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Abstract

Climate change is an omnipresent issue in the high mountains as they are highly
sensitive to changes. The most obvious consequence is glacial retreat. Quantitative
analysis leading to a better understanding of glacial processes has to build on de-
tailed monitoring. The main issue dealt with in the present study is the snow cover
on glaciers, targeting at the acquisition and analysis of information at high spatial
and temporal resolution. The processing of terrestrial photos, taken by an automatic
time-lapse camera, provides such information with a proper cost-benefit balance
and an easy-to-handle workflow. Photos of two cameras are processed, operating
at Hoher Sonnblick (Austrian Alps), where the two glaciers Kleinfleisskees (FLK)
and Goldbergkees (GOK) are monitored. Photos of the ablation periods 2014 —2018
are used in this survey, continuously monitoring the two glaciers. The aim of the
present work is to develop a semi-automatic method to derive glacier surface clas-
sification maps operating on a daily or subdaily basis, and thereby to investigate on
the spatio-temporal evolution of the snow cover patterns on two glaciers. The used
image processing approach is done using two main steps: (i) Georeferencing all
terrestrial photos is performed by the already existing tool PRACTISE. (ii) Surface
classification is done by the newly developed model GLACIERIZER. The disappear-
ance of the snow cover during the ablation period is quantitatively characterized.
The calculated Accumulation Area Ratio (AAR) shows a decrease for the observed
glaciers in the ablation periods. GLACIERIZER can be characterized as a semi-
automated tool, because some manual digitizing is necessary. Challenges, limita-

tions and further investigations for the future are discussed.
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Zusammenfassung

Der Klimawandel ist das allgegenwartige Thema im Hochgebirge und dieser Raum
reagiert sehr empfindlich auf Veranderungen. Die offensichtlichste Konsequenz ist
das Abschmelzen der Gletscher. Durch das Monitoring von Gletschern wird umfas-
sendes Wissen gesammelt, auch als Basis flr quantitative Analysen. In dieser Stu-
die ist die Schneedecke das Hauptbeobachtungsobjekt, wobei auf eine hohe raum-
liche und zeitliche Aufldsung abgezielt wird. Diese kann durch die Verarbeitung von
terrestrischen Fotos, die mit einer automatischen Zeitraffer-Kamera aufgenommen
wurden, ermdglicht werden, wobei es sich dabei um eine Methode mit hohem Kos-
ten-Nutzen-Verhaltnis und einem einfach zu handhabenden Ablauf handelt. Fotos
von zwei Kameras werden bearbeitet, die auf dem Hohen Sonnblick (&sterreichi-
sche Alpen) die beiden Gletscher Kleinfleisskees (FLK) und Goldbergkees (GOK)
beobachten. Fir diese Studie werden Fotos flir die Ablationsperioden 2014 - 2018
verwendet. Ziel der vorliegenden Arbeit ist es, eine halbautomatische Methode zur
Ableitung von Gletscheroberflachen in Form von Klassifizierungskarten zu entwi-
ckeln und dabei die raumlich-zeitliche Entwicklung der Schneedecke auf zwei Glet-
schern zu untersuchen. Der verwendete Bildverarbeitungsansatz arbeitet in zwei
Schritten: (i) Die Georeferenzierung aller terrestrischen Fotos wird mit dem bereits
vorhandenen Tool PRACTICE durchgefthrt. (ii) Die Klassifizierung der Oberflache
erfolgt mit dem neu entwickelten Modell GLACIERIZER. Fir die beobachteten Glet-
scher zeigt sich eine Abnahme fiir die Rate der noch Schnee bedeckten Flachen
am Ende der Ablationsperiode. GLACIERIZER arbeitet als halbautomatisches
Werkzeug, da einige manuelle Digitalisierungen erforderlich sind. Herausforderun-

gen, Einschrédnkungen und weitere Ziele fir die Zukunft werden diskutiert.
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1 Introduction

Climate change is the issue of our time, especially high-mountain areas are vulner-
able and sensitive to changes in the climate system (IPCC, 2007; European Envi-
ronmental Agency (EEA), 2012). Climate forcing is determined by the variations and
changes in temperature and precipitation, resulting in nonlinear responses, ob-
served for example through time lags, feedback mechanisms, etc. (Knight and Har-
rison, 2016). The cryosphere and especially snow cover act as an important param-
eter for the global energy balance and the water cycle, for example by influencing
radiation balance, groundwater, runoff, flora and fauna, glaciers and human activi-
ties (Tsai et al., 2019). The global and regional radiation balance is determined by
snow cover through a direct feedback mechanism between surface albedo and sur-
face temperature (IPCC, 2013). Because of the high albedo of snow (0.8 — 0.9) the
incoming solar radiation is reflected, whereas other surfaces have mostly lower al-
bedo (0.1 — 0.3) resulting in absorbing most of the radiation (Tsai et al., 2019). If the
snow cover extent and the duration of its presence are decreasing, a reduction of
the albedo is the result. This increases the warming process additionally, leading to
an acceleration of snow cover melting (Winter et al., 2017). But the snow cover also
plays an important role for the energy balance of glaciers, as due to its high albedo
snow cover protects glacier from melting and the energy balance is controlled by
the energy fluxes on the surface of the glacier (Rastner et al., 2015). Mass loss and
gain on glaciers are mostly determined by melting and snowfall, both influenced by
atmospheric processes and their current changes, for example changes in moisture,
circulation and air temperature. Adjustments to such changes are seen in the sur-

face mass balance (Bamber, 2015). A useful indicator for the annual mass balance



can be observed by the altitude of the snow line at the end of the ablation period,
because it roughly represents the altitude of the equilibrium line (Rastner et al.,
2015). Especially in the high mountains the snowpack underlays strong variations
for both spatial and temporal constituents (Piazzi et al., 2019), but this information
is highly relevant and needed for further investigations (Pirazzini et al., 2018). Fur-
thermore because of its multiple influences, snow cover is defined as a critical cli-
mate variable by IPCC (2013). Several methods for monitoring snow cover do exist,
but when dealing on a high spatial and temporal resolution a lot of approaches (e.g.
station data, satellites, manual measurements, etc.) are not sufficient enough (Ber-
nard et al., 2013). Terrestrial photography, realized with automatic time-lapse cam-
eras, achieve this high resolution aims, beside also acting as a cost-effective solu-
tion for remote places (Harer et al., 2013). Automatic approaches processing the
photo data have already been established, but the surface classification procedure
is still a gap (Salzano et al., 2019), especially when several classes should be dis-
tinguished and at the same time an adjustment to disturbing conditions like shadows

should be gained (Bernard et al., 2013).

The aim of this master thesis is to develop and evaluate an easy to handle prototype
of an automated image classification approach, which derives glaciers surface clas-
sification maps distinguishing into several classes on a daily or subdaily basis, and
thereby (i) to identify the needs for further research and (ii) to investigate on the
evolution of snow cover patterns on two glaciers in the Austrian Alps (Kleinfleisskees
and Goldbergkees). This study will therefore address the following research ques-

tions:



i.  Which level of automatization can be achieved in processing terrestrial pho-
tos for the detection of glacier changes, in particular snow-free areas on the

glacier?
ii.  What are the limitations and the key challenges in doing so?

ii. How did the patterns of snow cover evolution on the analyzed glaciers

change in the period 2014 (2016) - 20187

The main part of this master thesis consists in a manuscript prepared for submission
to the journal “Remote Sensing of the Environment”. That manuscript is wrapped
into a framework paper setting the scene and highlighting the main findings and

conclusions.

