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Streszczenie

Efektywne monitorowanie wielkopowierzchniowych i dynamicznych ruchéw poziomych wciaz pozostaje
wyzwaniem. Wsrdd tego rodzaju ruchéw mozna wyrézni¢ nagle osuwiska, przemieszczanie si¢ lodow-
cOw, czy tez ruchy spowodowane trzgsieniami ziemi. Dostgpnosé takich rejondw jest czgsto ograniczona
ze wzgledu na niestabilno$¢ gruntu lub polozenie w trudnych warunkach terenowych. Czgsto posiadaja
one znaczace rozmiary powierzchniowe, a okres wystgpowania ruchéw bywa nieznany. Wymienione czyn-
niki powoduja, ze klasyczne techniki geodezyjne sa niezwykle trudne do wykorzystania w celu prawidlo-
wego monitoringu. Z uwagi na powyzsze ograniczenia, a takze intensywny rozwdj sektora kosmicznego
w ostatnich latach, gtéwnym Zrédtem danych o dynamicznych ruchach poziomych sa obrazy satelitarne, a
w szczegOlnoSci zobrazowania radarowe, pozwalajace na pozyskiwanie danych niezaleznie od warunkéw
pogodowych czy oswietleniowych.

Istniejace techniki teledetekcyjne do monitorowania ruchéw poziomych opieraja si¢ gtéwnie na odnaj-
dywaniu odpowiadajacych sobie obszar6w na parze obrazéw z wykorzystaniem wspotczynnika korelacji
krzyzowej. Poprawne zaaplikowanie tych metod wymaga wstgpnej znajomosci obszaru opracowania, gdyz
spodziewana skala ruchow ma znaczenie w procesie przetwarzania. W zalezno$ci od implementacji w kon-
kretnym oprogramowaniu zmienna jest liczba parametréw, ktére nalezy zdefiniowac, a ich wartosci zmie-
niaja si¢ w zaleznoS$ci od wykorzystywanego sensora satelitarnego czy tez badanego obiektu. Z tego wzgledu
dobranie optymalnych parametréw przetwarzania moze by¢ zadaniem czasochtonnym i wymagajacym do-
glebnej wiedzy na temat parametréw wykorzystanych danych, oprogramowania, a takze obszaru opraco-
wania. Ponadto, pomimo intensywnego rozwoju uczenia maszynowego w wielu dziedzinach, wciaz istnieje
niewiele badan skupiajacych si¢ na prébie analizowania ruchéw poziomych z wykorzystaniem sztucznej
inteligencji, ktéra moglaby wesprze¢ w tym zakresie analiz¢ zobrazowar radarowych.

W ramach niniejszej pracy gléwnym celem byto stworzenie nowej metody wyznaczania przemieszczen
poziomych w rejonach o duzej dynamice ruchéw na podstawie satelitarnych zobrazowar radarowych i ucze-
nia maszynowego. Przeprowadzone badania skupiaty si¢ przede wszystkim na analizie uzytecznosci kon-
wolucyjnych sieci neuronowych do wykrywania tych samych obszaréw na obrazach, dla ktérych pomigdzy
rejestracja kolejnych danych doszto do przemieszczenia si¢ terenu. Analizy przeprowadzono zaréwno na
obrazach testowych, ktére poddano przesunigciu manualnemu o zadany wektor, jak i w warunkach rzeczy-
wistych, aplikujac zaproponowana metodyke do analizy predkosSci lodowca. Procz gtéwnego celu dysertacji
przeanalizowano réwniez wplyw poszczegdlnych parametréw stosowanych w klasycznych metodach tele-
detekcyjnych na jakos$¢ pozyskiwanych map przemieszczen poziomych. W ramach przeprowadzonych ana-
liz poréwnywano uzytecznos¢ danych z pasma C i X do monitorowania ruchéw poziomych, badano wptyw
bazy czasowej i rozmiaru okna poszukiwawczego na pozyskiwane wyniki. Dodatkowo wyniki otrzymane
w ramach zaproponowanej nowej metody wyznaczania przemieszczen na podstawie konwolucyjnych sieci
neuronowych poréwnano z wynikami algorytmow juz istniejacych, co pozwolito na ocen¢ doktadnosci za-
proponowanej metodologii. Wyniki przeprowadzonych badari pozwolity na potwierdzenie postawionej w
rozprawie tezy, ze zastosowanie algorytmow uczenia maszynowego do analizy satelitarnych zobrazowan

radarowych pozwala skutecznie monitorowaé przemieszczenia poziome lodowcow.



