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Abstract. In this paper we present a reconstruction of the kinematics of the Tschadinhorn rock glacier using multi-
temporal conventional (metric) aerial photographs (1954-2015) and additional non-metric aerial photographs (2016,
2017) taken with in-house unmanned aerial vehicles (UAVS). A rotary-wing aircraft (hexacopter twinHEX v.3.0) was
used in 2016 and a fixed-wing aircraft (QuestUAV) in 2017. The historical image data was acquired from the Austrian
Federal Office of Metrology and Surveying (BEV). Both a digital orthophoto (DOP) and a digital terrain model (DTM)
were computed for each given epoch. Precise georeferencing of the image data was carried out in the Austrian
Gauss-Kriiger M31 coordinate system using available aerotriangulations (ATs) of BEV and additional ground control
points (GCPs) measured geodetically during both UAV campaigns. Change detection analysis provided multi-tem-
poral 2D flow velocity fields. Subsequently, these data were collated to produce a simpler velocity graph showing
clearly the temporal evolution of the flow velocity of Tschadinhorn rock glacier: A maximum mean annual flow velo-
city of 3.28 m/year was obtained for 2014-2015, while the lowest annual flow velocity of 0.16 m/year was observed
for 1969-1974. The velocity graph also revealed that 1954-2009 was characterized by generally moderate activity
(0.16 — 0.79 m/year) and that much higher flow velocities have prevailed since 2009. The present value for
2016-2017 is 1.92 m/year.

Keywords: permafrost, rock glacier, flow velocity, photogrammetry, UAV, environmental change, Tschadinhorn

1 Introduction various parameters, such as topography and geo-

graphical setting, internal structure and ice content,

Rock glaciers are creep phenomena of mountain
permafrost, responsible for extensive mass transport
in alpine environments (Barsch 1996). They are com-
posed of rock debris and ice and move downslope by
force of gravity due to a combination of plastic de-
formation of the ice and internal sliding processes.
Rock glaciers can be found in all high mountain
ranges on the Earth. The movement of (active) rock
glaciers is generally not constant over time but
changes within different time scales, i.e. seasonally,
annually, or even over decades. This depends on

and environmental factors (air/ ground surface
temperature, precipitation). It is believed that mid-
to long-term changes in the flow velocity of rock
glaciers can be attributed to climate change, i.e. at-
mospheric warming/cooling (cp. Kellerer-Pirkl-
bauer and Kaufmann, 2012).

The main goal of the work described in this paper
was to reconstruct the surface movement (kinemat-
ics) of the Tschadinhorn rock glacier for the period
1954 to 2017 on a multi-annual to inter-annual time
scale. The results obtained are intended to provide a
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Sazetak. U radu se prikazuje rekonstrukcija kinematike kamenog glecera Tschadinhorn upotrebom viSevremenskih konvenci-
onalnih (mjernih) fotografija snimljenih iz zraka (1954-2015) i dodatnih nemjernih fotografija snimljenih iz zraka (2016, 2017)
bespilotnim letjelicama (unmanned aerial vehicles — UAV). Letjelica s rotirajuéim krilima (hexacopter twinHEX v.3.0) upotreb-
liena je 2016. godine, a letjelica s nepokretnim krilima (QuestUAV) upotrebljena je 2017. Povijesni slikovni podaci dobiveni su
od Austrijskog federalnog ureda za metrologiju i izmjeru (Bundesamt fiir Eich- und Vermessungswesen — BEV). Za svako su
razdoblje izrafunani digitalni ortofoto (DOP) i digitalni model reljefa (dligital relief model — DTM). Precizno georeferenciranje
slikovnih podataka provedeno je u austrijskom koordinatnom sustavu Gauss- Kriiger M31 upotrebom aerotriangulacija (AT)
dobivenih od BEV-a i dodatnim kontrolnim to¢kama na tlu (ground control point — GCP) geodetski izmjerenih tijekom obaju
izmjera bespilotnim letjelicama. Analiza otkrivanja promjena rezultirala je viSevremenskim dvodimenzionalnim poljem brzina
kretanja. Nakon toga, podaci su sredeni kako bi se dobio jednostavniji graficki prikaz brzine koji jasno pokazuje razvoj brzine
kretanja kamenog glecera. Najveéa prosjecna godiSnja brzina kretanja od 3,28 metra u godini dobivena je u razdoblju 2014—
2015, dok je najmanja godiSnja brzina od 0,16 metra u godini opazena u razdoblju 1969-1974. Na grafickom prikazu brzine
takoder se vidi da je razdoblje 1954-2009 bilo karakterizirano uglavnom umjerenom aktivnoSéu (0,16 — 0,79 metra u godini)
te da od 2009. prevladavaju mnogo vece brzine kretanja. Trenutacna vrijednost za 2016-2017 iznosi 1,92 metra u godini.

Kljuéne rijegi: permafrost, kameni glecer, brzina kretanja, fotogrametrija, UAV, promjena okoliSa, Tschadinhorn

1. Uvod leda te okolinski ¢imbenici (temperatura zraka i po-
vrsine tla, oborine). Vjeruje se da srednjoro¢ne i du-
Kameni gleCeri karakteristicni su za planinski ~ goro¢ne promjene u brzini kretanja kamenih glecera
pemafrost i odgovorni su za velika kretanja u alpsko- moZemo pripisati klimatskim promjenama, odnosno
me okoliSu (Barsch 1996). Sastoje se od krhotina stije- atmosferskom zatopljenju/zahladnjenju (usp. Kelle-
nailedaikreéu se nizbrdo zbog gravitacije, plasti¢nih  rer-Pirklbauer i Kaufmann 2012).
deformacija leda i unutarnjih procesa klizanja. Kame- Glavni cilj istraZivanja opisanog u ovome radu bio
ni gleCeri mogu se pronaéi na svim visokim planin- je rekonstruirati povrSinsko kretanje (kinematiku)
skim lancima na Zemlji. Kretanje (aktivnih) kamenih ~ kamenog glecera Tschadinhorn u razdoblju od 1954
gleCera nacelno nije konstantno, ve¢ se mijenja u od- do 2017 na godi$njoj i medugodi$njoj vremenskoj
nosu na godis$nja doba, godine, pa ¢ak i desetlje¢a. Ono  ljestvici. Dobiveni rezultati namijenjeni su kao te-
ovisi o razli¢itim parametrima, kao $to su topografijai  melj za istrazivanje klimatskih promjena i opSirna
geografske okolnosti, unutarnja struktura i koli¢ina  morfoloska istrazivanja.
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Fig. 1 Location map showing Tschadinhorn rock glacier and the surrounding area. Mapping areas
C1 and G2 are outlined by boxes. Orthophoto taken on 28 August 2015. P indicates the position
where the panoramic photo of Figure 2 was taken.

Slika 1. Karta koja prikazuje polozaj kamenoga glecera Tschadinhorn i okolno podrucje. Podrucja
kartiranja C1 i G2 uokvirena su. Ortofoto je snimljen 28. kolovoza 2015. P oznaCava poloZaj s kojega
je snimljena panoramska fotografija prikazana na sl. 2.

basis for investigating climate change and more in-
depth morphological studies.

The remainder of the paper is structured as fol-
lows: Section 2 gives a brief introduction to the
study area. This is followed by a summary of previ-
ous work carried out in the study area in Section 3.
Section 4 presents the data used in the study. The
methods applied in georeferencing both metric and
non-metric image data and subsequent change de-
tection based on digital orthophotos (DOPs) and di-
gital terrain models (DTMs) are addressed in
Section 5. The results obtained are presented in
Section 6. The paper concludes with a discussion
and an outlook.