The study area of Hoher Sonnblick is presented in Section 2. Section 3 provides an
insight in the data and the methods used and developed. The submitted publication
is presented in Section 4. Section 5 outlines the results. An insight in the discussion

of limitations is given in Section 6, followed by an overall conclusion (Section 7).

2 Study Area

For testing the image classification approach two automated time-lapse cameras
are selected, which monitor the two glaciers — Kleinfleiskees (FLK) and Gold-
bergkees (GOK). The study area is located in the central Austrian Alps, at the Alpine
main divide. A strong climatic gradient resulting in different precipitation and snow
distribution patterns is found between the south and the north, therefore also influ-
encing the glacial evolution (Auer et al., 2002; Mott et al., 2008; Schoner et al.,

2012a). Hoher Sonnblick forms the highest peak (3106 m) of the study area and is



also well known for the observatory, having the longest continuous series for mete-
orological data on such an altitude (Schoéner et al., 2012b). For both glaciers intense
glacial monitoring is performed, demonstrating the evolution and retreat of the glac-
iers (Schoner et al., 2012a; Auer et al., 2002; Schoner et al., 2000). Because of the
location in an area with high amount of precipitation, these glaciers are climatologi-

cally more sensitive than other glaciers in Austria (Schoner, 2009).

3 Data and Methods

The main data source for this survey are terrestrial photos, taken by automatic time-
lapse cameras operated by ZAMG. The camera directed towards FLK operates
since 2014, the one observing GOK since 2016. Automated georectification is
needed to produce orthophotos out of a high number of taken photos. Therefore, a
digital elevation model (DEM), information about interior and exterior orientation and
the camera target point (center of the photo) are required (Harer et al., 2013; Arslan

et al., 2017).

The methodical aim is to select representative photos for monitoring the snow cover
over the ablation period, transforming them to orthophotos and afterwards distin-
guish several classes due to their surface appearance. Two main approaches are
attached to each other: PRACTISE and GLACIERIZER. The georectification tasks
is done by the open source code PRACTISE (Photo Rectification And ClassificaTlon
SoftwarE) developed by Harer et al. (2013) which is based on the photogrammetric
principle of monoplotting. Thereby a two-dimensional photo is transformed in such
a way that three-dimensional points are representing the scene. In other words, the

pixels of a photo are blended with the coordinates of a DEM, resulting as a virtual



photograph of a DEM. PRACTISE is based on a procedure developed by (Corripio,
2004) and furthermore some optional features are included for improving the interior
and exterior orientation parameters. Ground Control Points (GCPs) are used for a
precise georectification, which are generated in two ways: differential GPS points
are measured in the field (Messerli and Grinsted, 2015) and distinctive marks be-
tween an orthophoto and the corresponding photo are matched (Schwalbe and
Maas, 2017). For this survey, several GCP sets do exist because of compensating
camera movements. PRACTISE was modified in the way that various glaciers, sur-
vey periods, GCP files and camera parameters can be accessed in a new user-
friendly setting. Because the classification approach within PRACTISE only works
with fixed thresholds and the offered adaptations to these thresholds do not produce
successful results, a new surface classification approach is developed, called
GLACIERIZER. GLACIERIZER is a semi-automated surface classification tool,
which handles multiple orthophotos and is programmed as a Python-ArcGIS Script.
A most likelihood classification is performed by considering training areas based on
a weekly or monthly basis. Several classes are distinguished and their RGB thresh-
olds are adapted for every single orthophoto. This makes it possible that changing
conditions (weather, illumination) are considered. The results are created within the
automatic approach, linked to the software R, and presented through different kinds

of maps.
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Highlights
e Semi-automated surface classification approach operating for glacier moni-

toring.

e Time-lapse cameras perform as a distinguished method due to high spatial

and temporal resolution.

e Newly developed and easy to handle surface classification tool GLACIER-

IZER, adaptable for diverse photo monitoring approaches.

e GLACIERIZER usable for showing snow cover evolution over several abla-

tion periods

Abstract

High-alpine regions react highly sensitive to climate change, and the most obvious
consequence of rising temperatures is glacier retreat. Continuous monitoring of
glaciers at various spatial and temporal resolutions serves as a basis for quantitative
analyses of changes. The aim of the present work is to develop a semi-automatic
method to derive glacier surface classification maps operating on a daily or subdaily
basis, and thereby to investigate on the spatio-temporal evolution of the snow cover
patterns on two glaciers. We focus on the analysis of terrestrial photos, taken by

automated time-lapse cameras installed at Hoher Sonnblick in the Austrian Alps.



Photos from two cameras are used to continuously monitor two glaciers (Klein-

fleisskees and Goldbergkees) in the period 2014 — 2018.

The work flow of the image processing operates in two main steps: (i) The existing
georectification tool PRACTISE is applied to automatically georectify all the selected
terrestrial photos. (ii) The newly developed routine GLACIERIZER is employed for
surface classification. A supervised classification method is applied, building on
training areas. The entire framework is flexible enough to be applicable on other
cameras. The classification results allow quantitative statements distinguishing in
different classes and further analysis of the output data. However, GLACIERIZER
is a semi-automatic surface classification model, since some steps have to be done
by manual digitizing. Limitations and further investigations are discussed. The study
demonstrates that GLACIERIZER is usable for monitoring snow cover evolution
over several ablation periods, and that the proposed procedure represents an easy-

to-handle and inexpensive way of snow cover monitoring on glaciers.

1 Introduction

Climate change is the challenge of our time and has already led to a wide range of
impacts on environmental and societal systems (European Environmental Agency
(EEA), 2012). The atmospheric warming in the Alps is two times larger than the
global average for the last 50 years (Bohm et al., 2001). As a result, especially high
mountain regions are sensitive and vulnerable to effects of changing climate through
the coupling of rising temperatures and changes in precipitation regimes (European

Environmental Agency (EEA), 2012; IPCC, 2007). The cryosphere as an important



constituent of the earth’s climate determines the energy balance and the hydrologi-
cal cycle (IPCC, 2013). Snow cover seasonally extents over a large area, for exam-
ple 40 % of the northern hemisphere are covered in snow during winter (IPCC,
2007). The seasonally wide-spread areal extent, the much higher albedo compared
to other land surfaces, and the thermal properties make snow cover an important
player in the earth’s energy balance (Aalstad et al., 2018). High mountain area, the
snowpack shows a strong variation in space and time, as a result of complex inter-
actions between meteorological forcing and local topography, which are the main
explanatories (Piazzi et al., 2019). Adequate information of the spatial and temporal
distribution of snow cover is still highly relevant for various research purposes (Pi-
razzini et al., 2018). Due to its multiple influences snow cover is identified as a criti-

cal climate variable (GCOS, 2011; IPCC, 2013).

A globally seen phenomena are retreating mountain glaciers and negative mass
balances of ice sheets, triggered by the effects of natural and anthropogenic climate
change (Huss et al., 2017). Small glaciers (<1 km?), which are common in the Alps
(80 %) experience the strongest areal reduction (Diolaiuti et al., 2011). Especially
for this situation, snow cover represents an important parameter for a given glacier,
because it controls the glacier mass and energy balance due to energy fluxes on
the glacier's surface (Oerlemans and Fortuin, 1992). Fresh snow has a higher al-
bedo than glacier ice and protects the glaciers from the incoming near infrared and
shortwave radiation. The albedo of glacier ice is even lower as soon as it contains
impurities (Dozier, 1989). At the end of the ablation period the altitude of the snow
line roughly represents the equilibrium line on alpine glaciers, which serves as an

indicator for the annual mass balance (Rastner et al., 2015). In summary, monitoring
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the snow cover distribution addresses the aim of snow cover regime changes at a

regional scale (Dedieu et al., 2014).