Abstract

Effective monitoring of large-scale and dynamic horizontal movements remains a challenge. Such move-
ments include rapid landslides, glacier movements, or movements caused by earthquakes. The accessibility
of such regions is often limited due to ground instability or location in difficult terrain. In addition, these
areas often have significant area sizes, and the timing of movements is sometimes unknown. The afore-
mentioned factors make classical surveying techniques challenging to use for proper monitoring. Due to the
existing limitations, as well as the intensive development of the space sector in recent years, the main so-
urces of data for dynamic horizontal movements monitoring are satellite images, particularly radar images,
which allow data acquisition regardless of weather or lighting conditions.

Existing remote sensing techniques for monitoring horizontal movements depend mainly on finding cor-
responding areas in a pair of images using the cross-correlation coefficient. Correct application of these me-
thods requires preliminary knowledge of the study area, since the expected scale of movements is important
in the processing chain. In addition, depending on the implementation in a particular software, the number
of parameters to be defined varies, and their values also change depending on the satellite sensor used or the
object under study. Therefore, selecting the optimal processing parameters can be a time-consuming task
and requires in-depth knowledge of the parameters of the data used, the software, as well as the study area.
Moreover, despite the intensive development of machine learning in many fields, there are still a few studies
focusing on attempting to analyse horizontal movements using artificial intelligence, which could support
radar image analysis.

Within the framework of the present work, the main objective was to create a new method for de-
termining horizontal displacements in regions with high movement dynamics based on machine-learning
algorithms and SAR datasets. The research conducted focused primarily on analysing the usefulness of co-
nvolutional neural networks for detecting the same areas in images for which terrain displacement occurred
between the registration of successive data. Analyses were carried out both on test images, which were sub-
jected to manual displacement by a given vector, and in real conditions, applying the proposed methodology
to glacier velocity analysis. In addition to the main objective of the dissertation, the influence of individual
parameters used in classical remote sensing methods on the quality of the acquired horizontal displacement
maps was also analysed. The analyses carried out compared the usefulness of C-band and X-band data for
monitoring horizontal movements and examined the influence of time baseline and registration window size
on the acquired results. In addition, the results obtained from the proposed new method of determining di-
splacements based on convolutional neural networks were compared with the results of existing algorithms,
which made it possible to assess the accuracy of the proposed methodology. The results of the conducted
research made it possible to confirm the thesis set in the dissertation that the application of machine-learning
algorithms to the analysis of satellite radar imagery makes it possible to effectively monitor the horizontal

displacement of glaciers.
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Rozdziatl 1
Wstep i aktualny stan wiedzy

Monitorowanie poziomych przemieszczefi powierzchni terenu stanowi znacznie rzadziej podejmowany
problem badawczy niz obserwacja przemieszczefi pionowych. Niemniej ruchy w plaszczyZnie poziomej
dotykaja wiele rejonéw Swiata, rézniac si¢ dynamika ruchu, przyczyna i zasiggiem powierzchniowym.
Przemieszczenia te zwigzane s m.in. z ruchami masowymi, tektonika, efektami dziatalno$ci gérniczej czy
tez ze sptywem lodowcow. Szczegdlnie wymagajacymi rejonami sg te, ktére charakteryzuja si¢ duzymi war-
toSciami przemieszczen i znaczacymi predko$ciami ruchu. Ruchy poziome stanowia wéwczas bezposrednie
zagrozenie dla ludzi, Srodowiska, zabudowan oraz infrastruktury, a jednoczesnie stanowia wyzwanie pod
katem efektywnego sposobu monitorowania. Do tego typu ruchéw mozna zaliczy¢ gwattowne osuwiska
spowodowane nagla utrata stabilnoSci zboczy czy tez przemieszczanie si¢ lodowcéw. W przypadku
pierwszej grupy ruchow przyczyny moga by¢ zaréwno naturalne, jak i antropogeniczne. Czynnikami
wplywajacymi na wystgpowanie nagtych osuwisk sa dtugotrwate lub intensywne opady deszczu, topnienie
$niegu, podcinanie i obcigzanie zboczy przez budowy drég czy budynkéw, aktywnoS§¢ wulkaniczna i
sejsmiczna, a takze wiele innych [1]. W przypadku lodowcéw giéwne przyczyny napedzajace ruch mas
lodowcowych sa pochodzenia naturalnego. Sa to gldéwnie sita grawitacji oraz naprezenia powstajace
wskutek nacisku mas lodu na podtoze [2]. Kondycja lodowcow ma wplyw zaréwno na srodowisko lokalne,
zaburzajac m.in. warunki hydrologiczne, a takze na procesy zachodzace globalnie poprzez bezposredni
wplyw na poziom moérz i oceandw. Ponadto znaczace zmiany w predkosci ruchu lodowcéw skutkuja
wzrostem naprezen i w efekcie moga prowadzi¢ do przerwania ciagtosci jezora lodowcowego. Prowadzi to
do powstawania szczelin, ktére nastgpnie odtamuja sig, tworzac géry lodowcowe lub seraki [3]. Z uwagi na
globalne znaczenie kondycji lodowcéw, szczeg6lnie w dobie zmian klimatycznych, wtasnie tym obszarom