2 Study Area

The Tschadinhorn rock glacier (46°59'38" N,
12°51'47" E, see Figures 1 and 2) is located in the
Schober Mountains, East Tyrol, Austria, and is also
part of the Hohe Tauern National Park. The tongue-
shaped, northwest-facing permafrost body extends
between approximately 2835 m (upper limit of the

root zone) and 2568 m (lower end of the tongue). The
main part of the flow structure covers an area of ap-
proximately 5.35 hectares and is 640 m long and
between 80 and 100 m wide. Characteristically, this
rock glacier covers an area from a less inclined upper
zone to a lower-lying valley-confined runout zone,
passing an intermediate steep sliding zone. Se-
quences of superficial furrows and ridges in the run-
out zone, with recently developed tension cracks in
the sliding zone, indicate the rock glacier’s high
activity. In fact, it acts like a bulldozer, breaking the
ground/sod at the glacier’s snout (see Figure 2).
Marked down-wasting of rock glacier material oc-
curs on the orographic right side close to the frontal
slope, where the rock glacier overruns its confining
terrain. The detached material seems to get com-
pletely dispersed on the steep slopes below the es-
carpment. Distinct levees on both sides also provide
evidence of surface height change and movement.
The active flow structure appears to have overridden
at least one older, probably relict rock glacier. In a
previous pilot study, Kaufmann (2010) was able to
verify high annual flow velocities in the order of

—1
KiG No. 31, Vol. 18, 2019, https://doi.org/10.32909/kg.18.31.1



|— KAUFMANN, V. | DR.: PANTA RHEI: PROMJENA KRETANJA KAMENOG GLECERA TSCHADINHORN (PLANINSKI LANAC HOHE TAUERN, AUSTRIJA), 1954-2017

Tschadinhorn rock glacier

mass wasting

referénce point
of'geodetic network- 2

bulldozing - 5=
the grogn;i;‘ g

P £ i

break in slope

sliding zone

Fig. 2 Terrestrial view of Tschadinhorn rock glacier as seen from photo standpoint P (indicated in Figure 1), from
north to east. See people in the foreground for scale. Panoramic photo taken on 26 July 2016 by V. Kaufmann.
Slika 2. Terestricki pogled na kameni gleCer Tschadinhorn viden s tocke P (oznaCene na sl. 1), sa sjevera prema

istoku. Usporedi s veli¢inom ljudi u prvome planu. Panoramsku fotografiju snimio je V. Kaufmann 26. srpnja 2016.

Ostatak rada strukturiran je na sljedeéi nadin: u
drugome dijelu dan je kratki uvod u podrudje istrazi-
vanja. U treCem dijelu slijedi saZetak prethodnih is-
trazivanja u tom podrudju. Podaci upotrebljeni u
istrazivanju prikazani su u etvrtom dijelu. Metode
primijenjene u georeferenciranju mjernih i nemjer-
nih slikovnih podataka te posljedi¢no otkrivanje
promjena utemeljeno na digitalnom ortofotu (DOP) i
digitalnim modelima reljefa (DTM) opisane su u pe-
tom dijelu. Dobiveni rezultati prikazni su u Sestom
dijelu. Rad zavrSava raspravom i smjernicama za
daljnja istraZivanja.

2. Podrutje istraZivanja

Kameni gleer Tschadinhorn (46°59'38" sjeverne
geografske Sirine, 12°51'47" isto¢ne geografske duzi-
ne, vidi sl. 1 i 2) nalazi se na planini Schober u isto¢-
nome Tirolu u Austriji, a dio je Nacionalnoga parka
Hohe Tauern. Permafrost u obliku jezika usmjerenog
prema sjeverozapadu proteZe se od priblizno 2,835 m
(gornja granica korijena) do 2,568 m (donji kraj jezi-
ka). Glavni dio strukture tijeka pokriva povrsinu od
priblizno 5,35 hektara i dugacak je 640 m, a §irok iz-
medu 80 i 100 m. Gleler je karakteristi¢an po tome
§to pokriva podruéje od manje nagnutoga gornjeg
podrucja do donjeg-leZeeg podrudja odstupanja
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ograni¢enog na dolinu, prolaze(i kroz srednje strmo
klizno podrudje. Nizovi povrSinskih brazdi i grebena
u podrudju odstupanja, s nedavno razvijenim puko-
tinama u kliznome podrudju, ukazuju na veliku ak-
tivnost kamenog glecera. Stovise, djeluje kao buldo-
Zer, lomedi tlo i travnjake na kraju glecera (vidi sl. 2).
Znalajno troSenje kamenoga gleCera dogada se na
orografskoj desnoj strani blizu prednje padine, gdje
kameni gleCer prelazi preko ogranicavajuleg terena.
Cini se da je odvojen materijal u potpunosti rasprsen
na strmim padinama ispod odrona. IzraZeni nasipi s
obiju strana takoder su dokaz promjene povrsinske
visine i kretanja. Cini se da je aktivna struktura po-
micanja oborila barem jedan stariji kameni glecer. U
prethodnome pilot-istrazivanju, Kaufmann (2010) je
utvrdio velike godiS$nje brzine kretanja kamenog
gleCera Tschadinhorn, reda veli¢ine od nekoliko me-
tara (za detalje, vidi sljedeéi dio).

Istrazivanje opisano u ovome radu obuhvatilo je
dva pravokutna podruéja kartiranja, C1 s umetkom
C2, prikazane na sl. 1. Podrudje kartiranja C1 zapravo
se sastoji od dvaju kamenih glecera, Tschadinhorna i
jos jednoga, koji se nalazi sjeveroisto¢no od njega. Ta
su dva kamena glecera oznacena kao “is186” i “is185”
u popisu kamenih glecera isto¢nih europskih Alpi
koji su sastavili Kellerer-Pirklbauer, Lieb i Kleinferc-
hner (2012). Taj popis takoder sadrzi poligone koji

1
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Table 1 Aerial surveys 1954-2015.
Tablica 1. [zmjere iz zraka 1954-2015.

Date/ Mean flying height Cameratype/  Scale/ GSD* (cm)/ Remarks/
Datum above ground (m)/ Tip kamere Mjerilo / GSD* (cm) Napomene
ProsjeCna visina
leta iznad tla (m)
24.9.1954 3250 Analogue/ 1:15,450 / 23 B&w, fresh snow cover/
Analogna C/b, svjez snjezni pokrov
29.9.1969 4345 Analogue/ 1:28,460 / 43 B&w/
Analogna c/b
6.9.1974 2080 Analogue/ 1:12,830 / 12 B&w
Analogna C/b
9.10.1981 4660 Analogue/ 1:30,400 / 46 B&w
Analogna c/b
18.9.1992 3000 Analogue/ 1:13,970 / 21 False colour IR/
Analogna Lazna boja IR
18.9.2002 4050 Analogue/ 1:13,280 / 20 Colour/
Analogna U boji
21.9. 2006 4630 Analogue/ 1:15,250 / 23 Colour/
Analogna U boji
8.9.2009 4880 Analogue/ 1:15,970 / 24 Colour/
Analogna U boji
28.8.2012 2070 Digital/ (1:22,450) / 13 R,G,B,NIR/
Digitalna Crvena, zelena, crna, NIR
28.8.2015 3060 Digital/ (1:30,560) / 16 R,G,B,NIR
Digitalna Crvena, zelena, crna, NIR

*... ground sampling distance/ *... udaljenost uzorkovanja tla (ground sampling distance)

magnitude of several metres at Tschadinhorn rock
glacier (for details, see next section).

The research presented in this paper covers two
rectangular mapping areas, C1 with inset C2, as
shown in Figure 1. Mapping area C1 actually com-
prises two active rock glaciers, Tschadinhorn, and
another, located to its northeast. The two rock gla-
ciers are indexed as “is186” and “is185”, respect-
ively, in the rock glacier inventory of the eastern
European Alps compiled by Kellerer-Pirklbauer, Lieb
and Kleinferchner (2012). This inventory also in-
cludes confining polygons describing the limits of
both rock glaciers. Later in this paper (Section 6) we
use these polygons to mask the flow velocities ob-
tained, fully aware that the polygons do not exactly
match the present extent of the rock glaciers.

3 Previous Work
The Tschadinhorn rock glacier was first studied

by Buchenauer (1990). The author measured the
temperature of its springs and carried out sledge-

hammer seismic refraction field measurements on
two profiles. From these measurements he con-
cluded that permafrost must be present. He also
realized the rock glacier was highly active through
analysing the peculiarities of its surface topography.
Kaufmann (2010) used digital backdrop orthophotos
of digital globes, Google Maps and Microsoft Bing Maps,
to visually screen for fast-moving rock glaciers in the
Schober Mountains. The Tschadinhorn rock glacier
was identified as highly active (due to large image
parallaxes), and subsequent image-based measure-
ments revealed maximum flow velocities of up to
1.24 m/year for the period 2002-2006. In a follow-up
study, Kaufmann and Kellerer-Pirklbauer (2015) used
governmental GIS data (digital orthophotos from
2002, 2006, and 2012) to retrieve flow velocity fields
with higher spatial resolution and better accuracy.
The results obtained were improved in two additional
studies (Filwarny and Wisiol, 2012; Mikl, 2015) carried
out by students who worked with the original aerial
photographs (the methodological details are dis-
cussed in Section 5). A preliminary evaluation of the
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oznacduju granice obaju kamenih gledera. Kasnije u
radu (u Sestome dijelu) rabimo te poligone kako bi-
smo maskirali dobivene brzine kretanja, u potpu-
nosti svijesni da ti poligoni ne odgovaraju u
potpunosti trenutaénome stanju tih ledenih glecera.