Station data for snow monitoring are usually sparsely and unevenly distributed, even
in the European Alps, and manual in situ measurements through field are hampered
by the remoteness of glaciers, safety issues and harsh weather conditions (Klemes,
1990; Viviroli et al., 2011). Overall, both methods do not represent snow cover var-
iations (Hinkler et al., 2002). Remote sensing methods, including global satellite
systems, radar-based observations, laser-scanning techniques and photogramme-
try are alternatives to ground based methods (Parajka et al., 2012). Satellites can
capture large areas at regular intervals (Hinkler et al., 2002), but the lack of proper
suitable, publicly available, high-resolution, optical and thermal data is still a limita-
tion (Bhardwaj et al., 2016). Satellite-based methods are hardly applicable when
both high spatial and temporal resolutions are required (Bernard et al., 2013). A
further limitation is cloud cover for the Alps, the annual average of land surface ar-
eas hidden by clouds is 60 % (Dumont and Gascoin, 2016). In contrast terrestrial
photography offers an easy-to-use land surface monitoring approach, which is cost-
effective and yields information on a high spatial resolution, also for remote places
(Harer et al., 2013). The usage of time-lapse cameras enables a high temporal res-
olution (Parajka et al., 2012) and if the data is referenced precisely, photos could be

a valuable data source for qualitative analysis (Farinotti et al., 2010).

Automated time-lapse cameras are evolving into a popular research tool for a broad

array of research topics, such as the breeding success of cliff-nesting seabirds (Mer-
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kel et al., 2016), estimation of plant biomass (Selsam et al., 2017), lake ice monitor-
ing (Xiao et al., 2018), hydrological monitoring (Parajka et al., 2012), shoreline
change monitoring (Ahn et al., 2017), or monitoring of river-channel changes (Chan-
dler et al., 2002). Automated cameras are even used for obtaining a regular and
direct insight into animal behavior by attaching them to individual animals (Kaczen-

sky et al., 2019).

Time-lapse cameras have been used for snow cover monitoring e.g. by Arslan et al.
(2017), Bernard et al. (2013), Harer et al. (2012), Huss et al. (2013), Jamkes et al.

(2016), Messerli and Grinsted (2015), Rumpler et al. (2017) and Salvatori et al..

Although several approaches for processing photos of automated cameras do exist,
Salzano et al. (2019) point out that, the surface classification of snow cover would
still be susceptible to misclassifications. Especially the distinction into several clas-
ses remains a challenge (Bernard et al., 2013). Further, the method would strongly

profit from fully automatization (Kaufmann and Ladstadter, 2008).

The aim of the present work is to develop and evaluate an easy to handle prototype
of an automated image classification approach, which derives glaciers surface clas-
sification maps distinguishing into several classes on a daily or subdaily basis, and
thereby (i) to identify the needs for further research and (ii) to investigate on the
evolution of snow cover patterns on two glaciers in the Austrian Alps (Kleinfleisskees
and Goldbergkees). Thereby, we elaborate on the following research questions: (i)
Which level of automatization can be achieved in the processing terrestrial photos

for the detection of glacier changes, in particular snow-free areas on the glacier? (ii)

12



What are the limitations and the key challenges in doing so? (iii) How did the pat-
terns of snow cover evolution on the analyzed glaciers change in the period 2014 -

20187

Dealing with these issues in this paper, the study area of Hoher Sonnblick is pre-
sented in Section 2. Section 3 gives an overview of the used data and Section 4
provides an insight into the methods used and developed. The classification results
of GLACIERZER are shown in Section 5 and their limitations are discussed in Sec-

tion 6, followed by an overall conclusion (Section 7).

2 Study Area

The image classification approach is tested at two glaciers in the Sonnblick area
(see Figure 1), located in the Hohe Tauern region, part of the central Austrian Alps.
Hoher Sonnblick (47°03'16”N, 12°57'25"E) forms the highest peak (3106 m) and
hosts a meteorological observatory run by ZAMG (Central Institute of Meteorology

and Geodynamics).

Hoher Sonnbllck

; Study Area

O

Vienna

: ' Austria

Figure 1. Study Area — Hoher Sonnblick: Located in the central Austrian Alps with the highest Peak
of Hoher Sonnblick (3106 m), investigating two glaciers: Kleinfleisskees (FLK) and Goldbergkees
(GOK).
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The Sonnblick Observatory was built in 1886 (Gral3l et al., 2012), having the stand
out position as the high mountain observatory with the longest continuous meteor-
ological data series on this altitude (Schoner et al., 2012b). South and east of Hoher
Sonnblick, the two glaciers Kleinfleisskees (FLK) and Goldbergkees (GOK) (ca. 1
km?2) are located, in steep alpine terrain. These glaciers are under intense investi-
gation (Michlmayr et al., 2008; Schoner et al., 2012a; Schoéner et al., 2009) and

serve as the study sites also in the present work.

The Sonnblick area consists of gneiss of the “Tauernfenster” (Schober, 2002). Per-
mafrost occurs probably above 2500 m a.s.l. on north-facing slopes, whereas for
south-facing slopes only sporadic permafrost was detected above 2750 m a.s.l.

(Schoner et al., 2012a).

Hoher Sonnblick is part of the Alpine main divide, resulting in a climatological sepa-
ration into the wetter (high level of precipitation) part in the north (Salzach valley)
and into the dryer part (inneralpine dry valleys) in the south (Mdll valley). A strong
gradient can already be recognized by changing precipitation pattern and snow dis-
tribution next to Hoher Sonnblick, also influencing a higher spatial variability of glac-
ier development (Auer et al., 2002; Mott et al., 2008; Schoner et al., 2012a). The
average annual precipitation is 2263 mm, the annual new snow is 2103 mm and the
mean annual air temperature is at -5.1 °C (standard reference period 1981-2010)

(Auer et al., 2012).

Due to early scientific measurements at Hoher Sonnblick, the strong glacier retreat
is well documented since 1896 (Auer et al., 2002; Schoner et al., 2012a). Regular

mass balance measurements started for Wurtenkees (1982) by B6hm and Hammer,

14



GOK (1987) and FLK (1998), the results of which indicate a strong increase in tem-
perature since 1980. The expansion of mass balance surveys was motivated in cap-
turing the spatial glacier variability due to the climate divide by the central Alps. The
long time series of intense glacier monitoring is outstanding for the Alps, summariz-
ing that glacier retreat is determined by summer ablation, not by the reduction of
winter accumulation for the glaciers in the Sonnblick area. The mass balance, both
in summer and in winter, further strongly depends on the orography, representing
the climatological variability of the region due to the location at the climate divide.
Because the study site is located in an area with high amounts of precipitation, the
glaciers show a higher climatic sensitivity than other Austrian glaciers (Schoner et
al., 2009). The areal glacier extent of FLK is 0.85 km? (2016) and shows a maximum
ice thickness of 162 + 36 m (2004). GOK’s extent is 1.11 km? (2016), with a maxi-
mum ice thickness of 153 + 34 m (2004) (Binder et al., 2009; Schwaizer (nee Bippus)

and Nemec, 2017).

3 Data

Photos of two camera spots are used to test the automated monitoring system. Two
single lens reflex cameras: Canon EOS 1100D (FLK 2014-2017) and Canon EOS
1200D (GOK 2014ff, FLK 2018ff), with Canon EF-S 10-22 mm /3.5 — 4.5 USM lens
were installed and photos have been taken at an interval of ten minutes. The camera
for monitoring FLK operates since 2014 (see Figure 2), is orientated to the northeast
and is mounted on a ridge at 2970 m a.s.l.. The field of view covers the whole sur-
face of the glacier. The second camera has been monitoring GOK since 2016 (see

Figure 2), is orientated towards southeast and is fitted at a ridge at 2932 m a.s.l..