poswigcono gtéwna uwage w niniejszej rozprawie doktorskie;j.

Lodowce i pokrywy lodowe stanowia obecnie ok. 10-12% powierzchni ladéw, z czego 8,3% przypada na
ladoléd Antarktydy, 1,2% na pokrywe lodowa Grenlandii, a 0,5% stanowia lodowce gérskie [4]. Duze
czapy lodowcowe przemieszczaja si¢ z niewielkimi predkosciami lub sa stabilne. Lodowce gorskie, pied-
montowe czy tez szelfowe moga charakteryzowal si¢ predkosciami przemieszczen dochodzacymi nawet
do kilkudziesigciu metréw na dobg, szczegdlnie w okresach tzw. szarzy lodowcowej. Znaczaca wigkszo$¢
lodowcéw odznacza si¢ jednak predkoSciami od kilkudziesigciu do kilkuset metrow rocznie. Predkos¢
przemieszczania si¢ lodowca zalezy od wielu czynnikéw, zwiazanych nie tylko z aktualng pogoda czy
klimatem, ale takze z morfologia oraz rzezba terenu. Monitorowanie przemieszczen lodowcéw jest istotne
m.in. z perspektywy modelowania catych pokryw lodowych. Informacje o kierunku i zmianach prgdkosci
ruchu pozwalaja bowiem na tworzenie bardziej precyzyjnych modeli. Analiza zmian w dynamice sptywu
lodu dostarcza rowniez informacji pozwalajacych na lepsze zrozumienie interakcji migdzy atmosfera,
hydrologia, oceanami, a sama pokrywa lodowa [5]. Zmiany predkosci lodowcéw wplywaja takze na tempo

cofania si¢ ich czota. W przypadku lodowcoéw gorskich monitorowanie zmian dynamiki pozwala takze na
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oceng bezpieczefistwa w danym rejonie oraz oszacowanie kondycji lodowcéw, bedacej odzwierciedleniem
zmian klimatycznych zachodzacych na Ziemi. Z uwagi na rozlegto$¢ obszaréw, ktére pokrywaja lodowce,
a takze ograniczong dostgpno$¢, monitorowanie ich przemieszczen w sposéb ciagly w czasie i przestrzeni

wciaz pozostaje wyzwaniem.