3. Prethodna istraZivanja

Kameni gleer Tschadinhorn prvi je istrazivao
Buchenauer (1990). Mjerio je temperaturu njegovih
izvora i odredio seizmicka refrakcijskih polja na dva-
ma profilima upotrebom teskih ¢ekica. Zakljucio je da
se na tom mjestu mora nalaziti permafrost. Takoder je
na temelju neobi¢nosti u povrsinskoj topografiji
shvatio da je kameni glecer vrlo aktivan. Kaufmann
(2010) je upotrijebio digitalni pozadinski ortofoto di-
gitalnih globusa, Google Maps i Microsoft Bing Maps, kako
bi vizualnim putem utvrdio kamene glecere brzoga
kretanja na planini Schober. Kameni gleCer Tschadin-
horn okarakteriziran je kao vrlo aktivan (zbog velikih
paralaksi slika), a naknadna mjerenja na slikama ot-
krila su najvece brzine tijeka do 1,24 metra u godini u
razdoblju 2002-2006. U natavku istrazivanja, Kauf-
mann i Kellerer-Pirklbauer (2015) upotrijebili su vla-
dine podatke GIS-a (digitalni ortofoto iz 2002., 2006. i
2012.) kako bi dobili polja brzine tijeka vise razludi-
vosti i to¢nosti. Dobiveni podaci pobolj$ani su u dva-
ma dodatnim istraZivanjima (Filwarny i Wisiol 2012,
Mikl 2015) koja su proveli studenti koji su radili s ori-
ginalnim fotografijama snimljenim iz zraka (o meto-
doloskim detaljima raspravlja se u petom dijelu).
Preliminarna evaluacija istraZivanja iz zraka bespilot-
nim letjelicama provedenoga 2016. godine opisana je
u ¢lanku Kaufmanna i dr. (2017).

4. Podaci

Nase se istrazivanje u velikoj mjeri temelji na
evaluaciji povijesnih/arhivskih fotografija dobive-
nih od BEV-a i Ureda Tirolske Regionalne Vlade (Ti-
roler Rauminformationssystem - TIRIS). Novije foto-
grafije snimljene iz zraka dobivene su vlastitim
bespilotnim letjelicama koje su snimale podatke tije-
kom viSe godina. Geodetska mjerenja i digitalni mo-
del povrsine (digital surface model - DSM) utemeljen
na laserskom snimanju iz zraka (airborne laser scan-
ning - ALS) takoder su uzeti u obzir.

4.1. Mjerne fotografije snimljene iz zraka

U BEV-u se ¢uva se velika arhiva povijesnih foto-
grafija snimljenih iz zraka, od kojih najstariji primjerci
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datiraju s poCetka 1950-ih godina. Novije izmjere iz
zraka uglavnom su provedene u bliskoj suradnji s
uredima regionalnih vlada. 0d 2010. godine BEV sva-
ke tri godine fotografijama snimljenima iz zraka po-
krije cijeli teritorij (BEV 2018). U naSem smo
istrazivanju upotrijebili fotografije snimljene iz zra-
ka u 10 razli¢itih epoha (tablica 1). Kako bi se podrza-
lo kartiranje upotrijebljeni su protokoli kalibracije
kamera. Analogne fotografije skanirane su u razluéi-
vosti od 15 pm fotogrametrijskim skenerom firme
Carl Zeiss.

4.2. Nemijerne fotografije snimljene iz zraka

Dvije izmjere iz zraka provedene su u ljeto 2016. i
2017. vlastitim bespilotnim letjelicama kako bi se po-
punila praznina od posljednje (2015) do sljedece pla-
nirane izmjere BEV-a. Letjelica s rotiraju¢im krilima
(hexacopter twinHEX v.3.0) upotrebljena je 2016. go-
dine. Za usporedbu, u priblizno isto vrijeme 2017.
pustene su Cetiri razli¢ite bespilotne letjelice. Medu-
tim, u naSem istraZivanju analizirali smo podatke sa-
mo jedne letjelice s nepokretnim krilima, QuestUAV.
Obje su letjelice nosile (nekalibrirane) pristupacne
digitalne kamere koje snimaju nemjerne slikovne
podatke (tablica 2). Izmjera iz zraka provedena 2016.
godine ometana je (jo§ uvijek nepoznatim) tehnic-
kim poteskoéama u to¢nom letenju prema prethod-
no izra¢unanim tockama. Stoga podrudje kartiranja
nije potpuno i sastoji se od dvaju medusobno nepo-
vezanih dijelova. Povrh toga, mnoge su fotografije
iskljucene iz obrade jer su bile vrlo mutne.

4.3. Geodetska mjerenja

Godine 2014. uspostavljena je geodetska mreza od
14 tolaka na aktivnom dijelu kamenog glecera i 4
stabilne referentne tocke u okolnom podrugju. 0d
tada se svake godine krajem kolovoza provode ge-
odetska mjerenja. Ta godi$nja mjerenja pomazu pri
biljeZenju kinemati¢kog stanja kamenog glecera,
primjerice s pomocu prosjenih godi$njih brzina
kretanja. Precizno (:2-3 cm) odredivanje poloZaja
tocaka temelji se na tehnici RTK-GNSS (Leica GNSS
prijamnik GS15) uz upotrebu virtualne bazne stanice
(usluga APOS BEV-a). Tijekom mjerenja bespilotnim
letjelicama provedena su dodatna mjerenja, a sasto-
jala su se od (i) svih to¢aka u postojecoj mreZi i (ii)
dodatnim to¢kama smjeStenim na kamenom gleceru
i izvan njega, privremeno oznacenim ciljevima izra-
denim od plasti¢ne folije. Slika 3 pokazuje spomenu-
te tocke za 2017. te odgovarajuée vektore kretanja
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Table 2 2016 and 2017 aerial surveys using unmanned aerial systems (YouTube, 2018).
Tablica 2. Izmjere iz zraka provedene bespilotnim letjelicma 2016. i 2017. godine (YouTube 2018).

Date/ UAS/UAV Type/ Number of Digital GSD* (cm)
Datum Tip photographs*/ camera/
Broj fotografija*  Digitalna
kamera
26.7.2016  hexacopter Rotary-wing/ 13 (western part)/ Ricoh 45/45
twinHEX v.3.0 s rotirajuéim krilima 13 (zapadni dio) GXR A12
4 (eastern part)/ 4.4/ 4,4
4 (isto¢ni dio)
22.8.2017 QuestUAV Fixed-wing/ 68 Sony 5.1/5,1
s nepokretnim krilima ILCE-6000

+... used in the photogrammetric mapping/ +... upotrebljen pri fotogrametrijskom kartiranju
* ... ground sampling distance/ * ... udaljenost uzorkovanja tla

Table 3 Overview of 2016 and 2017 geodetic measurements.
Tablica 3. Pregled geodetskih mjerenja provedenih 2016. i 2017. godine.

Date/ Number of points Number of additional points/
Datum in the geodetic network/ Broj dodatnih to¢aka
Broj to¢akau
geodetskoj mrezi
On the rock Outside the On the rock Outside the
glacier/ rock glacier/  glacier/ rock glacier/
Nakamenom  Izvan kamenog Nakamenom  Izvan kamenog
gleceru glecera gleceru gledera
27.7.2016 14 3 12
25.8.2016 14 - -
28.8.2017 14 3 6 18

2016 UAV-based aerial survey can be found in
Kaufmann et al. (2017).

4 Data

The present study is based to a great extent on the
evaluation of historical/archived aerial photographs
provided by the Austrian Federal Office of Metrology
and Surveying (BEV, Vienna) and the Office of the Tyr-
olean Regional Government (TIRIS). More recent aerial
photographs were acquired in-house using our own
unmanned aerial systems (UASs) providing interan-
nual image data. Geodetic measurements and a digital
surface model (DSM) based on airborne laser scanning
(ALS) were also considered in the evaluation process.

4.1 Metric aerial photographs

The BEV holds a large archive of historical aerial
photographs dating back to the early 1950s. More

10

recent aerial surveys have been typically carried out
in close cooperation with regional government of-
fices. Since 2010, the BEV has covered the whole ter-
ritory of Austria with aerial photographs every three
years (BEV, 2018). In our study, we used aerial pho-
tographs from 10 different epochs (Table 1). Camera
calibration protocols were also provided to sustain
metric mapping. The analogue photographs were
scanned at 15 um resolution using a Carl Zeiss pho-
togrammetric scanner.

4.2 Non-metric aerial photographs

Two dedicated aerial surveys were carried out in
the summers of 2016 and 2017 using different in-
house unmanned aerial systems (UASs) to fill the
data gap from the last (2015) to the next scheduled
BEV aerial survey (2018). In 2016, a rotary-wing air-
craft (hexacopter twinHEX v.3.0) was used. For reas-

ons of comparison, four different unmanned aerial
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dobivene iz godisnjih geodetskih mjerenja (25. 8.
2016. - 22. 8. 2017.). U 2016. godini, izmjera bespilot-
nim letjelicama nije se poklapala s predvidenim go-
di$njim geodetskim mjerenjima (usp. tablicu 3) koja
su provedena krajem srpnja, dan nakon leta bespi-
lotnih letjelica.

