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Abstract

A visible expression of permafrosgak glaciers aréobateshapedandforms with a mixture
of rock, sedimenand ice Due to their icecontent andhigh resistivity to global warming, they
can act as important freshwater providers to local reglansany world regions, suchas the
SemiArid Andes, rockglacies likely play a crucial role in water supplement of the
streamflowduring dry periodsNeverthelessthese landformsavereceivedsignificantly less
attentionfrom the scientific communitthan clearce or debriscovered glacierdBecause of
their spectral similarity of the surrounding bedrock, rock glacae extremely difficult to
detect automaticalland most inventories are still created manual delineationHowever,
this method is extremely timsonsuming angdubjectiveas itis made bya human userBased
on previous research on automatic rock glacier mapphg,tiesis ispresenng a new
methodwhich usesvery-high resolutionremote sensingatg convolutional neural networks
(CNN) and objectbased image analysi€BIA) to automatically detect and map rock
glaciers CNNs are artificial neural networksghich forma subfield of deeplearningandare
basedon the automatic identification of reoccurring texture and patterns on inthgsame
way asthe humanbrainfunctions OBIA is an established image analysis methioatcan be
usedto refine results produced by CNN. This combined method was appliet two
catchmentsn the semiarid Andes of Chiléhe La Laguna and the Estero Deredharder to
detect more numerous yet smaller landforms, \egi resolutiorPleiades (0.5 m) and SPOT
7 (1.5 m)satellite imagery was usefiwo CNN modelsof threeconvolutioral and two max
pooling layerswere built trainedand testedusinga manually corrected reference inventory
for the La Laguna catchment coveredhigh-resolution Pleiadeisnagery.CNN_noCurwsed
spectral bands, elevation and slope information while in the caG&Nf wCury planform
and profile curvature layers wesalded to the inpuas well The results of theheatmap
produced were then cleanaddrefined by using@BIA. The methods were theastedon the
Estero Derecho catchment to investigate how feasible it is to transfer the method on another
study area and dafrom a different sensor.

Both models produced good results on the Pleiades image6NN_wCurwvas found to be
the better ongvith amean total accuraayf 94.58%and producer and user accuracies ranging
between 63 and 80.8%However, when transferred to SPOT 7 imagéNN_wCurvfailed

to detect the majority of landfornmmesultingin a large overestimatiorOn the other hand,
CNN_noCurvhad an accuracyf 73.1%%. It was therefore found that both models are

transferal® and curvaturelayers can improve the classification on Pleiades imajgetyare



ineffective on the lower resolution SPOT ddtaaddition to transferability, theew methods
produce higher total and produceraccuracies than previous attempts for automatic
classification.Moreover new landformsthat werenot included in the manual reference
inventoryhave been discovered which indicates that the technique is able to outclass manual
delineation as wellGiven the challenges of rock glacier mapping, the method produced
promising results angroved that CNN in combination with OBIA can be an effective tool in
automatic landforntlassification It was also found that otheharacteristicsuch as surface
velocity, terrain roughness amdean slope likely plays an imgant role in detectability and
transferabilityand more research is therefore needed to further improve the techfiige
thesis demonstrates th&@NN and OBIA can be used for efficienteation of rock glacier

inventories.
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1. Introduction

This chapter will give an overview on the background of the research project. It shall explain
the definition of rock glacier angthy monitoring the changes caused by climate changes in

crucial. An introduction of the methods used in this thesis will &lsontroduced.

1.1.Role of mountainous areas in a changing climate

Mountainous regions cover approximat&p of continental surfaces and habbut 26% of

wor | dos .pleeperebianshave mery complex geographical characteristics such as
rapid and systematic climatic changes (precipitation, temperatwef)very short distances,
enhanced direct runoff and erosion or environmental factors such as different soil types
(Beniston, 2003) Because of the rapid changes of elevations in relatively short distances,

mountain areaareuniqueregionsextremely sensitive to the effects of climate change.

Global changegin climate may increasingly threaten, or at least alter the capacity of mountain
ecosystems to provide goods and services for both highland and lowland populatinost
mountainous regions, a warmer climate will lead to a reduction in the massiefglas well

as snowpack and permafroskn the Alps for example,repirical and energyalance models

indicate that 30° 50% of the existing mountain glacier mass could disappear by 2100 if

global warming scenarios in ttrange of 2i 4 A dndeed occurHaeberli and Beniston,

1998) With an upward shift of 200 300 m in the equilibrium line altitude (ELA, which
represents the level below which ablation rates exeeedmulation), the reduction in ice
thickness of temperate glaciers could readh2lm per year. As a result, many glaciershie

temperate mountain regioon$the worldwould losemost of their mass within decadés of