15



This camera only looks on the middle and lower part of GOK. All photos are trans-
ferred in real time, can be downloaded and ZAMG owns the copyright of the photos.
In total 1433 photos were manually selected over the period of 2014 to 2018, due
to the demand of high quality image exploitation (Bernard et al., 2013). Like recom-
mended by Farinotti et al. (2010) the selected photos should afford a homogeneous
chronology of the melt-out evolution. Only those photos taken between 9 am and 5
pm are considered for further selection. Additionally, considering only photos which
are as little affected as possible by disturbing weather (fog, clouds, water droplets

on camera window) and light conditions (nearly same time of day, constant illumi-

nation) are chosen (Farinotti et al., 2010; Messerli and Grinsted, 2015).

Figure 2. Automated time-lapse cameras: Monitoring two glaciers: Kleinfleisskees (FLK) (at the right)
and Goldbergkees (GOK) (at the left), © ZAMG.

As input data for the used methods (see Section 4.1) photos, camera location with
its orientation and a digital elevation model (DEM) are needed (Harer et al., 2013).
We use a DEM with a spatial resolution of 1 m recorded through an airborne laser
scanning campaign by the Province of Salzburg (© SAGIS) in 2009. We consider

this the best choice as no newer DEM is available for the study area, which would
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be preferable (Corripio, 2004; Jamkes et al., 2016; Messerli and Grinsted, 2015).
For the exterior orientation following parameters of the camera have to be inte-
grated: latitude and longitude of the camera position, the camera target point (center
of the photograph), and the roll angle of the camera. In addition, the parameters for
the interior orientation have to be known, such as the sensor dimensions (height
and width) and the focal length (Arslan et al., 2017; Harer et al., 2012). The precision
of the input parameters defines the accuracy of the resulting orthophoto, especially
if several photos are processed automatically (Hinkler et al., 2002). The camera
dependent parameters were taken from the Canon manual. For the GOK camera
we use a resolution of 5184 px vertically and 3456 px horizontally, which is also
available for photos of FLK from 2018 onwards. For previous years on FLK a reso-
lution of 4272 px vertically and 2848 px horizontally is available. The photos record
8 bits of information for each pixel. Latitude and longitude of the camera positions
are measured by differential GPS. The target positions are visually estimated
through an orthophoto of 2015 (resolution 0.2 m) recorded by the province of Salz-
burg (© SAGIS). Because the FLK camera has been operating since 2014, photos
of the orthophoto survey day could be used for a more precise estimation of the
target position. Within PRACTICE the implementation of dynamically dimensioned
search (DDS) attempts to optimize the parameters of exterior and interior orienta-
tion. Therefore, ground control points (GCP) are measured and searched, which are
required for an accurate registration to real-world coordinates (Jamkes et al., 2016).
Several GCP sets regarding movements of the cameras are gathered via two ap-

proaches (i) differential GPS and (ii) determining distinctive marks in the area via
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desktop matching (Messerli and Grinsted, 2015), between the orthophoto of 2015,

the DEM and the taken photos (Schwalbe and Maas, 2017).

Glacier outlines are manually digitized for each year based on the produced ortho-
photos. Additionally, training samples are digitized on a weekly and monthly basis,

detecting the main input features for the classification task.

For validating GLACIERIZER a predicted data set based on the classification results
as well as a reference data set based on the generated orthophotos were prepared.
Both sets are compared via a confusion matrix and the trend of the main statics is

shown.

L Methods

Starting with several photos in a series the aim is to create orthophotos, which are
subsequently classified due to their surface appearance. Therefore, the methods
presented here are attached to each other, performing an automate image surface
classification (see Figure 3). In a first step, the spatial information of each photo has
to be reconstructed (Kappas, 2014), expressed through a ground coordinate system
(Verykokou and loannidis, 2018). Thereby, we employ the photogrammetric princi-
ple of monoplotting, where photos are projected onto a digital elevation model (Ken-
ner et al., 2018). Classification of the orthophotos generated is performed in a sec-

ond step.
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Figure 3. Overall work flow and visualization of image processing purpose: First row gained products,
last row necessary input parameter; photo acquisition by automatic time-lapse-cameras, automa-
tized georectification by PRACTISE and surface classification by GLACIERIZER (left to right); ©
ZAMG.

4.1 Georectification - PRACTISE
The algorithm PRACTISE (Photo Rectification And ClassificaTlon SoftwarE) is a

freely available and modifiable source code written in Matlab by Harer et al. (2012).
The georeferencing task in PRACTISE is based on the procedure of Corripio (2004):
A function is defined in which a two-dimensional pixel of a photo is associated to a
three-dimensional point in a DEM. After the coordinates of a DEM have been trans-
formed on the camera coordinate system of a photo, a perspective projection is
performed. In other words, the pixels of the photos are blended with the coordinates
of the DEM. The result is a virtual photograph of a DEM, which contains the three-
dimensional terrain information of the DEM, but is seen from the position of the cam-
era and shows the current surface appearance, where also the RGB values are
implemented. When scaling this representation based on the resolution of the photo

the necessary linkage between pixels and the coordinate systems can be achieved
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(Corripio, 2004). PRACTISE starts with the viewshed generation, where for every
pixel on the DEM it is calculated, if the pixel is visible from the camera position or
not. Camera position and target position display the viewing direction (Harer et al.,
2012, 2013). The parameters describing the interior orientation are needed for cal-
culating the horizontal and vertical view (Corripio, 2004). PRACTISE offers an op-
tional feature for improving the exterior and interior orientation parameters, called
“GCP accuracy assessment and DDS optimization”. Through the usage of GCPs
the spatial inaccuracy between the photo and the virtual camera image can be re-
duced. For this survey different sets of GCP sets (see Table 1 and Section 3) are
developed, because two cameras are conducted and due to camera movements
several sets are needed. Beside measurements of GCPs in the field via dGPS (see
Table 1: FLK 2017 and 2018), also desktop matching (see Table 1: FLK and GOK

2015) is used for getting GCPs for older camera positions.

The dynamically dimensioned search (DDS) algorithm by Tolson and Shoemaker
(2007) tries to reduce the offset between the real position of the GCPs and the
georeferenced position. In an iterative process important variables are revised and
optimized until the georeferencing task is performed with the best camera parame-

ters (Harer et al., 2012, 2013).
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Table 1. Overview of different GCPs data sets, using two matching methods in this survey: (1)
Desktop matching via distinct features detected on orthophoto 2015 (SAGIS) and photos; (2)
Matching between DGPS measurements and photos;

Cam- Year Remote Sensing  Based on spe- Matching Reference
era Product cific photo Method data set
FLK 2015 Orthophoto 2015  FLK-2015-08-28- Desktop Ref02
1230 matching
FLK 2017 DGPS 2017 FLK-2017-04-30 DGPS Ref06
- 05-01
FLK 2018 DGPS 2018 FLK-2018-04-21 DGPS Ref08
- 04-22
GOK 2016 Orthophoto 2015 GOK-2016-08- Desktop Ref04
24-1330 matching
GOK 2018 DGPS 2018 GOK-2018-04-24 DGPS Ref08

PRACTISE offers two approaches for surface classification. The first method is
based on the manual detection of absolute RGB threshold values by analyzing the
whole photo. The second approach gains to an automated image classification ap-
proach through the statistical analyses of a frequency histogram (Harer et al., 2013;
Salvatori et al., 2011). For more detail information on PRACTISE see (Harer et al.,
2016, 2013, 2012). Both approaches are tested, but could not achieve satisfying
results, especially when automatization and distinction of several classes are in-
tended. Like Salzano et al. (2019) also we experienced that limitations are found in
the fields of illumination conditions, surface roughness and shadowing effects. Deal-
ing with the demand of an automated routine, the new model GLACIERIZER was

developed.