4.4. Podaci laserskog skeniranja iz zraka

Podatke laserskog skeniranja iz zraka (airborne la-
ser scanning - ALS) iz 2009. godine ustupio nam je TI-
RIS u dvama formatima, (1) kao digitalni model
povrsine (digital surface model - DSM) koji prikazuje
oplenitu povrsinu Zemlje, uklju¢ujuéi vegetaciju i
umjetne objekte, te (2) kao digitalni model terena (di-
gital terrain model - DTM) koji prikazuje golu povrsi-
nu. Oba su modela rasterska, s rezolucijom od 1
metra. U nasem istraZivanju Srafiranje reljefa digital-
nog modela terena izgleda glade nego ono temeljeno
na digitalnom modelu povrsine. O¢ito je da su ulazni
podaci (digitalni reljef povrsine) do neke mjere filtri-
rani, $to je neizbjezno, unato¢ nedostatku visoke ve-
getacije ili umjetnih objekata. U naSem smo istra-
Zivanju upotrijebili digitalni model terena iz 2009.
godine kao polaznu to¢ku visine (visinski datum)
svih fotogrametrijskih proizvoda, odnosno izracuna-
nih digitalnih modela terena. Medutim, digitalnom
modelu povrsine dana je prednost pri racunanju br-
zina kretanja iz viSevremenskih visinskih polja.

5. Metode

Sazet prikaz razli¢itih metoda za utvrdivanje i
analiziranje deformacija na tlu permafrosta dan je u
lanku Arensona i dr. (2016). Novija istraZivanja sve
se viSe temelje na upotrebi laserskih skenera i pris-
tupacnih digitalnih kamera u mjerenjima na tlu ili iz
zraka. Informacije o povrsinskim deformacijama, na
primjer horizontalnim pomacima i promjenama vi-
sine, dobivaju se ponovljenim izmjerama iz zraka i
obradom viSevremenkog digitalnog ortofota i/ili di-
gitalnih modela terena. U meduvremenu je mjerenje
bespilotnim letjelicama postalo dostupno veéini ge-
oznanstvenika, a mo¢éni softver omoguéuje gotovo
automatsku obradu podataka i dobivanje smislenih
geoinformacija. Citatelje takoder upuéujemo na dru-
ge radove, na primjer Bodin i dr. (2018), Buchli i dr.
(2018), Dall’Asta (2018), Fugazza i dr. (2018), Kum-
mert i dr. (2018) te Seier i dr. (2017).

Analiza deformacija u naSemu projektu temeljila
se na viSevremenskom digitalnom ortofotu (digital
orthophotos - DOP) i digitalnim modelima terena
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(DTM). Precizno georeferencirane fotografije snim-
ljene iz zraka preduvjet su za primjenu te metode.

95.1. Georeferenciranije i kartiranje
5.1.1 Mjerne fotografije snimljene iz zraka (arhivski podaci)

Radna stanica Intergraph primijenjena je za foto-
grametrijsko orijentiranje mjernih fotografija. Po-
daci dostupnih zra¢nih triangulacija izabranih
razdoblja (2002, 2012 i 2015) pomogli su pri priklad-
nom georeferenciranju svih drugih razdoblja koja jos
nisu georeferencirana upotrebom stabilnih prirod-
nih orijentira. Najmanje to¢nosti georeferenciranja
dobivene su za analogne slikovne podatke u sitnom
mjerilu iz 1969. 1 1981. i iznosile su +0,4-0,6 m u pla-
nimetriji (X, Y) te +0,4-0,5 m u visini (Z). Na¢elno go-
voredi, dobivene pozicijske (X, Y, Z) to¢nosti bile su
reda veli¢ine +1-1,5 udaljenosti uzorkovanja tla (od
oka, vidi tablicu 1). Za svako je razdoblje izratunan
digitalni ortofoto upotrebom istodobnog digitalnog
modela terena. Model laserskog skenera iz 2009. go-
dine posluzio je kao suvremeni model terena za 2009.
Svaki ortofoto izracunan je u dvjema uobicajenim
razlu&ivostima, 10 i 20 cm, kako bi se olak$ala obrada.
Medutim, ortofoti dobiveni bespilotnim letjelicama
prvo su uzorkovani na 5 cm udaljenosti uzorkovanja
tla, da bi se o¢uvala inherentna razlucivost slikovnih
podataka.

5.1.2. Nemjerne fotografije snimijene iz zraka
(podaci dobiveni bespilotnim letjelicama)

Slikovni podaci dobiveni bespilotnim letjelicama
obradeni su komercijalnim softverom Agisoft Pho-
toScan (Agisoft, 2018). Softver se temelji na nacelima
strukture-iz-kretanja (structure-from-motion - SfM).
Glavni koraci obrade bili su (1) odabir prikladnih, o3-
trih fotografija, (2) ratunanje oblaka rijetkih tocaka, (3)
interaktivno mjerenje kontrolnih tocaka na tlu (gro-
und control points - GCP), (4) naknadno prilagodava-
nje paketa s kalibracijom kamere (F, Cx, Cy, B1, B2,
K1-3, P1, P2), (5) kontrola kvalitete kontrolnim toé&-
kama, (6) ratunanje oblaka gustih tocaka, (7) dvodi-
menzionalno povezivanje oblaka gustih tocaka (s
opcijom polje visine - height field), (8) raunanje ras-
terskog digitalnog modela terena s razmakom pra-
vilne mreZe od 10 cm, te (9) proizvodnja ortofota s
udaljenosti uzorkovanja tla od 5 cm, kao S$to je vel
spomenuto. Procjena tocnosti temeljila se na (i) sta-
tistickim podacima prilagodbe paketa (upotrebom
kontrolnih tolaka na tlu i nezavisnih kontrolnih
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vehicles (UAVs) were flown at about the same time
in 2017. In the present study, however, we used only
the image data from one particular aircraft, the
fixed-wing QuestUAV. Both UAVs carried (un-calib-
rated) digital consumer-grade cameras providing
non-metric image data (Table 2). The 2016 aerial sur-
vey was hampered by (still unknown) technical
problems in correctly flying the pre-computed way-
points. Thus, the coverage of the mapping area is not
complete and comprises two non-interconnected
parts. Moreover, many photographs had to be dis-
carded because of severe image blurring.

4.3 Geodetic measurements

In 2014, a geodetic network was set up consisting
of 14 observation points marked on the active part of
the rock glacier and 4 stable reference points located
in the surrounding area. Since then, geodetic meas-
urements have been carried out every year at the
end of August. These annual measurements help to
document the kinematic state of the rock glacier,
providing mean annual flow velocities, for example.
Precise point positioning (+2-3 c¢m) is based on the
RTK-GNSS technique (Leica GNSS receiver GS15) us-
ing a virtual base station (APOS service of BEV). Dur-
ing the UAV campaigns, additional measurements
were carried out, comprising (i) all points in the
already existing network and (ii) additional points
located on and outside the rock glacier, temporarily
marked with targets made of plastic foil. Figure 3
shows the points mentioned for 2017 and the re-
spective flow vectors derived from the annual geo-
detic measurements (25. 8. 2016-22. 8. 2017). In 2016,
the UAV-based aerial survey did not coincide with
the scheduled annual geodetic measurements (cp.
Table 3), which were carried out at the end of July,
one day after the UAV flight.

4.4 Airborne Laser Scanning Data

Airborne laser scanning (ALS) data from 2009 was
provided by TIRIS in two formats, (1) as a digital sur-
face model (DSM) representing the Earth’s surface in
general, including vegetation and possible man-
made objects, and (2) as a digital terrain model
(DTM) representing the bare surface. Both models
are raster-based with a grid spacing of 1m. In the
present study, the relief shade of the DTM looks
somewhat smoother than the DSM-based one. Obvi-
ously, the input data (DSM) was filtered to a certain
extent, which is inevitable in the general processing

scheme, despite the lack of high vegetation or man-
made objects. In the present study, we used the 2009
DTM as a height reference (height datum) for all
photogrammetric products, that is, computed DTMs.
However, the DSM was preferred when computing
flow velocities from multi-temporal height fields.