2020, the global annual mass change v@&82 meter water equivalent (m.&) while the

total mass change since 1970 was-248,37 m.w.e. according to the World Glacier
Monitoring Service (2021) Changes inthe climate regimes may have faeaching
consequeces for freshwater supply in agriculture, tourism and hymbwer. These shifts

would affect not only mountain populations, but also those living downstream of the
mountains and who depend on mountf@ad water resourcg®eniston, 1999)Mountains are

the source areas of 540%00f thefglobial ip@pulatiom fiviesdirdtee r i v e
wat er sheds of r i ver s differentgriountaih ranggshat provide h e p |
freshwater supplyBeniston, 2003)Having a very long northi south extend, the Andes in

South America is usually divided into tropical (noah~20A S Jry +20Ai 35 AS) and we



(south of~35A S)  zlrotimedrspical Andes, the monthly maximum contribution of glacial
meltwater during a normal year is 61% in La Paz, Bolivia and 67% in Huaraz(Bestaert

et al., 2016)Having less rainfall and more numerous cryosighkandforms, melt water is
more significant in the Dry Andeas it makes up a greater proportion of strié@am In the
central part of the range, the glacier contribution to the sfteantan reach 67% in many
basins(Pe f a and Na zTaa avhrenesabdubtBe7g)obal importance of mountain
areas has increased in the last decades. Along witlirtbiseed for a better understanding of
the functioning of mountain ecosystems and of the global change impaceseretosystems
has been grow(Hofer, 2005)

1.2. The semiarid Andes

This project would focus ora regionoft he Centr al i AMAl eS) (iemea CIRi0lAe
significantparo f t h e ¢ o u n tive gndl whene waien fesmurcesoare vulnerable not
only to climate change but also the expansion of mining and agric@am&e et al., 2017)

The Subtropical Andes are characiged by a very dry climate because of their position on

the eastern flank of the Pacific anticycldi@apperton, 1993and the cold Humboldt current
(FiebigWittmaack et al., 2012)n the regionijnterannual climate variability is influenced by
bot h t hel S&thernNOsdllation (ENSO) and moisture levels in the extratropical
lowlands east of the And€PRlaczek etl., 2009) The annual precipitation is less than 1000

mm falling mostly during the austral high summer (Decenibdanuary). South from the

| at i t3 dieter BVAyA August)hasa more significantamount ofprecipitation, coming

with the northerlypenetration of cyclonic depressions from the southwest and southeast
(Clapperton, 1993)At high altitudes(~4000 m a.s.l.)precipitation ranges from ~200 mm at

the northern edge to 7@D0 mm & at the southern end of the samil Andes(Schaffer et

al., 2019) The arid and semiarid environments are often uniquely sensitive to climate change
(Placzek et al., 2009)n these regions of Chil¢he cryosphere is a major concern for local
population, due to the impact of water resoufEabatel et al., 2010Yhese zones of limited

water resources correspond to areas with the highest population density (including the capital,
Santiagade Chilg, significant agricultural development and extensive mining activity. Water
supply for hese sectors is largely reliant on melt from seasonal snow and ice bodies from the
Andean Cordillergf Favi er et al ., 2 0 0 9a, Schaffer et alr 20BN d Br «
For exampe, the glacier contributioto streamflowhas been estimated at ~50% in the Juncal
River Basin(Rodriguez et al., 2016)>42 and ~67% for the Yeso River Baghyala et al.,



2016)and 2i 23% for the Huasco Bas{iGascoin et al., 2011Pue to the changing climate,

a fall of precipitationand desertificatiorcan be observed. Therefore, a plan to develop an
advanced water management polids beemecommended by the Chilean National Water
Directorate (DGA) to adapt to a warming climate and to enforce the conservation of water
sources.For this, an extensivetigly and observation of the hydrological system of every

potential freshwater source is need®dhaffer et al., 2019)

1.3.Rock glaciers and their importance

Rock glaciers are tongtlike masegs of large, angular blocks, finer debris and {édlaby,

2013) They area mixture of rock, sediment and ice ansible manifestations of cumulative
deformation of iceich creeping mountain permafrogchaffer et al., 2019)Most rock
glaciers are less sensitive to climate change than glaciethelubigh concenation of rocls

and debris in their bodies which provigeotection(Janke et al., 2017and can contain a
significant amount of iceThe hgh ice-content can lead to deformati and a creeping motion

of the rock glacier bodyBy the degree of this activity of movement, rock glaciers can be
active or inactive. Inactiveock glaciers can be subdivided into the groups intact (inactive, but
still containing ice) or relict (all thece have melted) rock glacie(sK 2 @ b ,. Ba2e@d dr )
their origin, Schaffer et al. (2019) distinguishes three classes of rock glaciers based on their
origins: glaciogenic rock glaciers are formém debriscovered glaciersgryogenic rock
glaciers are formed from the geological processes associated with perraattgsblygenic

rock glaciers have a combined glaciogenic and cryogenic origin. Apant tiese, several

other definitions and classifications exist, since the origins of rock glaciers has been a subject
of scientific debates (See Chap#r Compared to glaciers, the distribution and hydrological
significance of rock glaciers have receivdtle attention(Jones et al., 2018ajespite their

significant role as water stores.