Tradycyjnie pomiar predkosci lodowca wykonuje si¢ za pomoca tyczek zamontowanych w wybranych
czgSciach lodowca. Najprostszym ze sposobow jest pomiar zmian odleglosci pomigdzy tyczkami w celu
okreslenia ich wzglednego przemieszczenia. Wraz z rozwojem technologii GNSS (Global Navigation
Satellite Systems) pomiary te zostaly jednak wyparte przez zastapienie tyczek odbiornikami GNSS.
Umozliwia to analiz¢ zmiany pozycji punktu pomiarowego w globalnym systemie odniesien przestrzen-
nych, czyli wyznaczenie przemieszczenia bezwzglednego. Dzigki temu mozliwe jest przeanalizowanie
predkosci sptywu lodu w punktach potozonych daleko od siebie. Kazdy taki pomiar obarczony jest jednak
kosztami transportu zespotu pomiarowego do miejsca stabilizacji tyczek. Co wigcej, pozyskane wartoSci
przemieszczefi dostarczaja tylko punktowych informacji, odpowiadajacych niewielkiemu zakresowi
przestrzennemu. Z tego wzgledu trudne do uchwycenia sa anomalie przestrzenne w przeptywie lodowcow.
Z uwagi na ograniczenia czasowo-przestrzenne klasycznych sieci pomiarowych oraz ograniczona dostgp-
no$¢ wielu rejonéw $wiata, najwigksza popularnoscia obecnie ciesza si¢ metody oparte o teledetekcje
z pulapu lotniczego lub satelitarnego [6, 7, 8]. Metody teledetekcyjne z obu putapéw moga dostarczaé
danych optycznych, multispektralnych oraz radarowych. Znaczna czg$¢ obszaréw lodowych znajduje
si¢ w rejonach na wysokich szerokosciach geograficznych, przez co sa to obszary wystgpowania m.in.
nocy polarnej. Z tego wzgledu, szczegdlnie dynamicznie rozwijaja si¢ metody monitorowania predkosci
lodowcéw na podstawie satelitarnych zobrazowan radarowych (ang. Synthetic Aperture Radar — SAR),
ktére dodatkowo dostarczaja danych niezaleznie od zachmurzenia. Dodatkowym czynnikiem stymulujacym
rozwdéj monitorowania lodowcéw z uzyciem danych SAR jest znaczacy wzrost liczby satelitéw oferujacych
zobrazowania o coraz wyzszej rozdzielczosci, w r6znych pasmach obrazowania i dowolnej bazie czasowej,

takich jak ICEYE, Capella, NISAR czy niedawno wyniesiony na orbitg Sentinel-1C (S-1).

Teledetekcyjne metody monitorowania przemieszczen lodowcéw mozna podzieli¢ na dwie gléwne grupy:
interferometri¢ radarowa (ang. SAR Interferometry — InSAR) [9] oraz metody bazujace na podobiefistwie
obrazéw lub poszczegélnych cech charakterystycznych zdjecia i Sledzeniu przesunigé migdzy nimi
(m.in.: ang. Offset-Tracking — OT, ang. feature tracking, ang. speckle tracking). Pierwsza z tych technik
wykorzystuje wytacznie dane pozyskane z sensorow aktywnych emitujacych falg elektromagnetyczng w
kierunku powierzchni Ziemi. Zobrazowania radarowe posiadaja wowczas informacj¢ o amplitudzie i fazie
sygnatu powracajacego do sensora. Pojedyncza informacja o wartosci fazy nie dostarcza wystarczajacych
danych do wyznaczenia wielko$ci przemieszczenia. W momencie, gdy dany obszar §wiata obrazowany jest
regularnie pod tym samym katem patrzenia radaru, mozliwe jest jednak wyznaczanie r6znicy faz pomigdzy
konkretnymi parami obrazéw. Posiadajac numeryczny model terenu (NMT), mozliwe jest okreslenie zmian
wystepujacych na powierzchni terenu przez usunigcie sktadnika fazy odpowiedzialnego za topografig.

Pozostata czes¢ fazy wynika w gtéwnej mierze z procesu deformacyjnego zachodzacego w obserwowanym