9 Methods

A concise review of the different methods in de-
tecting and analysing ground deformation in perma-
frost environments has been given by Arenson et al.
(2016). Recent publications focus increasingly on the
use of laser scanners and consumer-grade digital ca-
meras in ground-based or airborne applications. In-
formation about surface deformation, for example,
horizontal movement and surface height change, is
retrieved from repeat aerial surveys analysing multi-
temporal digital orthophotos and/or digital terrain
models. In the meantime, data acquisition using an
unmanned aerial vehicle has become an option for
most geoscientists, and powerful software helps
process the data almost automatically to obtain
meaningful geoinformation. Readers are referred to
other publications, for example, Bodin et al. (2018),
Buchli et al. (2018), Dall’Asta (2018), Fugazza et al.
(2018), Kummert et al. (2018), and Seier et al. (2017).

The deformation analysis carried out in this pro-
ject was based on multi-temporal digital orthopho-
tos (DOPs) and digital terrain models (DTMs). Preci-
sely georeferenced aerial photographs are a prere-
quisite of this image-based method.

5.1. Georeferencing and Mapping
5.1.1 Metric aerial photographs (archive data)

Photogrammetric orientation of the metric photo-
graphs was carried out on an Intergraph workstation.
Data from available aerial triangulations of the selec-
ted epochs (2002, 2012, and 2015) helped to georefer-
ence conveniently all other epochs not yet georefe-
renced utilizing stable natural landmarks. The lowest
accuracies in georeferencing were obtained for ana-
logue small-scale image data from 1969 and 1981 and
amounted to #0.4-0.6 m in planimetry (X, Y) and
+0.4-0.5 m in height (Z). In general, positional (X, Y, Z)
accuracies obtained were in the order of +1-1.5 GSD
(rule-of-thumb, see Table 1). For each epoch, a digital
orthophoto was computed using the contemporan-
eous DTM. The 2009 laser scanner model served as the

contemporary terrain model for the 2009 stage. All
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flow vector

—_—

2 mlyear

Fig. 3 Mean annual horizontal flow vectors for 2016—2017. Geodetic network comprising stable points (yellow) and

observation points (white). Points in red are temporarily marked ground control/check points of the UAV campaign

of 28. 8. 2017. The orthophoto shown dates from this campaign. The white polygon delineates the area of interest
(AOI) considered for computing the mean annual flow velocity as needed in the velocity graph (see Section 6).
Slika 3. Prosjecni godiSnji horizontalni vektori kretanja u razdoblju 2016-2017. Geodetska mreZa sastoji se od

stabilnih toCaka (zuta) i stajalista (bijela). Crvene toCke predstavljaju priviemeno oznacene kontrolne tocke na tlu
izmjere bespilotnim letjelicama provedene 28. kolovoza 2017. Datumi izmjere prikazani su na ortofotu.
Bijeli poligon ocrtava podrucje interesa (area of interest— AQl) razmatrano za ratunanje prosjecne godiSnje brzine
tijeka potrebnih za grafikon brzina (vidi Sesti dio).

tocaka) te na (ii) usporedbi s ortofotom i modelima
terena iz drugih razdoblja koja analiziraju stabilne
slojeve povrsine tla. Pozicijske tocnosti dobivene
prilagodbom paketa za oba skupa podataka (2016,
2017) bile su statistic¢ki u rasponu manjem od piksela,
odnosno manji od 1 udaljenosti uzorkovanja tla (vidi
tablicu 2).

5.2. Kvantifikacija horizontalnog kretanja

Odredivanje povrsinskih promjena podijeljeno je
geometrijski u dva nezavisna koraka, tj. u obradu ho-
rizontalnih/planimetrijskih (2D) i vertikalnih (1D)
komponenti. Medutim, ovdje ¢emo raspravljati samo
o planimetriji, odnosno o obradi i kvantifikaciji hori-
zontalnog kretanja. Horizontalno kretanje moze se
utvrditi ili uz pomo¢ viSevremenskih (1) digitalnih
ortofota ili (2) digitalnih modela terena. S matema-
tickog gledista, nema razlike u ratunanju dvodimen-
zionalnih vektora pomaka osim ¢injenice da su
ulazni podaci za (1) sive vrijednosti (cijeli brojevi), a
za (2) vrijednosti visina (realni brojevi). O promjeni
povrsinske visine bit ¢e rije¢i u drugome radu.
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5.2.1. Mjerenje utemeljeno na ortofotu

Dvodimenzionalna polja vektorskih pomaka iz-
raunana su uz pomo¢ vlastitog programa u Matlabu
(Kaufmann i Kellerer-Pirklbauer 2015). Sparivanje
bilo kojih dvaju digitalnih fotografija snimljenih iz
zraka temelji se na koeficijentu normalizirane kros-
korelacije (normalized cross-correlation - NCC) kao
mjere sli¢nosti. Ako su poznati datumi snimanja sku-
pova podataka iz dvaju razdoblja, moguée je utvrditi
godis$nje dvodimenzionalne vektore pomaka i stoga
prosjecne godiSnje brzine kretanja. Pomaci izmjere-
ni na stabilnoj povrsini tla u podruéju oko kamenog
gleCera upotrebljeni su za provjeru sustavnih odstu-
panja i kvantifikaciju dobivene preciznosti. Softver
automatski utvrduje i uklanja velike pogreske. Ko-
nacna provjera kvalitete vrsi se vizualnom inspekci-
jom. Mjerenja se provode na unaprijed odredenim
to¢kama mreZe. Bududi da vektori pomaka nisu pra-
vilno rasporedeni, potrebna je prikladna interpola-
cija (npr. triangulacija linearnom interpolacijom)
kako bi se dobili podaci o brzini s pokrivenos$¢u rav-
nine. Takvi se podaci o brzini mogu vizualizirati




KAUFMANN, V. ET AL.: PANTA RHEI: MOVEMENT CHANGE OF TSCHADINHORN ROCK GLACIER (HOHE TAUERN RANGE, AUSTRIA), 1954-2017

orthophotos were computed at two common resolu-
tions, 10 and 20 cm, to facilitate processing. The UAV-
based orthophotos, however, were initially sampled at
5 cm GSD, preserving image data inherent resolution.

5.1.2 Non-metric aerial photographs (UAV data)

The UAV-based image data were processed using
the commercial software Agisoft PhotoScan (Agisoft,
2018). The software is based on structure-from-mo-
tion (SfM) principles. The main processing steps were
(1) selection of suitable, sharp photographs, (2) com-
putation of the sparse point cloud, (3) interactive meas-
urement of ground control points (GCPs), (4)
follow-on bundle adjustment with camera calibration
(F,Cx,Cy, B1,B2,K1-3,P1, P2), (5) quality control using
check points, (6) computation of the dense point cloud,
(7) 2D meshing of the dense point cloud (with option
height field), (8) computation of a raster-based DTM at
10 cm grid spacing, and (9) orthophoto production at 5
cm GSD as already mentioned above. Accuracy assess-
ment was based on (i) statistical data of the bundle ad-
justment (using ground control points and
independent check points) and (ii) intercomparison
with orthophotos and terrain models of other epochs
analysing stable ground surface patches. Positional
accuracies obtained from bundle adjustment for both
data sets (2016, 2017) were statistically in the sub-
pixel range, thus smaller than 1 GSD (see Table 2).

5.2 Quantification of Horizontal Movement

Surface change detection was split geometrically
into two independent steps, i.e., analysis of the hori-
zontal/planimetric (2D) and vertical (1D) compon-
ents. Here, however, we will only deal with planime-
try, or the detection and quantification of horizontal
movement. Horizontal movement can be detected us-
ing either multi-temporal (1) digital orthophotos or
(2) digital terrain models. From a mathematical point
of view, there is no difference in the final computation
of the 2D displacement vectors, except the fact that
the input data for (1) are grey values (integer num-
bers) and for (2) height values (real numbers). Surface
height change will be treated in a separate paper.

5.2.1 Orthophoto-based measurement

2D displacement vector fields were computed us-
ing an in-house developed Matlab program
(Kaufmann and Kellerer-Pirklbauer 2015). Image
matching of any two DOPs is based on the normalized

cross-correlation (NCC) coefficient as a measure of
similarity. If the acquisition dates of the bi-temporal
data sets are known, it is possible to deduce annual
2D displacement vectors and thus to derive mean
annual flow velocities. Displacements measured at
stable surface ground in the area surrounding the
rock glacier were used to check for systematic offsets
and numerically quantify the precision obtained.
The software automatically detects and eliminates
gross errors. A final quality check is done by visual
inspection. Measurements are carried out at pre-
defined grid points. Since not every grid point holds
a valid displacement vector, appropriate interpola-
tion (preferably triangulation with linear interpola-
tion) is necessary to derive velocity data with areal
coverage, for example. Such velocity data can be
visualized using isotachs. The amount of smoothing
of the final result is controlled by the size of the cor-
relation window and the GSD of input data. An ac-
curacy assessment was carried out only for the
UAV-based data sets by comparing the results ob-
tained with contemporary geodetic measurements.
One quality measure is the root mean square error
(RMSE) of the flow velocities computed. The method
described fails in cases of weak and/or non-persist-
ent image textures.