4.2 Modification on PRACTISE

We have modified the open source code of PRATICE for the purpose of automati-

zation. Various glaciers, survey periods, GCP files and camera parameters can now

be accessed via a logical data structure. The output is generated as an orthophoto
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in TIF format, serving as the main GIS input data for the surface classification (see
Section 4.3). In addition, multiple photos can be georeferenced one after the other

in an automated way.

4.3 Surface classification - GLACIERIZER

GLACIERIZER is a semi-automatized surface classification tool for multiple ortho-

photos, developed within the course of the present work. It consists of a Python
script, which is connected to both ArcGIS (via Arcpy) and R. The study area outlines,
glacier outlines, orthophotos and training areas are needed as input for the whole
sample period. The main task is performing a maximum likelihood classification on
a weekly or monthly basis, where the classification task is done on pixel level con-
sidering Regions Of Interests (ROIs) (Salzano et al., 2019). The same training data
set is used for several orthophotos, thereby a new set of thresholds is calculated for
each orthophoto, considering the current conditions. For improving the quality of the
results and avoiding misclassifications, some rules and filtering processes are im-
plemented. The main output consists in the classification results in terms of various
maps: (i) only the orthophoto with glacier outline, (ii) in addition also the surface
classification for the whole study area and (iii) classification results clipped to the
glacier outline. The creation of training areas is based on the manual generation of
samples. This allows for a flexible and adaptable automated choice of the classifi-
cation thresholds (Ide and Oguma, 2013), due to the varying illumination and RGB
signals caused by different weather and snow conditions (Schmidt et al., 2009). A
representative set of training areas covering all surface classes has to be used for
achieving adequate classification. The training areas have to cover the entire image

in order to avoid misclassifications, if only parts of the orthophoto are affected by
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slight shadows. It should also be noted that the individual polygons have to be rep-

resentative for the whole calendar week/ month.

4.4 Validation of GLACIERIZER
The results yielded by GLACIERIZER are evaluated through a confusion matrix. In

the present work, 1433 photos are used for the classification task. 53 orthophotos
with their matching classification raster are randomly selected from both cameras
and all years. This selection performs as the validation data set of GLACIERIZER.
100 points are randomly spotted in each modelled class in each orthophoto, and
their class values represent the predicted data set. The reference data set is built
by the class values based on the orthophotos, which have to be visually determined.
The predicted and reference data set are compared in the confusion matrix which

gives an insight into the level of accuracy of the classification.

5 Results
5.1  Output of GLACIERIZER

The processing and implementation have been done for FLK and GOK, performed

through all available photo series, representing the ablation periods. In total 1433
photos were selected, georeferenced through PRACTISE and classified in a semi-
automated way by GLACIERIZER. An example of the results (see Figure 4) shows
the situation at FLK from 27t August 2015 at 13:40 for different results produced by
GLACIERIZER. The total scene covers 1.27 km? and the whole extent of FLK is
under observation. Visual comparison between the orthophoto (see Figure 4 b) and
the classification results (see Figure 4 c-d) show a high level of compliance, which
could be achieved due to the good weather conditions and the clearly distinct sur-

face classes. For the whole situation 115 655 m?2 of snow, 288 006 m? of firn, 377
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466 m?2 of ice and 484 565 m? of bare ground were detected by GLACIERIZER.
Snow, ice and bare ground can be distinguished quite well, whereas challenges

occur for firn and debris cover on the glacier.

a) b) Orthophoto FLK 2015-08-27-1340
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Figure 4. Exemplary, different products of the surface classification results of GLACIERIZER: FLK,
27th August 2015 at 13:40 in different working steps. (a) the original photo; (b-c) generated via
GLACIERIZER: (b) orthophoto; (c) classification for the whole extent, (d) classification within the
glacier extent, © ZAMG.

5.2 Observation of ablation periods

The classification results can be used for various glaciological applications. As an

example, the maximum disappearance of the snow cover for each surveyed ablation
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period is represented by the Accumulation Area Ration (AAR). The AAR is the ratio
between the still covered area of snow and firn, divided by the total glacier extent.

Following AAR percentages represent the stage of minimum snow cover

5.21 FLK
A decrease of the AAR for FLK (2014-2018) can be detected (see Figure 5) even

on a visual basis. This assumption can be verified through Table 2 and the diagram
(see Figure 5 f). In the last five monitoring years the ratio has dropped, starting at a
high AAR of 77 % in 2014, decreasing through the years: 41 % (2015), 38 % (2016),
22 % (2017) and 1 % (2018). For the last investigated survey year, 2018, only 13 %
of the glacier has been covered by snow or firn at the stage of minimum snow cover
extent. The large AAR of 2014 is explained by the dominance of southwesterly flow
conditions during the winter months leading to above average winter snowfall. Pre-
vailing cloudy conditions with reduced melting and frequent cold air outbreaks with
snowfall events during the summer lead to positive mass balances for 2013/2014

on FLK (Hynek et al., 2019).
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Figure 5. Minimum snow cover for FLK, ablation periods 2014-2018 classified by GLACIERIZER: (a-
e) Classified maps showing the stage of minimum snow cover for each year; (f) Decreasing AAR; ©
ZAMG.
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Table 2. Minimum snow cover for FLK (2014-2018) derived through surface classification via
GLACIERIZER: The Accumulation Area Ratio (AAR) shows a decrease;

FLK 2014 2015 2016 2017 2018

Photo/date 2014-08-31- 2015-09-18- 2016-09-16- 2017-08-31- 2018-09-20-
1030 1530 1330 1500 1330

Glacier area 818838 781490 798699 756847 792037

[m?]

Class show 623022 120937 278364 24257 2655

[m?]

Class firn 0 182137 0 132246 95450

[m?]

AAR [%] 76.09 38.78 34.85 20.68 12.39

5.2.2 GOK

GOK shows similar results as FLK. Table 3 and Figure 6 confirm the visual obser-
vations that the minimum AAR has dropped in the last three years: 12 % (2016),
2.5 % (2017) and 0.7 % (2018). For the year 2018 only 0.7 % of the glacier extent
has been covered by snow or firn at the end of the ablation period. The results are
constrained to a very short time span, so that they do not allow for conclusions on
decadal evolution or future trends. Longer timespans and additional data would

have to be acquired and analyzed for deriving such trends.

Table 3. Minimum snow cover for GOK (2016-2018) derived through surface classification via
GLACIERIZER, The Accumulation Area Ratio (AAR) shows a decreasing trend;

GOK 2014 2015 2016 2017 2018

Photo/date No data No data 2016-09-16- 2017-08-31- 2018-09-23-
1250 1200 1520

Glacier area - - 802122 719331 683707

[m?]

Class show - - 73528 14301 1783

[m?]

Class firn - - 0 0 2341

[m?]