Because of the dry climate, the semiarid Andes contain only a small number of glaciers but a
larga number of rock glacierslt is in fact thought that rock glaciers contain the most
significant store of fresh water in treemiarid Andes, because they are the predominant
cryospheric landfornr{ Az - car and Brenning, .2n0tHeOchse of Schaf
some catchments, the rock glacier contribution to streamflow is estimate8l 1at30%

(Schaffer et al., 2019, Robson et al., 20Z)is makes rock glaciers extremely important

factors in the freshwater supply tife 900 000 habitants of the Elqui catchmamid local

industries which can affect many more people in the coumtrys, rock glacierseed to be



preserved and constantly monitoremt a successful water resource managemeat this
reason,it is crucial tocreate and maintain tfp-date and accurat@rgescalerock glacier

inventories.

1.4.Remote Sensing for rock glaciers detection

The field measurementof mountainousregions can be extremely costly and logistically
complicated. By using remote sensing (RS) data (with the inclusion of GIS technologies), it is
possible to investigate glacial and periglacial atkascan betoo timeconsuming, dangerous

or expensive toapproach on field.Remote sensing is defined as the acquisition and
measurement of information about certain properties of phenomena, objects or materials by a
recording device not in physical contact with the features under survei(kihoeram et al.,

2012) It is an effective tool for rock glacier monitoring since it provides large coverage and
repetitive acquisitior(Khorram et al., 2012)Before the spread of satellite remote sensing,
rock glaciers were studied with paper maps or aerial photos. For examipie, (19)
mapped more than 600 rock glaciers of the San Juan Mountains, Colorado by using air photos
and topographic mapslthough @rial photos havevery-high resolution and allow high
precision photogrammteryhey have weaknessas well Early photographs were available
only in blackandwhite which limited their capabilities. Furthermpraerial surveys are
usually performed at irregular intervals with oftémcomplete spatial coverageAerial
photography is stilfrequently usedor rock glacier monitorindKaufmann, 2012)yet, the
uptakeof earth observation (EO) satellites in the latter half of tH& @htury opened new
horizons in the field of RS. EO satellites orbiting around the planet provide global coverage
on a moresystematidasis(Khorram et al., 2012) Today, a wide range of remote sensing
data is freely available. Satellite imagery can be downloddeah both national and
international databasder image processing or spatial analyses. Satellite and aerial images
are also available on webap softwares such as Google Earth which provides easy access to
processed and corrected imagery. Commerciallgas can providevery-high resolution

imagery although these products can be costly.

1.5.Rock glacier delineation

Being neaiidentical to the surrounding paraglacial terrain, rock glaciers are more difficult to

detectthan clean ice or debrioveredglaciers Early rock glacier inventories were creatsd



manual delineation of landforms on aerial photografghrhaftig and Cox, 1959, Outcalt

and Benedict, 1965)hite, 1979) The methods still the most popular way for rock glacier
inventory creation. It isisually performed on higresolution aerial or satellite imagery using

a GIS or other vector basggaphics tools(Jones et al., 2018c, Rangecroft et al., 2014,
Pandey, 2019, Schmid et al., 2018)anual methods are howevéme consuming and
dependenton the consistency or local knowledge of the interpréBermundsen et al.,

2011) Some attenpts for the use of machinkarning have been madéJanke, 2001,
Brenning, 2009, Brenning et al., 2012)sing surhce textures or morphological
characteristics, although these methods have only been applied on small areas with a

relatively small number of rock glacigfRobson et al., 2020)

1.6. Methods used for this investigation

Deep learning (DL)s a class of machiAearningalgorithms,thathas recently become a hot

topic as a new powerful method for image recognition and classificgtimmgpei et al.,

2016) These algorithms attempt to interpret imagery in the sanyeasaa human operator
would, relying not only on pixel values but reoccurring patterns and teXfliredsina et al.,

2019, Robson et al., 202@onvolutional neural networks (CNN) aaegroup ofDL models

that are broadly used in the scientific commun(fymilsina et al., 2019)CNNs are inspired

by the brainds neur al net works and have mad e
(Zhang et al., 2019)They are a variant of multilayer neural networks, where images are
handled as multidimensional inputs which are given and transformed over a series of hidden
layers to reach the outp(Sharma et al., 2017) CNNs rely on large sample datasets to train

the algorithmto recognise recurring patterns withithe datas and are typically utilised in
applications where spectral characteristics are not suffi§Robson et al., 2020)These
algorithms have seen a massive rise of popularity, although, being a relatively young topic,
many questions are stillnanswered and further reseam@hd developments are needed to
provide more effective and trustworthy metho@lee CNNs that are used in classification of
remote sensing data produce a heatmap with probability values for each pixel belonging to a

class.