In order to describe more simply the temporal
change of the kinematic state of the rock glacier, we
computed the area average of the flow velocity. The
area of interest (AOI) remained the same in all epochs.
Appropriate scaling must be carried out when work-
ing with sparse or point data. Furthermore, we sug-
gest selecting a particular epoch as a reference for
computing relative change. The final result describing
the movement change was the velocity graph showing
the temporal change of the averaged mean annual
flow velocity, in both absolute and relative modes.

5.2.2 DTM-based measurement

Pixel-based measurement of 2D displacement
vectors can also be carried out with multi-temporal
high-resolution DSMs (Bollmann et al. 2015). This
method requires (i) the presence of many-faceted
surface topography with sufficient curvature, (i) a
DSM grid-spacing which allows sufficiently resolution
of the 3D surface elements present, and (iii) overall
small surface changes to maintain high similarity. In
general, the micro-topography of rock glaciers con-
sisting of boulders and rocks is suited to this method,
whereas furrows and ridges are landforms which
should be tracked in a smaller scale. Nonetheless, 2D
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1954 (C1) 1969 (C1)
1974 (C1) & oo (C1)
1932 (C1) 2002 (C1)
2006 (C1) 2009 (C1)
2012 (C1) 2015 (C1)
2016 (C2) 2017 (C2)

Fig. 4 Multi-temporal digital orthophotos (DOPs) showing mapping areas C1 and C2.
Grayscale data was used for image matching.
Slika 4. ViSevremenske digitalne fotografije snimljene iz zraka koje prikazuju podrucja kartiranja C1 i G2.
Crno-bijeli podaci upotrebljeni su za sparivanje slika.
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Table 4 List of available digital terrain models (DTMs) and digital orthophotos (DOPs) 1954-2017.
Tablica 4. Popis dostupnih digitalnih modela terena i fotografija snimljenih iz zraka za razdoblje 1954-2017.

Date/ Grid spacing (m) GSD (cm) Radiometry/ Mapping area
Datum of DTM/ of DOP/ Radiometrija (coverage)/
Razmak u Udaljenost Podrudje
pravilnoj mrezi uzorkovanja tla kartiranja
(m) digitalnog (cm) digitalnog (pokrivenost)
modela terena ortofota
24.9.1954 2 10, 20* B&w/ Crno-bijelo C1,C2
29.9.1969 3(2) 107, 20 B&w/ Crno-bijelo C1,C2
6.9.1974 2 10%, 20 B&w/ Crno-bijelo C1,C2
9.10.1981 3(2%) 10%, 20° B&w/ Crno-bijelo C1,C2
18.9.1992 2 10%, 20 False colour IR, b&w/ (C1,C2
Laznaboja IR,
crno-bijelo
18.9.2002 2.5(27)/2,5(29) 107, 20, 25 Colour, b&w C1,C2
U boji, crno-bijelo
21.9. 2006 2.5(27)/2,5(2%) 10%, 20", 25 Colour, b&w C1,C2
U boji, crno-bijelo
8.9.2009 1 (ALS data), 2 107, 20, 25 Colour, b&w C1,C2
1 (podaci laserskog U boji, crno-bijelo
snimanja iz zraka), 2
28.8.2012 2.5(27) /2,529 10%, 20, Colour, b&w C1,C2
U boji, crno-bijelo
28.8.2015 2(17) 10%, 20 Colour, false C1,C2
colour IR, b&w
U boji, false colour IR,
crno-bijelo
26.7.2016 0.10,1,2/0,10,1,2  5,10,20 Colour, b&w C2 (partial)/
U boji, crno-bijelo C2 (djelomi¢no)
22.8.2017 0.10,1,2/0,10,1,2  5,10,20 Colour, b&w C2

U boji, crno-bijelo

+... interpolated value for easier intercomparison of multi-temporal data
+... interpolirana vrijednost za lakSu usporedbu viSevremenskih podataka

Table 5 Height accuracies of selected multi-temporal DTMs.
Tablica 5. Tocnosti visina izabranih viSevremenskih digitalnih modela terena.

Date/ Height accuracy* (m) of DTM /

Datum Tolnost visine* (m) digitalnog modela terena
24.9.1954 +0.42 / £0,42

6.9.1974 +0.17 / 20,17

18.9.1992 +0.16 / 0,16

8.9.2009 Height reference (ALS data) /

Referentne visine (podaci laserskog snimanja iz zraka)
28.8.2015 0,12 / £0,12
26.7.2016 £0,09/+0.09* (30 points) / +0,09/+0,09* (30 tocaka)
22.8.2017 +0.07/+0.06* (42 points) / +0,07/+0,06* (42 tocke)

+...standard deviation (1 0)/ + ... standardna devijacija (1 0)
* .. value derived from known geodetic heights/ *... vrijednost dobivena iz poznatih geodetskih visina
—1
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upotrebom izotahijama. Koli¢inu izgladivanja ko-
natnog rezultata odreduje veli¢ina korelacijskog
prozora i udaljenost uzorkovanja tla ulaznih podata-
ka. Procjena to¢nosti provedena je samo za podatke
dobivene bespilotnim letjelicama, usporedbom s re-
zultatima dobivenim suvremenim geodetskim mje-
renjima. Jedna mjera kvalitete jest srednja pogreska
(root mean square error — RMSE) izralunanih brzina
kretanja. Opisana metoda nije primjerena za slabe
slikovne teksture i/ili one koje nisu Evrste.

Kako bismo na jednostavniji nacin opisali vre-
menske promjene kinematickog stanja kamenog
gleCera, izracunali smo podrudje prosjeka brzine
kretanja. Podrudje interesa (area of interest — AOI) os-
talo je isto u svim razdobljima. Kad se radi s rijetkim
podacima ili podacima tocaka, potrebno je provesti
prikladno skaliranje. Nadalje, predlaZemo izbor
odredenog razdoblja kao polaznog za racunanje re-
lativne promjene. Konacan rezultat koji opisuje pro-
mjenu kretanja bio je graf brzina, koji prikazuje
vremenske promjene prosje¢ne godi$nje brzine kre-
tanja u apsolutnom i relativnom nacinu.

5.2.2. Mjerenje utemeljeno na digitalnom modelu terena

Mjerenje dvodimenzionalnih vektora pomaka
temeljeno na pikselima takoder je mogude provesti
pomocu viSevremenskih digitalnih modela povrsi-
ne visoke razlu¢ivosti (Bollmann i dr. 2015). Ta me-
toda zahtijeva (i) prisutnost povrsinske topografije
s mnogo ploha i dovoljnom zakrivljeno$¢u, (ii) raz-
mak pravilne mreZe digitalnog modela povrSine
koji omoguéuje dovoljnu razlucivost prisutnih tro-
dimenzionalnih povr$inskih elemenata te (iii) male
povrsinske promjene kako bi se zadrzala velika
slinost. Opclenito govoreéi, mikrotopografija ka-
menih gleCera koji se sastoje od kamenja i stijena
prikladna je za tu metodu, dok su brazde i grebeni
oblici reljefa koje je potrebno snimiti u manjem
mjerilu. Usprkos tome, dvodimenzionalni vektori
pomaka izraCunani su na nacin identi¢an onome
opisanome u prethodnom dijelu, osim ¢injenice da
je sive vrijednosti bilo potrebno zamijeniti vrijed-
nostima visina.

6. Rezultati

Izracunali smo reprezentativne digitalne modele
terena i digitalni ortofoto za svako razdoblje (vidi ta-
blicu 4). Fotografije snimljene iz zraka u boji takoder
su pretvorene u 8-bitne crno-bijele podatke kako bi
bilo moguce sparivanje slika i vizualizacija. Crno-
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bijele visevremenske fotografije snimljene iz zraka
prikazane su na slici 4.

Neki su digitalni modeli terena izabrani za daljnju
analizu promjena i stoga precizno registrirani u ver-
tikalni datum podataka laserskog snimanja iz zraka
iz 2009. godine kako bi se kompenziralo sustavna
vertikalna odstupanja. Dobivene to¢nosti visina na-
vedene su u tablici 5. Uz to, digitalni modeli terena
utemeljeni na podacima dobivenim bespilotnim le-
tjelicama provjereni su suvremenim geodetskim
mjerenjima (Goetz i dr. 2018).

6.1. Horizontalno kretanje

Podaci brzine kretanja izraunani su za izabrana
razdoblja s pomocu digitalnog ortofota i digitalnih
modela terena (tablica 6). Izabrana polja brzine
kretanja utemeljena na digitalnom ortofotu prikazan
sunasl. 5-8.

Tocnost podataka o brzini dobivenih bespilotnim
letjelicama provjerena je geodetskim mjerenjima
(tablica 7).

