margin of the glacier (Gomez et al., 

1985). Both at the decadal and the seasonal scales, the melt rates were higher on the ice, and lowest 

on the moraines reflecting debris-cover insulation. By contrast, at the intra-day scale, enhanced melt 

rates were noted where there was debris related to ogives but where the cover was less thick, 

associated with increased albedo but where the debris cover was not sufficient to insulate the ice. 

 

4.1.3 Glacier dynamics at three time scales 
 

It was possible to study glacier dynamics at two of the three time scales. At the decadal scale, the flux 

was measured by tracking surface particles and combining this with data on bed geometry. This 

showed some variability in ice mass flux, but flux rates were generally always much smaller than the 

volumes of ice per year being lossed in the glacier margin. This was the reason for the rapid glacier 

retreat. 

 

At the intra-day scale, a pattern of surface uplift was observed early in the morning. Though the 

process of elimination of other hypotheses, this was concluded as most likely to be a hydraulic jacking 

effect associated with subglacial hydrological processes. Overnight reductions in subglacial channel 

capacity coupled to rapid rises in melt rates early in the morning combined to increase subglacial water 

pressure sufficiently, and leading to surface uplift. Further work is required to confirm this conclusion. 

 

 

 

 

 



Remote sensing of the interactions between climate variability and glacier dynamics for an Alpine temperate glacier, from the 
scale of the decades to hours 
 

 
58 
 

4.1.4 Methodological issues 
 

This study demonstrated the relevance of using remote sensing technologies in glacier research. In 

particular, the potential of archival digital photogrammetry to reconstruct glacier advance and 

recession was proved. Provided that certain conditions are met, it was possible to generate data with 

a very good precision in the vertical and so to detect surface changes of better than 0.3 m over quite 

long time periods.  

 

This study also showed that long range terrestrial laser scanners that use wavelengths suitable for 

reflection by snow and ice are able to provide exceptional levels of detail on surface ice melt. The 

typical survey distance for these measures was between 2 and 3 km and data with a mean spatial 

resolution of 0.17 m were obtained. When the scanner was not moved between scans, surface changes 

of 2 cm or greater could be measured. Moreover, the error analysis produced encouraging results in 

both approaches with a very low error rate all along the processes. 

 

Thus, archival digital photogrammetry can provide valuable data on glacier response to climate forcing 

over multiple decades for unmonitored glaciers, where imagery is available, and data obtained by 

terrestrial laser scanning appeared to be highly realistic with only very minimal artefacts. These 

methods offer thereby highly reliable and spatially rich and precise data on surface change patterns at 

different time scales. 

 

 

 

4.2 Limits and perspectives 
 

Technically, a number of critical perspectives have to be noted. Photogrammetry used in order to 

reconstruct past events needs historical imagery, which has to be available with a good enough 

temporal resolution and a spatial scale that allows detection of detail while having sufficient 

overlapping ground coverage. To ensure the products quality, the glacier surface has to be no snow 

covered, no cloud covered and not shadowed by the mountains around during image acquisition. 

Imagery acquired at the end of the summer ablation season is most likely to be optimal, but it is 

probably the case that in snowier years, there will be parts of the basin where it is not possible to 

estimate surface change for an entire glacier. 

 

As regards LiDAR measurements, the terrain has to be readily accessible (given the bulky and fragile 

nature of the equipment), without moisture, without dust because of wind and without fog in the zone 

of interest. However, night acquisitions are possible. The use of the scanner requires attention to be 

given to safety related issues. There remained some artefacts in the results, including diagonal lines, 

related to small imprecisions in the orientation of individual laser lines. This inconvenience could be 

solved by combining scans from other points of view.  

 

To augment the accuracy of the meteorological data (temperature, precipitation and insolation), it is 

important to use a closer meteorological station. Private data being collected by HYDRO Exploitation 

SA are now available and will be used in future work.  

 

The zone has to be enlarged for the LiDAR data also, in order to confirm if the uplift phenomenon 

observed was really a hydraulic jacking and to better determine the spatial distribution of the changes 
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in depth. In the same way, the surface surveys could be associated with below surface data acquisitions 

(Ground Penetration Radar, seismic, borehole, etc.) to connect the processes. Moreover, a better 

precision is possible where the scanner does not need to be moved between surveys or if a GPS is 

connected to the device. This improvement would reduce the stereo-matching error margin and would 

directly give a co-ordinate system, which has to be considered in the forthcoming investigations. 

 

The very high quality products created during this research allowed determination of glacier changes 

and dynamics over time by computing calculations on DEMs and DEMs of difference. To continue with 

this work, evolution of the erosion and deposition areas around the glacier at the decadal scale could 

be analysed and a focus could be established on the sandur for instance. Another focus could be the 

impacts of glacier retreat for future hydroelectric development exploitation. Overall, the potentially 

most intriguing and interesting measurement to follow up is probably the surface uplift early on during 

the day that diminishes gradually.  
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