AAR [%] - - 9.17 1.99 0.60

27



a) b)
Classification map GOK 2016-09-16-1250 Classification map GOK 2017-08-31-1200

o
A‘P %k

S S
& S
S S8

O Snow O Snow
§ O Firn g O Firn
=] @ice = Blce
| =@ Bare ground | m Bare ground

B Water = Glacier outline B\ Water ~—— Glacier outline

G . Author: Lucia Felbaver, 2018 Author: Lucia Febauer, 2018
oo A Dota source: ZAMG SN com Data source: ZAMG
0 N
421800 422200 422600 423000 423400 423800 421800 422200 422600 423000 423400 423800

<) Classification map GOK 2018-09-23-0910 d)

Accumulation Area Ratio
for GOK 2016 - 2018

g |
3 80
70
g
X 60
/50
8 £
<1 x 40
b~
é 30
O Snow
§ i O Firn 20
=1 Blce 12,13
| = Bare ground 10
B Water —— Glacier outline No data . 2,52 0,74
Author: Lucia Felbaver, 2018 0
—— A ot oo e 2016 2017 2018

421800 422200 422600 423000 423400 423800

Figure 6. Minimum snow cover for GOK, ablation periods 2016-2018 classified by GLACIERIZER:
(a-c) Classified maps showing the stage of minimum snow cover for each year; (d) Decreasing AAR;
© ZAMG.

5.3 Validation of the classification results

53 classification results were randomly picked, from a total of 1433 classifications.
For each validation map a confusion matrix was generated, where the predicted and
the reference data set are compared. An exemplary confusion matrix is selected for
demonstration in Table 4. The reference data set is represented through the col-

umns and the predicted data set is shown through the rows. 100 points are evalu-
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ated for each class. The rate of correct predictions is displayed in the field of corre-
sponding classes, for example ice with 88 %. The producer’s accuracy describes
the probability that an observed point in the real environment is assigned to the
same class through the classification model. The user’s accuracy points out the
probability that a classified point is found in the same observed class. The overall
accuracy is calculated through the diagonal correct predictions, whereas all off-di-
agonal values are counted as failures. Kappa shows how well the classification re-
sults fit to the reference data set and are not randomly determined. High values of
producer’s and user’s accuracy are found in Table 4. Bare ground even reaches a
producer’s accuracy of 100 %, being correctly predicted by GLACIERIZER. Firn has
the lowest user’s accuracy: 76 % of all classified firn points will be found in observed
firn areas. The overall accuracy (0.88 %) shows a good result for this selected clas-

sification map.

Table 4. Comparison of predicted (classification by GLACIERIZER) and reference data set for the
validation by a confusion matrix: Exemplary matrix for one (FLK 2017-08-15-1420) picked valida-
tion map.

Predic- Snow Firn Ice Bare User’s Kappa
tion/Refer- ground Accuracy

ence

Snow 95 3 2 0 0.95

Firn 21 76 3 0 0.76

Ice 6 6 88 0 0.88

Bare 0 1 5 94 0.94

ground

Producer’'s 0.778689 0.883721 0.897959 1 0.8825

Accuracy

Kappa 0.83333

Sorted ratios for overall accuracy and kappa are presented for all 53 validated maps

in Figure 7. Both statics are starting at a high level (about 90 %). 51 maps have a
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higher overall accuracy than 0.5, and 37 maps have a higher overall accuracy than
0.8. Kappa shows a more pronounced decreasing trend, because within Kappa the
agreement that could be expected due to change alone is also considered. 46 maps

have a higher kappa than 0.5, and 21 maps have a higher kappa than 0.8.

Overall Accuracy - Validation Maps Kappa - Validation Maps

1.0

0.8

0.6 —

Kappa - Ratio

0.4

Overall Accuracy - Ratio

02 -

0.0 —- N——
Sorted Ratio Sorted Ratio

Figure 7. Validation results for 53 validations maps: Sorted statics for overall accuracy (left) and
Kappa (right).

Producer’s and user’s accuracy for each individual class are also calculated and
presented in a sorted way (see Figure 8). An overview of important thresholds is
given in Table 5. The classes ice, water and firn are not represented in every ortho-
photo. Water is only present in the case of GOK (glacial lake). Nearly all classes
achieve a better result than 50 %, several classes even exceed values of 0.8. The
user’s accuracy is quite constant for the classes snow (44 maps >0.8) and bare
ground (44 maps >0.8), which means that the most points have been correctly clas-
sified. The producer’s accuracy for water remains constantly high over all validation

maps (13 out of 15 maps >0.9), whereas the user’s accuracy for water is quite low.
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Figure 8. Validation results for 53 validated maps: sorted statics for Producer’s accuracy (left) and
User’s accuracy (right).

Table 5. Results of the validation: Producer’s (P) and user’s (U) accuracy for all distinguished clas-
ses, showing the number of validated maps bigger than defined thresholds. Be aware of different
sample size (see Figure 8).

Snow [53] Firn [8] Ice [42] Bare ground [53] Water [15]

P u P u P u P u P U
>0.5 | 50 51 7 7 40 37 50 53 14 8
>0.8 | 24 44 6 4 35 26 39 44 13 3
>0.9 | 12 38 0 1 25 11 34 21 13 2
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6 Discussion

6.1 Glaciological results
The calculated AAR are based on the classification by GLACIERIZER, therefore the

values are the result of a model and can vary in their accuracy. For the required
scale and the purpose of the study, the values are sufficient precise. AAR is de-
creasing for both glaciers. Both glaciers barely show snow cover at the end of the
ablation period in 2018, which is especially the case for GOK. The areal extent of
the glaciers decreased and consequently both glaciers are affected by glacier re-
treat. Based on AAR and Equilibrium Line Altitude (ELA) the annual mass balance
could be calculated by statistical relations, employing a well-established and readily
applied method in different mountain ranges. Only those classifications where the
ELA is representative, and not showing the short term dropping of the snowline due
to sudden summer snow falls, can be involved into the glacier mass balance calcu-
lation (Huss et al., 2013). Perusing all the classified orthophotos, classification is
performed easier in early and late season, where only snow and non-snow areas
have to be distinguished. More classes are involved later in the season (July and
August), challenging the classification task (Farinotti et al., 2010). The methodically
most challenging situations occur when a fresh snow cover is melting again or when
the snowline rises above the ELA, showing up as the new class firn (Huss et al.,

2013).

6.2  Validation Results
Validating GLACIERIZER shows that several classification maps achieve high rates

of overall accuracy and kappa. Differences can be observed between the individual

32



classes. Snow and bare ground show high values, some even reaching 100 %. Es-
pecially the values for the user’s accuracy remain constantly high whereas a higher
proportion of lower values is observed for the producer’s accuracy. This means that
the results are better for mapped points to find them in reality than the other way
around. Ice shows nearly the same results for producer’s and user’s accuracy, but
producer’s accuracy achieves constant higher values. The validation results for wa-
ter are remarkable: whereas the producer’s accuracy is quite high for nearly all val-
idation maps, some maps show much lower values of user’s accuracy. This phe-
nomenon is related to the generation of the reference data set. Water is only classi-
fied for GOK and it occurs that especially snow patches on the sides of the photo
are blurred. These features have a bluish blurred appearance and are therefore
often classified as water. Further misclassifications for water can occur when lakes
freeze and carry a snow layer above them. The training areas sometimes can’t be
adjusted that fast, so that misclassifications occur. Generally, the first validation of
GLACIERIZER shows acceptable results. For avoiding misclassifications especially
for water, it is recommended to clip the orthophotos as far as possible to avoid dis-
turbing features at the side of the scene. The validation results will be useful for

further revision of GLACIERIZER.

6.3 Camera, photos and georectification

Monitoring FLK and GOK via time-lapse cameras resulted in a huge amount of pho-
tos of both glaciers at a high spatial and temporal resolution (Corripio, 2004). Be-
sides a visual evaluation of the snow cover evolution, quantitative information can
be obtained through the attached processing steps. Some general limitations and

challenges have been identified (see Table 6).
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Table 6. Collection of limitations due to the surface classification approach, experienced in this sur-
vey: Keywords of challenges due to (i) Camera and photos (ii) Georectification (iii) Classification.