M. Lucka
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terenie. Pozyskane w ten sposdb wartosci informuja o przemieszczeniu terenu w kierunku obrazowania
satelity, tj. kierunku emitowania wiazki fali elektromagnetycznej przez radar (ang. Line Of Sight — LOS).
W celu pozyskania precyzyjnych informacji o ruchu lodowca zaréwno w plaszczyZnie pionowej, jak i
poziomej, konieczne jest dokonanie dekompozycji pola przemieszczen. Niezbedne jest do tego posiadanie
danych pochodzacych z co najmniej dwéch, a najlepiej trzech réznych geometrii obrazowania, co stanowi
pierwsze z ograniczefi interferometrii radarowej w zakresie monitorowania kriosfery. Kolejnym z ogra-
niczei metody InSAR jest wielko§¢ maksymalnego ruchu wykrywalnego przez t¢ technikg pomiarowa.
W przypadku ruchéw o duzej amplitudzie wyznaczenie catkowitego przemieszczenia LOS w metodzie
InSAR bazuje na rozwiazaniu problemu nieoznaczono$ci fazy, ktére sprowadza si¢ do okreslenia iloSci
petnych cykli fazy obserwowanych na interferogramie. W przypadku bardzo duzej skali ruchéw trudne
jest prawidtowe rozwinigcie fazy, a w przypadku niepoprawnego oszacowania ilosci cykli wyznaczone
przemieszczenie moze si¢ okaza¢ niedoszacowane. Ponadto do poprawnego rozwinigcia fazy niezbedna
jest dobra jakos$¢ i spdjnos¢ sygnalu, odznaczajaca si¢ wysokim wskaZnikiem koherencji. W przypadku
obszaréw pokrytych $niegiem i lodem odbicie moze by¢ zakidcone poprzez wystgpowanie Swiezych
opadéw $niegu. Cykliczne zamarzanie i rozmarzanie warstwy przypowierzchniowej lodowca skutkuje
zwigkszeniem iloSci wody na powierzchni, prowadzac do absorpcji sygnatu i braku odbicia wiazki radaru.
Alternatywna metoda, ktéra pozwala na zniwelowanie czgsci tych probleméw, jest technika OT, ktéra nie
bazuje na fazie interferometrycznej, lecz wykorzystuje wytacznie obrazy amplitudy lub obrazy optyczne.
Metoda ta polega na podziale obrazéw wejsciowych na mniejsze kafelki i poszukiwaniu fragmentéw, ktére
reprezentuja ten sam obszar na zdjeciach pozyskanych w zadanym odstgpie czasowym. Poszukiwanie
obszaréw o podobnej charakterystyce bazuje na wykorzystaniu znormalizowanej korelacji krzyzowej (ang.
normalised cross-correlation — NCC) [10, 11]. Wybrany fragment obrazu jest porownywany z kolejnymi
probkami zdje¢ pochodzacymi z innej daty. Zdjgcie probkowane jest w okre§lonym kroku wyrazonym w
pikselach i dla kazdej probki wyliczana jest warto§¢ wspétczynnika NCC. Obszar, dla ktérego wyliczono
najwyzszy wskaznik NCC uznawany jest za pozycj¢ szukanego obiektu na drugim zdjgciu. Na podstawie
znanej pozycji obiektu na parze obrazéw mozliwe jest wyznaczenie przemieszczenia w uktadzie obrazu,
a takze pézZniejsze przeliczenie przesunigé na wartosci metryczne wykorzystujac informacje o rozmiarze
terenowym piksela obrazu wejSciowego. Technika ta pozwala zatem na wyznaczanie przemieszczen
gtéwnie w plaszczyZnie poziomej, co moze by¢ jej ograniczeniem, ale w przypadku monitorowania pred-
kosci przeptywu lodowcéw jest to kluczowa informacja. Zaletami tej techniki pomiarowej jest mozliwos¢
uchwycenia wielkoskalowych ruchéw powierzchni terenu rzedu setek metréw oraz jej niezalezno$¢ od
koherencji, czyli stabilnodci sygnalu w przypadku sensoréw radarowych. Moze by¢ ona uzupelnieniem
metody InSAR, gdyz jej doktadnos$¢ ogranicza wielkos¢ piksela terenowego i szacowana jest w literaturze
na 1/10-1/30 rozmiaru piksela [12]. Metoda ta jednak w duzej mierze zalezy od rozdzielczo$ci danych
wejsciowych i zwykle wymaga dobrej znajomosci badanego rejonu, gdyz wielkos$é spodziewanych ruchéw

w duzej mierze wptywa na parametryzacj¢ procesu przetwarzania.

Ograniczenia istniejacych metod oraz rozwdj takich dziedzin jak rozpoznawanie obrazéw (ang. computer

vision) i sztuczna inteligencja (SI) doprowadzity do rosnacej liczby modeli uczenia maszynowego (ang.