Naknadno smo skupili kinematic¢ke podatke kako
bismo dobili pojedine brojéane vrijednosti koje opi-
suju kinematicko stanje kamenog gleCera za svako
razdoblje. Nasa je reprezentativna vrijednost pro-
sjeCna vrijednost skupljenih podataka za odredeno
podruéje (oznaceno s AOI na sl. 8). Nepotpuna pokri-
venost prostora uzrokovana rijetkim podatcima za-
htijevala je prikladnu korelacijsku analizu kako
bismo procijenili toénu prosjeénu vrijednost. Za
svako razdoblje dane su dvije vrijednosti, prosjek
podrudja (u metrima u godini) te relativna vrijednost
(%) u odnosu na razdoblje 2014-2015, kad su izmje-
rene najveée brzine. Broj¢ane vrijednosti navedene
su u tablici 8. Slika 9 prikazuje (graf brzina) podatke.
Za usporedbu, na toj se slici nalaze jo§ dva grafa, koji
predstavljaju kinematicko stanje susjednih kamenih
glecera koji se brzo kreéu. Korekcija za razlicite da-
tume mjerenja nije primijenjena u ovome istraziva-
nju. Korekcijske modele poznate iz glaciologije (npr.
Lambrecht i Kuhn 2007) te$ko je primijeniti s obzi-
rom na to da se jo$ ne zna mnogo o ovisnosti brzine
kretanja o temperaturi (povrSine tla). U nalelu, od-
govor je vrlo inertan i reakcije su pomaknute u
vremenu.

6.3. RaCunalne animacije
Animirani GIF-ovi koji se sastoje od fotografija

snimljenih iz zraka i koji prikazuju prolazak vremena
te raCunalno-osjencani digitalni modeli terena

17
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Table 6 Velocity data derived from intercomparison of multi-temporal digital orthophotos (DOPs)
and terrain models (DTMs) 1954-2017.
Tablica 6. Podaci o brzinama dobiveni usporedbom s viSevremenskim digitalnim ortofotografijama
snimljenim iz zraka i modelima terena za razdoblje 1954-2017.

Time Number of Precision* of Maximum Mapping ~ Remark/
interval/ years/ velocity data flow velocity area/ Napomena
Razdoblje Broj godina (cm/year)/ (cm/year)/ Podrudje
Preciznost* podataka Najvela brzina kartiranja
o brzini (cm u godini) tijeka (cm u godini)
1954-1969 15.014 / 15,014 +1.9/£1,9 59.5 /59,5 C1 Few points/
Mali broj to¢aka
1969-1974 4,936/ 4,936 +4,5/ 4,5 38.0/38,0 C1
1954-1974 19.950 / 19,950 +1.5/+15 49.7 / 49,7 C1 Few points/
Mali broj to¢aka
1974-1981 7.091/ 7,091 +3.0/ 3,0 27.9/279 C1
1981-11992 10.943 /10,943 £2.2/ 42,2 35.6 /35,6 C1
1974-1992 18.034 /18,034 +1.1/+1,1 33.4/334 C1
1992-2002 9.999 / 9,999 +2.2/ 42,2 101.7 /101,7 C1
2002-2006 4,008/ 4,008 £2.3/ %23 119.6 / 119,6 C1
2006-2009 2.965/ 2,965 +2.9/ 42,9 106.4 / 106,4 C1
2009-2012 2,971/ 2,971 +3.1/43,1 199.0 / 199,0 C1
2012-2015 2.998 / 2,998 3.2/ 32 353.3/353,3 C1
2015-2016 0.912/ 0,912 +6.2 (west)/ 355.6 (west)/ C2 2 parts
6,2 (zapad) 355,6 (zapad) (west, east)/
+12.0 (east?)/ 282.9 (east)/ Dva dijela
+12,0 (istok®) 282,9 (istok) (zapad, istok)
2016-2017 1.073/ 1,073 5.0 (west)/ 230.0 (west)/ C2 Western part/
+5,0 (zapad) 230,0 (zapad) Zapadni dio
2015-2017 1.985/ 1,985 +3.1/+31 282.4 /2824 C2
2009-2017 7.953/ 7,953 +0.8/ +0,8 274.0 / 274,0 C2
2016-2017* 1.073/ 1,073 +10.9/ £10,9 227.5 /2275 C2 Both parts/
Oba dijela
2009-2016* 6.932/ 6,932 +3.3/433 - C2 Few points/
Mali broj to¢aka
2009-2017* 8.005/ 8,005 +2.6/ 2,6 - C2 Few points/
Mali broj to¢aka

+...standard deviation (1 6)/ +... standardna devijacija (1 o)

* .. DTM-based solution/ *... rjeSenje utemeljeno na digitalnom modelu terena

* ... The eastern part was georeferenced using landmarks measured in the stereomodels of 2015./
# ... Isto¢ni je dio georeferenciran uz pomo¢ orijentira izmjerenih u stereomodelima 2015. godine.

displacement vectors were computed in the same
way as outlined in the previous subsection, except
for the fact that grey values had to be substituted by
height values.

6 Results

We computed representative DTMs and DOPs for
each epoch (see Table 4). Orthophotos in colour were
also converted to 8-bit grayscale (black-and-white/

b&w) data to support image matching and visualiza-
tion. The grayscale multi-temporal orthophotos are
shown in Figure 4.

Some DTMs were selected for further change
analysis and thus precisely registered to the vertical
datum of the ALS data of 2009 to compensate for sys-
tematic vertical offsets. The height accuracies
achieved are listed in Table 5. Additionally, the UAV-
based DTMs were checked by means of contempor-

ary geodetic measurements (Goetz et al. 2018).

—1
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Fig. 5 Mean annual horizontal flow velocity for 1992-2002. Significance level at 3 o.
Slika 5. Prosje¢na godiSnja horizontalna brzina kretanja u razdoblju 1992-2002.
Razina znagajnosti 3 o.
Tablica 7. ToCnost podataka o brzini dobivenih bespilotnim letjelicama.
Table 7 Accuracy of the UAV-based velocity data.
Razdoblje/ Tolnost* (metri u godini) Broj geodetskih totaka
Time interval brzine tijeka dobivenih upotrebljen u analizi
bespilotnim letjelicama/ tocnosti/

Accuracy* (m/year) of
DOP-based flow velocity

Number of geodetic points
used for accuracy analysis

8.8.2015. - 26.7.2016. +0,047 / +0.047

28.8.2015.-22.8.2017. +0,032 / +0.032

26.7.2016.-22.8.2017. +0,051 / +0,028*
+0.051 / £0.028*

12
14
12/ 13

*...srednja pogreska (RMSE) / * ... root mean square error (RMSE)
* .. brzina kretanja utemeljena na digitalnom modelu terena / * ... DTM-based flow velocity

pomazu pri vizualizaciji kinematike kamenog glece-
ra Tschadinhorn (Kaufmann 2018).

7. Rasprava i smjernice za daljnja istraZivanja

Glavni rezultati su: kameni gleCer Tschadinhorn
kretao se neprekidno tijekom cijelog razdoblja opa-
Zanja od 63 godina, premda razli¢itim brzinama. Naj-
vela prosje¢na godi$nja brzina kretanja od 3,28
metra u godini dobivena je za razdoblje 2014-2015,

dok je najmanja prosje¢na godi$nja brzina bila 0,16
metra u godini opaZena u razdoblju 1969-1974, §to je
4,9% od najvele vrijednosti. Dobiveni graf brzina ta-
koder pokazuje da je u razdoblju 1954-2009 aktiv-
nost bila uglavnom umjerena (0,16 - 0,79 metra u
godini), a da od 2009. prevladavaju mnogo vece brzi-
ne. Najnovija izmjerena vrijednost (2016-2017) bila
je 1,92 metra u godini, $to je 58,6% od najvecle vrijed-
nosti. 0d 1954. godine, prednji dio kamenog glecera
pomaknuo se 29,5 m uzduZ talvega, $to odgovara

KiG Br. 31, Vol. 18, 2019, https://doi.org/10.32909/kg.18.31.1
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Fig. 6 Mean annual horizontal flow velocity for 2012-2015. Significance level at 3 o.
Slika 6. Prosjecna godiSnja horizontalna brzina kretanja u razdoblju 2012-2015. Razina znagajnosti 3 a.
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Fig. 7 Mean annual horizontal flow velocity for 2015-2016. Significance level at 3 o (valid for the western part).
Slika 7. Prosjecna godi$nja horizontalna brzina kretanja u razdoblju 2015-2016. Razina znadajnosti 3 o
(vrijedi za zapadni dio).
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Fig. 8 Mean annual horizontal flow velocity for 2016-2017. Significance level at 3 o.
Slika 8. Prosjecna godi$nja horizontalna brzina kretanja u razdoblju 2016-2017. Razina zna€ajnosti 3 0.
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Fig. 9 Velocity graph of Tschadinhorn rock glacier, 1954-2017.
Slika 9. Graf brzina kamenog glecera Tschadinhorn, 1954-2017.
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6.1 Horizontal Movement

Flow velocity data were computed for selected
time intervals using DOPs and DTMs (Table 6). Selec-
ted DOP-based flow velocity fields are shown in Fig-
ures 5-8.