Camera/ photos

Georectification

Classification

- Camera movements

- Camera failure/ lack of
data

- Covered camera window
(snow, water droplets)

- Exchange of camera or ob-
jective (long consistent time
series)

- Accessibility of the camera
(maintenance, DGPS)

- Camera movement (lower
accuracy)
- Old DEM

- Estimation target position

- Inaccuracies of GCPS

- Limitation of methods due
to varying RGB values

- Changing scene (summer
SNow cover)

- Disturbing uneven clouds,
shadows

- Restricted to calendar
weeks

- Mismatching classes (de-
bris on glacier)

Through the installed cameras and the amount of photo data it becomes possible to
investigate and understand the phenomena in the captured scene in great detail.
Because the scene is monitored at such a high temporal resolution, rare events
such as snow cover creeping could be captured and studied in more detail (Bernard
et al., 2013). The photos could also serve as a valuable data source and archive for
other research disciplines. However, the huge amount of photo data has to be pro-
cessed in an efficient way (Merkel et al., 2016). By looking through the original num-
ber of photos taken from FLK and GOK, it is recognized that a lot of photos cannot
be used at all. Especially adverse weather conditions, but also other issues such as
water droplets or hanging snow on the camera window or dazzling light conditions,
required the elimination of numerous photos. Even though it is recommended to
choose a short time interval for taking pictures (Farinotti et al., 2010), sometimes it
is not even easy to get one usable photo per day (Harer et al., 2013). However,
through advances in computer developments (data collection, processing) and

photo technology, new opportunities are likely to be available in the future (Castillo
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et al., 2015). Furthermore, it is possible to supply and control devices located in
remote places and even transfer the data in real time (Ahn et al., 2017), which is
also the case for the here processed photos and satisfies an easy handling of the

data.

Georeferencing convinces by its mathematical and photogrammetric principles, but
the quality of the result may suffer due to the quality and scale of the available DEM
(Corripio, 2004). For this case, our survey shows a distinct limitation, because the
used DEM is from an aerial laser scanning campaign of 2009, nearly 10 years old.
Especially glaciered environments are changing very rapidly and therefore a current
DEM is needed urgently (Schwalbe and Maas, 2017). Another limiting factor for the
accuracy of the georeferencing are the GCPs. While in this survey some GCP-sets
are already measured with differential GPS (Corripio, 2004), resulting in precise co-
ordinates, this task cannot be recaptured for older images if several GCP sets are
necessary due to camera movements. To avoid workarounds, automatic image
matching and shifting tasks could solve the problem, and additionally the here pre-
sent problem of moving cameras would also be dealt with (Farinotti et al., 2010;
Schwalbe and Maas, 2017). It is tried to respond to the big issue of camera move-
ments for FLK and GOK, but unfortunately no proper implementation could be
achieved, due to the high level of changes in the appearance of the photo scenes
throughout the whole ablation period (Jamkes et al., 2016). Camera movement is
still a challenging problem, as it is pointed out by several studies (Merkel et al., 2016;
Messerli and Grinsted, 2015). Another limitation experienced within PRACTISE is

the estimation of target points. Besides the high resolution of the photos and the
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high quality of the DEM, the target points should be measured precisely for produc-

ing high accurate orthophotos (Hinkler et al., 2002).

6.4 Surface Classification
GLACIERIZER does not use absolute RGB thresholds for each class, but instead

uses training areas and the maximume-likelihood classification for creating the indi-
vidual classes. The advantage of such an approach lies in the individual adjustment
and the flexible thresholds that can be applied to each orthophoto (Ide and Oguma,
2013), based on weekly or monthly training data sets. We note that it is not weekly
or monthly thresholds which are produced, but only the set polygons, which give the
frame for the calculation of the thresholds. Because new thresholds are generated
for every orthophoto, an individual adaptation to the changing conditions through
the whole timespan, and varying illumination, disturbing weather and light conditions

(e.g., light shadows from clouds) is achieved.

The surface classification is still influenced by changing weather conditions, which
are in general a problem for optical remote sensing where good illumination condi-
tions are needed (Fang et al., 2017). Also for GLACIERIZER, unsuitable weather
conditions result in misclassifications in parts of the orthophoto. A problematic ex-
ample is drifting clouds, which produce inconstant shadowing effects on the surface.
The high contrast between shaded and non-shaded areas leads to misclassifica-
tions and is even a bigger problem for feature tracking purposes (Schwalbe and
Maas, 2017). The set polygons cannot be adjusted to such changeable conditions.

However, misclassifications also occur when the conditions change rapidly for the
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whole study area. Examples are sudden summer snowfall events, resulting in a con-
sistent snow cover, or rapid snow melting phases. Due to the restriction of weekly/
monthly resolution, it has to be decided for which part of the week representative
training areas should be created, because two diverse situations cannot be covered
by one single training set. A solution would be to create training areas not on a
regular time interval, instead by considering consistent weather conditions. Several
timespans could be distinguished based on photos with lack of visibility. These gaps
could be used for separating between timespans covered by different training data
sets (Bernard et al., 2013). A further point to consider is that not very sunny and
cloudless weather conditions lead to good classification results, but instead a con-
stant cloud cover achieves better outcomes. This is a consequence of lack of topo-

graphic shadowing in cloudy weather.

Furthermore, creating training areas on a calendar-weekly basis requires a lot of
time, and it may also be necessary to create multiple versions of the training data
sets until the results of the classification are satisfactory. The polygons for the train-
ing data set have to be created in locations representative for the whole calendar
week/ month. In addition, it is highly recommended to set the polygons to places,
where the respective classes are represented the whole year long, avoiding too
much effort in digitizing. It has been found that the uniform distribution of the poly-
gons leads to the advantage that slight shadows, which only occur in parts of the

orthophoto, can be compensated.

By looking at the classification of GOK it becomes visible that debris on the glacier

is classified as "bare ground”. In contrast to human users, the system can’t detect
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that the glacier is covered by debris and this part of the scene should still be classi-
fied as “ice”. This issue is considered as a bottleneck error in glacier mapping (Fang
et al., 2017). Recent progress is based on the combination of thermal and DEM
inputs for a distinction of debris covered glaciers and surrounding terrain (Bhardwaj

et al., 2016).

Another idea of improving the classification could be in using images with broader
colour ranges (e.g. RAW images) (Ide and Oguma, 2013) or with infrared bands.
Because of the enlarged electromagnetic spectrum, further discriminations could be
achieved. In satellite approaches the use of infrared (e.g. Normalized Difference
Snow Index NDSI) is a common task for delineating snow cover (Burton-Johnson et
al., 2016). But also in photogrammetry it is recommended to combine visible light
and infrared for automatic snow cover detection (Farinotti et al., 2010). Authors
claim that further research is needed in this field (Buhler et al., 2016). Additional
approaches for surface classification could employ neural networks, fuzzy logic or
support vector machines (Gauci et al., 2018). A recently promising method is shown
by Gauci et al. (2018), where a photo series is categorized in several classes in a
fully automated way without using infrared bands, done via a machine learning ap-

proach for vegetation surveys.