M. Lucka
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machine learning — ML) do analizy danych satelitarnych. Pomimo tego, wciaz istnieje niewiele rozwiazan
wykorzystujacych fuzje danych SAR i modeli ML do analizy przemieszczen powierzchni terenu. Wsréd
istniejacych badan w tym zakresie znaczaca grupe stanowia prace poswigcone predykcji przemieszczef
powierzchni terenu [13, 14, 15] oraz detekcji obszaréw niestabilnych [16, 17, 18, 19]. Szczegdlnie waska
grupe stanowia prace wykorzystujace techniki SI do wyznaczania samych wartoSci przemieszczen, co
mogtoby wspomdc automatyzacje procesu pozyskiwania danych o predkosciach lodowcéw, niezaleznie od
typu obrazéw wejsciowych. Jednym z alternatywnych podej$s¢ do wyznaczania predkoSci, bazujacym na
rozwigzaniach widzenia komputerowego, jest algorytm przeptywu optycznego (ang. Optical Flow). Metoda
ta zaklada, ze intensywno$¢ pikseli pomigdzy dwoma kolejnymi klatkami filmu czy tez zdjgciami jest
niezmienna, a piksele znajdujace si¢ w bliskim sasiedztwie poruszaja si¢ z ta sama predkoscia. Koncepcja
przeplywu optycznego najczesciej jednak znajdowala zastosowania w analizie obrazéw optycznych,
wykorzystujac ortofotomapy, zdjecia z kamer naziemnych czy tez zdjecia satelitarne [20, 21, 22]. Wciaz
istniejq jedynie pojedyncze testy wykorzystujace przeptyw optyczny do monitorowania przemieszczefi na
bazie danych SAR. Innym podej$ciem do wyznaczenia przemieszczen poziomych z wykorzystaniem SI
jest zastosowanie sieci neuronowych, w szczegdélnosci sieci blizniaczych (ang. Siamese Neural Networks)
[23]. Gléwna idea tego podejscia jest wykorzystanie dwdch pracujacych réwnolegle sieci neuronowych o
tej samej architekturze i wspétdzielonych wagach, ktére pracuja na dwéch réznych danych wejSciowych.
W ramach kolejnych warstw konwolucyjnych dokonywana jest ekstrakcja cech charakterystycznych
kazdego z obrazéw. W warstwie wyjSciowej modelu otrzymywana jest informacja o stopniu podobieristwa
danych wejSciowych, co pozwala na identyfikacj¢ odpowiadajacych sobie obszaréw. Inne podejscie do
wyznaczania przemieszczen poziomych, ktére réwniez korzysta z sieci bliZniaczych, zostato zapropono-
wane przez Kim i in. [24]. Badacze w swoim podejsciu zaproponowali zintegrowanie sieci syjamskich z
architektura U-Net. Zaprojektowany w ten sposéb model wykorzystuje jako zbiér treningowy nie tylko
surowe obrazy radarowe, ale takze wstgpnie obliczone pole przemieszczen poziomych. Takie rozwiazanie
wymaga jednak budowy znaczacego zbioru treningowego oraz wstepnego przetwarzania danych technikami
teledetekcyjnymi, co nie jest wymagane w przypadku wcze$niej omowionych koncepcji. Przytoczone
prace, badajace wykorzystanie technik SI do monitorowania ruchéw poziomych, czgsto koncentruja si¢ na
pojedynczych studiach przypadku lub na wykorzystaniu obrazéw optycznych. Nieliczne prace skupiaja si¢
na wykorzystaniu wytacznie obrazéw SAR i uczenia maszynowego do tego celu. Niemniej jednak prace te
wskazuja, ze istnieje potencjal w wykorzystaniu uczenia maszynowego do efektywnego wyznaczania pola

przemieszczen na bazie danych satelitarnych, ktéry wciaz nie zostal dogtebnie zbadany.

Przeprowadzone badania literaturowe wykazuja, ze pomimo znacznego zainteresowania monitorowaniem
obszaréw glacjalnych oraz danymi satelitarnymi, wciaz nie sa dobrze zbadane mozliwosci integracji modeli
uczenia maszynowego z danymi SAR do monitorowania ruchéw poziomych lodowcéw. W niniejszej pracy
przeprowadzono analizg¢ istniejacych metod monitorowania lodowcéw pod katem optymalnego doboru pa-
rametrow wejSciowych i ich wptywu na jakos$é pozyskiwanych wynikéw. Ponadto wykorzystano narzgdzia
uczenia maszynowego, w szczegdlnosci konwolucyjne sieci neuronowe, do stworzenia niezaleznej metody

wyznaczania pola przemieszczen poziomych na bazie wspotrejestrowanych obrazéw radarowych.

M. Lucka



Rozdziat 2
Cele badawcze i teza dysertacji

Gtéwnym celem niniejszej rozprawy doktorskiej jest opracowanie nowej metody wyznaczania przemiesz-
czen poziomych w rejonach o duzej dynamice ruchéw na podstawie satelitarnych zobrazowan radarowych
oraz z wykorzystaniem uczenia maszynowego. Metoda ta pozwala na wyznaczanie wartosci przemieszczen,
ograniczajac dodatkowa, ztozong parametryzacj¢ procesu przetwarzania.