The accuracy of the UAV-based velocity data was
checked by geodetic measurements (Table 7).

Subsequently, we aggregated the kinematic data
to come up with single numerical values describing
the rock glacier’s kinematic state for each time in-
terval. Our representative value was an aggregated
mean over a specified area (indicated as AOI in Fig-
ure 8). Incomplete areal coverage caused by sparse
measurement data required appropriate correlation
analysis to estimate the correct mean value. We
provide two values for each time interval, or an area
average (m/year), and a relative value (%) referred
to the period 2014-2015, when the highest flow velo-
cities were measured. Numerical values are given in
Table 8. Figure 9 is a graphical representation (velo-
city graph) of these data. Two more graphs are in-
cluded in this figure for reasons of comparison,
representing the kinematic state of neighbouring
fast-moving rock glaciers. A correction term consid-
ering different acquisition/measuring dates was not
applied in this study. Correction models known from
glaciology (e.g. Lambrecht and Kuhn 2007) are diffi-
cult to implement, since the dependence of flow ve-
locity on (ground surface) temperature is still poorly
understood. In general, the response is highly inert
and reactions are shifted by time.

6.3 Computer Animations

Animated GIFs comprising time-lapse DOPs and
computer-shaded DTMs help to visualize the surface
kinematics of Tschadinhorn rock glacier (Kaufmann
2018).

7 Discussion and Outlook

The main findings were: the Tschadinhorn rock
glacier moved continuously throughout the whole
observation period of 63 years, albeit at different
activity levels. A maximum mean annual flow velo-
city of 3.28 m/year was obtained for 2014-2015,
whereas the lowest annual flow velocity of 0.16 m/
year, which is 4.9% of the maximum value, was ob-
served for 1969-1974. The velocity graph obtained
also reveals that the time span 1954-2009 was

characterized by generally moderate activity (0.16 -
0.79 m/year) and that much higher flow velocities
prevailed from 2009. The most recently measured
value (2016-2017) was 1.92 m/year, which is 58.6% of
the maximum value. Since 1954, the front of the rock
glacier has advanced 29.5 m along the talweg, which
amounts to an average velocity of approx. 0.47
m/year. The photogrammetrically derived flow velo-
cities for the most recent observation periods (2015,
2016, 2017) were verified by the corresponding geo-
detic measurements, and high accuracies in the order
of #3-5 cm/year (1 ©) were achieved for single point
measurements. DTM-based flow velocities only cor-
relate well with DOP-based ones in the case of fine
grid-spacing (< 10 cm). UAV-based acquisition of aeri-
al photographs in rock glacier monitoring proved
successful in providing high- resolution DOPs and
DSMs/DTMs for change detection analysis. The
standards of conventional photogrammetric mapping
defined by governmental agencies like the BEV, were
easily met, provided that sufficient ground control
points were available and GSD of the image data was
better than 5 cm. UAV-based aerial surveys also have
the potential to support intra-annual change detec-
tion analyses, at least for fast-moving rock glaciers.

The flow velocities obtained will be correlated
with climatic parameters in a follow-up study. The
authors also suggest that kinematic data, such as the
mean annual flow velocity and surface height
change, should be included in the attribute list of
rock glacier inventories.

In a future paper we intend to quantify assumed
permafrost degradation (ice melt) at Tschadinhorn
rock glacier. In general, the melting of the perma-
frost ice is difficult to quantify, since probable ice
melt due to atmospheric warming is rather low. At
Tschadinhorn rock glacier we expect mass balance
changes close to significance level.
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Tablica 8. Brojcane vrijednosti grafa brzina kamenog glecera Tschadinhorn.
Table 8 Numerical values of the velocity graph of Tschadinhorn rock glacier.

Prosje¢na godi$nja Relativna vrijednost (%)
horizontalna brzina u odnosu na 2014-2015/

Razdoblje/ kretanja* (metri u godini)/ Relative value (%)
Time interval Mean annual horizontal in respect to 2014-2015

flow velocity* (m/year)

24.9.1954,-29.9.1969. 0,433 /0.433 13,18 /13.18
29.9.1969.-6.9.1974, 0,162 /0.162 4,95/ 4.95
6.9.1974.-9.10.1981. 0,175/ 0.175 5,32 /5.32
9.10.1981.-18.9.1992. 0,224 / 0.224 6,83/ 6.83
18.9.1992. - 18.9. 2002. 0,749 / 0.749 22,82/ 22.82
18.9. 2002, - 21. 9. 2006. 0,941/ 0.941 28,68 / 28.68
21.9.2006. - 8. 9. 2009, 0,794 / 0.794 24,20 / 24.20
8.9.2009. - 28.8.2012. 1,631/ 1.631 49,71/ 49.71
28.8.2012.-2.8.2014. 2,550* / 2.550* 77,72/ 77.72
2.8.2014. - 28. 8. 2015. 3,282% /3.282%* 100,00 / 100.00
28.8.2015. - 26. 7. 2016. 2,911/ 2.911 88,72/ 88.72
26.7.2016.-22.8.2017. 1,925/ 1.925 58,65 /58.65

+

F*

B

prosjecnoj brzini od priblizno 0,47 metra u godini.
Fotogrametrijski dobivene brzine za najnovija raz-
doblja opazanja (2015, 2016, 2017) provjerena su od-
govarajuéim geodetskim mjerenjima i za mjerenja
pojedinih tocaka dobivene su visoke tocnosti reda
veli¢ine #3-5 cm u godini (1 o). Brzine kretanja ute-
meljene na digitalnom modelu terena dobro koreli-
raju s onima utemeljenim na digitalnom ortofotu
samo u slucaju malih razmaka pravilne mreZe (< 10
cm). Snimanje fotografija bespilotnim letjelicama
pokazalo se uspje$nim za dobivanje digitalnog orto-
fota visoke razlucivosti i digitalnih modela povrsi-
ne/digitalnih modela reljefa za potrebe analize
otkrivanja promjena. Standardi konvencionalnog
fotogrametrijskog kartiranja koje utvrduju vladine
agencije, kao $to je BEV, lako su postignuti pod uvje-
tom da je bilo dostupno dovoljno kontrolnih to¢aka
na tlu i da je udaljenost uzorkovanja tla slikovnih po-
dataka bila manja od 5 cm. Izmjere bespilotnim letje-
licama takoder imaju potencijal podrzati analize
otkrivanja promjena u vremenu, barem za kamene
glecere koji se brzo krecu.

Dobivene brzine kretanja u sljedeéem Ce istraZi-
vanju biti korelirane s klimatskim parametrima.
Autori takoder preporucuju da bi kinematicke
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... prosjek podrugja (podrudje je nassl. 8 oznaeno s AOI) /* ... area average (area is indicated as AOI in Figure 8)
... mjerenja RTK-GNSS u mjerilu za podrudje interesa / * ... RTK-GNSS measurements scaled to AOI

... vrijednost dobivena iz podataka o brzini za 2012-2015 i 2014-2015 /

... value derived from velocity data 2012-2015 and 2014-2015

podatke, kao $to su prosjecna godi$nja brzina kreta-
nja i promjena visine povrsine, trebalo uvrstiti u po-
pis atributa inventara kamenih glecera.

U narednom ¢emo radu kvantificirati pretpostav-
lienu degradaciju permafrosta (topljenje leda) kame-
nog glecera Tschadinhorn. Opéenito govoredi, toplje-
nje leda permafrosta je teSko kvantificirati jer je
topljenje leda uslijed zagrijavanja atmosfere malo vje-
rojatno. Za kameni gleCer Tschadinhorn ofekujemo
promjene ravnoteZe mase bliske razini zna¢ajnosti.
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tional Park iz Koruske te OeAV-Patenschaftsfonds
Nationalpark Hohe Tauern. Cijenimo i pomo¢ Kevi-
na Rotha i Alexandera Kleba tijekom mjerenja
2016. godine. Bundesamt fiir Eich- und Verme-
ssungswesen - BEV i Tiroler Rauminformation-
ssystem - TIRIS ustupili su fotografije snimljene iz
zraka (1954-2015) te podatke dobivene bespilot-
nim letjelicama (2009). Komentari dvaju anonim-
nih recenzenata pomogli su poboljsati rukopis
ovoga rada.
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