However, it should also be emphasized that GLACIERIZER has succeeded in au-
tomating the classification for several orthophotos in a row. GLACIRIZER is not a
fully automated system, but a semi-automated model, since some steps have to be

done by manual digitizing.
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6.5 Overall approach: automatic time-lapse cameras

Generally, because terrestrial photos can even gather data under cloudy conditions,
a complimenting usage for satellite data is possible (Portenier et al., 2019). Webcam
photos can be used for validation and calibration purposes for satellite products
(Salzano et al., 2019). The combination of photography and satellite products may
improve the quality (Corripio, 2004), and even improve the cost benefit performance
(Castillo et al., 2015). Field measurements (snow thickness, density, etc.) can also
be complemented with the results of snow cover analysis through image processing
(Bernard et al., 2013). Additionally the high resolution snow cover data can be de-
livered as important input data for hydrological models in near-real time (Foppa et
al., 2007). Freely available images from webcams are not used in their potential and
could serve as an important data source, especially for deep learning approaches
(Xiao et al., 2018). Still the data quality of cheap webcams can be challenging (Tanis

et al., 2018).

7 Conclusion

Automatic time-lapse cameras offer the possibility for a cost-effective monitoring of
glacial systems. We have presented an integrated processing approach, combining
three main steps: (i) Selection of representative snow cover photos for several ab-
lation periods, taken by two automatic cameras, observing the glaciers FLK and
GOK. (ii) Automatic georectification of all photos in order to obtain orthophotos, per-
formed by PRACTISE. (iii) Semi-automated surface classification for distinguishing

several classes by the newly developed tool GLACIERIZER.
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The results show that a decrease of snow cover is found for the surveyed ablation
periods and glaciers. A full automatization of the procedure could not be achieved
yet, but still GLACIERIZER is an easily applicable semi-automated tool where good
results can be achieved, depending on the quality of the input photos. Misclassifi-
cations are mostly triggered by scenes with discontinuous shadows, rapid changes
of surface appearance, blurred effects at the edges and moving cameras. GLACI-
ERIZER can easily be adapted for other monitoring purposes, also performing clas-

sification for different surfaces.

Further studies have to lay more emphasis on handling moving cameras. Generally,
promising results are expected through the usage of cameras which are also sensi-
tive to infrared radiation. Beside installing new cameras, publicly available time-
lapse cameras offer the potential for diverse scientific surveys and should be ad-
dressed more likely. Looking forward, it will be interesting how deep learning ap-
proaches like neural networks or machine learning will be implemented in this study
field. Concluding, automatic time-lapse cameras, as processed in this survey, can

be successfully applied in long term glacier monitoring.
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5 Results

The classification output can be used for diverse glaciological applications and is
presented in form of maps. In this work the maximum disappearance of the snow
cover is shown for every surveyed ablation period, represented through the Accu-
mulation Area Ratio (AAR). Therefore the photos with the maximum snow cover
disappearance are selected and processed for every ablation period. The date can
vary for each year considerably. Both glaciers show a decrease in their AAR, but
the percentage of the still available cover differs between the glaciers. For example,
for the year 2016 FLK is covered by 38 % and GOK 9 %. In the year 2018 the values
drop down to a minimum with 12 % (FLK) and 0.6 % (GOK). It has to be mentioned

that the here dealt with time period is too short for estimating trends.

GLACIERIZER is validated by 53 randomly picked maps, where the predicted/ clas-
sified and the reference data set are compared in a confusion matrix. Various sta-
tistical parameters are presented in sorted bar plots for the 53 validation maps and
for each class. 21 out of the 53 maps show a higher kappa value than 0.8 and 37
maps show a higher overall accuracy than 0.8. The classes Snow and Bare ground
can be distinguished quite well, whereas for the other classes limitations due to in-

fluencing conditions arise.

6 Discussion
GLACIZER acts as a surface classification tool, tested for glacier monitoring based
on terrestrial images with a high temporal and spatial resolution. The approach

shows various advantages. However, also some general limitations and challenges
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have been faced, some could be dealt with and others stay open for further investi-
gation. Due to the high spatial and temporal resolution, the scene can be monitored
in great detail, and it is also possible to capture rare events (Bernard et al., 2013).
The observations could also be used for other research disciplines, photos acting
as a type of archive. But the huge number of photos has to be processed in an
efficient way (Merkel et al., 2016), where a lot of photos with disturbing elements
like bad weather conditions, droplets on the camera window or dazzling light condi-
tions have to be eliminated. It is possible to monitor remote places with devices
which are capable of supply themselves and transfer the data in real time (Ahn et
al., 2017). A profound limitation concerning georectification is the used DEM. In the
present study, even though an up-to-date DEM would be needed (Schwalbe and
Maas, 2017), only a DEM of 2009 was available. Also the quality of the used GCPs
limits the accuracy, because not all points could be acquired through a differential
GPS (Corripio, 2004). Older records were matched with the help of distinct features
found on the photos and on the orthophoto offered by the Province of Salzburg.
Several sets of GCPs were needed because of movements of the cameras. Auto-
matic image matching tasks would avoid this work around and would solve the prob-
lem of moving camera (Farinotti et al., 2010; Schwalbe and Maas, 2017). For this
approach no proper implementation could be achieved, because the scene changes

so much over the whole ablation period (Jamkes et al., 2016).

The main advantage of GLACIERIZER is the individual adjustment of the RGB
thresholds for each class and especially for each orthophoto. The manually drawn
training data sets only create the frame for the thresholds (Ide and Oguma, 2013).

But the polygons have to be adapted on a weekly basis, because the scene is
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changing that fast. Additionally, disturbing conditions like slight shadows and vary-
ing illumination are considered within GLACIERIZER, because the training areas
are uniformly distributed. Misclassifications still occur, for example when inconstant
shadowing effects are seen on the surface and when the appearance of the whole
scene changes quickly, e.g. due to snow fall events in summer. The weekly resolu-
tion of the training data sets is then a problem. A solution would be to set the training
areas based on consistent weather conditions, instead of fixed time spans. The ra-
ther surprising insight is that not very sunny conditions lead to good classification
outcomes, instead constant cloud cover avoiding any shadowing effects on the sur-
face show the best results. Particular attention has to be laid on how to set the
training areas. Although this task is quite time-consuming, it is critical for the quality
of the classification results. A time-efficient way can be followed by a carefully con-
sidered strategy of how and where to set the polygons. Several thoughts of how to
improve the classification can be found in the literature, like using images with
broader colour ranges such as near infrared (Ide and Oguma, 2013). It is advised
to combine visible and infrared light, also for snow cover detection (Farinotti et al.,
2010). Other approaches would be to use neural networks, fuzzy logic or machine
learning (Gauci et al., 2018). The complimenting usage of photos and satellite data
can achieve higher quality, or act as validation data source (Salzano et al., 2019;
Portenier et al., 2019). Freely available images from webcams have a high potential
for monitoring purposes, also in combination with deep learning approaches (Xiao

etal., 2018).
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7 Conclusions

Various monitoring tasks can be supported by the use of automatic time-lapse cam-
eras. Their main advantage is the high temporal and spatial resolution of the data
they generate. This facilitates analyses towards a more detailed understanding of
processes happening even in remote places. By combining the data with other
methods and sources of information a broad picture can be gained. The here pre-
sented processing approach for snow cover monitoring on glaciers consists of three
consecutive steps, where photos have to be selected, a georectification is done for
generating orthophotos and afterwards a surface classification is performed for sur-
face classification. While GLACIERIZER succeeded in doing the classification of
several orthophotos in an automated way, it is not a fully automated system but can
be defined as a semi-automated model. The surveyed glaciers and ablation periods
showed a constant decrease of snow cover. However, due to the short time span
addressed, conclusions on these trends have to be drawn with utmost care. Further
studies should direct their focus on obtaining better classification results through
additional methods such as the use of spectral cameras or the implementation of
machine learning algorithms. In conclusion it can be stated that (i) time-lapse cam-
eras fulfill the requirement of acting as a proper monitoring tool in the field of glaci-
ology, but that (ii) there is still considerable potential for optimization of the image

acquisition and analysis procedures.
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