Objectbased image analysis (OBIA$ animage analysis method theteates more or less
homogenous objecthiroughimagesegmentation as the basis of classification which allows
the use ofcontextual, hierarchical and spatid@lacacteristics of image objeqfRobson et al.,
2015, Rastner et al., 2014, Robson et 2020) OBIA has been successfully used in many



reseach projects to detect clean ice and debasered glacier§Robson et al., 2015, Rastner
et al., 2014, Kraaijenbrink et al., 2016, McNabb et al., 2016, Robson,.20ké)objective of
this thesis is to developtechnique in order to automatically detect rock glaciers on different
areas of the semiarid Andes, using higholution optical satellite imagerwith the
combination of CNN and OBIAThe method has been applied by Robson et al. (2086)
found that OBIAcan be used to refine, reshape or correct results created by a@Ntd
create meaningful polygons as rock glacier outlines out of a heatmap Tagtéwo methods
together formed an effective way to automatically identify rock glacitls promising
results This thesisinvestigates further possibilities by using higher resolution satellite

imagery to identify smaller yet more numerous landforms.



2. Study Area

The study area iBcated insemiarid Andes of Chilé approximatelybetween the latitudes
30AS a i ar@ifd.130Am east to La Serena, near the Argentine bgfdere 1)
Two different catchments were chosen for this study: Jeheagunalalso known ag apadd
catchment and the Estero Derecho catfmiBoth of them include a large number of rock

glaciers and have be@nfocus of previous research



e

 Argentina

Figurel: Location of the two study areas in the Chilean Andes.



2.1. Primary Study Zone

The primary study area the La Laguna catchment, where the Tapado glacier and the glacial
foreland (debrisovered glaciers, rock glaciers and moraines) form together the Tapado
glacial complex(Figure 3). The region has a seamnid and cold climateAt the elevatiorof

~3000 m a.s..it has a mean precipitation of 167 mm per year measured between 1970 and
2009 and a mean annual air temperature (MAAT) &f @ecordedbetween 1974 and 2011.

The MAAT has been reported to be rising by OAT per decade bet ween
(Monnieret al., 2014a, Robson et al., 2020)

The Tapado gl ac$ &9 W00t 3585enda.s.aftowir®) on. tHe Aide of

the mountairCerro Tapadds one of the few glaciers in the regi¢®inclair and MacDonell,

2016) The mountain is mainly made of dacitic and rhyolitic materials from upper Paléozoic

Lower Trias (secalledPastos Blanco&ormation) and upper Oligocéiisower Miocene (so

calledD o f a Férmadion) periodgMonnier et al., 2014b)rhe area also consists of debris

covered glacier sections as well as 105 rock glaciers according @G inventory.Some

of the significant rock glaciers are ti@apado Rock Glacierthe Las Tolas(Figure 2) the
Empalmeand thelLlano de las Liebre¢Schaffer et al., 2019PDue to its complexity, tkse

landform assemblagere hardto identify from surface observatiofMonnier et al., 2014a)

The area has bedn the focus of researchvith particular emphasis on theydrological

functioning of the landformswithin the catchmentWhen it comes to ice content of rock

glaciers in the semiarid Andes, the values of 508 r enni ng, 2005, Az - ca
2010b)and 60%(Schrott, 1996have been assumed. Indirect geophysical measurements at

two specific rock glaciers have been done: Monnier and Kinnard (2015) estanatesrage

ice content of 66% forhe rock glacieiLlano de las Liebree nd Mi | ana and Gg e
approximatecan average ice content of 33.5% motherrock glacier adjacent to th@erro

Tapado( Mi | ana and Gg¢ell, 2008, Schaffer et al .,

It is assumedthat the Tapado catchmemttively supgkeswater to the lower semiarid areas of

the Elqui river basin by contributing between 4 and 13% of the annual streafRfbonvieret

al., 2014, Robson et al., 202y using a combination of the minimal glacier discharge data
available and published discharge values measured at rock glaciers outside of the semiarid
Andes, Schaffer et al. (2019) estimated the rock glacier contributithre sireamflow. They

found that rock glaciers likely contributed 140, 300 and 930Lfer a minimum, likely



maximum and extreme maximum scenario respectively, which indicate@® % of the
streamflow(Schaffer et al., 2019)

Figure2: The Las Tolas rock glacier (Photograph: Benjamin Aubrey Robson)



Figure3: The La Laguna catchment with rock glaciers shown in Baickground image is an orthorectified
Pleiades mosaic (highlighted) from 2020 combined with ESRI satellite map.