W ramach przeprowadzonych prac badawczych wyodrgbniono réwniez nastgpujace cele szczegétowe:
* ocena mozliwosci wykorzystania danych SAR pochodzacych z mikrosatelitow do monitorowania
predkosci lodowcow,

* ocena wpltywu bazy czasowej obrazéw radarowych na pozyskiwanie wartosci przemieszczen pozio-

mych,
* wyznaczenie optymalnych rozmiar6w okna poszukiwawczego stosowanego w metodzie OT,

* opracowanie modelu uczenia maszynowego pozwalajacego na detekcje¢ tozsamych rejonéw na parze

obrazéw wejsciowych,

» poréwnanie efektywnosci klasycznych metod teledetekcyjnych oraz rozwiazania opartego o uczenie

maszynowe do wyznaczania przemieszczen poziomych.

Biorac pod uwage obecny stan wiedzy, postawiono nastgpujaca teze: ,,Zastosowanie algorytmow ucze-
nia maszynowego do analiz satelitarnych zobrazowan radarowych pozwala skutecznie monitorowaé

przemieszczenia poziome lodowcow”.
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Rozdzial 3
Wykaz publikacji bedacych podstawa rozprawy doktorskiej

Przygotowana rozprawa doktorska sktada si¢ z cyklu 4 spéjnych tematycznie artykutéw naukowych. Ba-
dania zostaty opublikowane w czasopismach znajdujacych si¢ w wykazie czasopism naukowych i recenzo-
wanych materialéw z konferencji naukowych, przygotowywanym i aktualizowanym przez Ministra Nauki
(dawn. Ministra Nauki i Szkolnictwa Wyzszego), nazywanego dalej wykazem MNiSW. Ponizej opisano
wszystkie prace wchodzace w sktad cyklu publikacji wraz ze wskaznikami czasopism na dzief publikacji

artykutu:

1. Lukosz M., Hejmanowski R., Witkowski W. (2021) Evaluation of ICEYE microsatellites sensor for
surface motion detection — Jakobshavn glacier case study, Energies, vol. 14 iss. 12 art. no. 3424, pp.
1-13, DOI: 10.3390/en14123424
Data publikacji: 10.06.2021 r.

Punktacja wg. wykazu MNiSW: 140 pkt.
Impact Factor (IF): 3.2
Udziat procentowy: L.ukosz M. - 50%, Hejmanowski R. - 20%, Witkowski W. - 30%.

2. Lukosz M., Hejmanowski R., Witkowski W. (2022) Analysis of the velocity changes of the Jakob-
shavn Glacier based on SAR imagery, Quaestiones Geographicae, vol. 41 iss. 1, s. 93—-105. DOI:
10.2478/quageo-2022-0007
Data publikacji: 19.03.2022 r.

Punktacja wg. wykazu MNiSW: 100 pkt.
Impact Factor (IF): -
Udziat procentowy: L.ukosz M. - 70%, Hejmanowski R. - 10%, Witkowski W. - 20%.

3. Lucka M., Hejmanowski R., Witkowski W. (2023) Temporal development of the displacement field of
the Ponzano landslide in February 2017, Bulletin of Geography. Socio-Economic Series, no. 62, s.
137-151, DOI: 10.12775/bgss-2023-0039
Data publikacji: 30.12.2023 r.

Punktacja wg. wykazu MNiSW: 140 pkt.
Impact Factor (IF): 0.7
Udziat procentowy: Lucka M. - 60%, Hejmanowski R. - 15%, Witkowski W. - 25%.

4. Lucka M. (2025) Investigation of machine learning algorithms to determine glaciers displacements,
Remote Sensing Applications: Society and Environment, vol. 37, no. 101476
Data publikacji: 31.01.2025 1.
Punktacja wg. wykazu MNiSW: 100 pkt.
Impact Factor (IF): 3.8
Udziat procentowy: Lucka M. - 100%.
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3. Wykaz publikacji bedacych podstawa rozprawy doktorskiej 13

Pierwszy z artykutéw [25] skupia si¢ na walidacji zobrazowarn pochodzacych z satelitow ICEYE do
monitorowania ruchu lodowcéw na przyktadzie grenlandzkiego lodowca Jakobshavn. W artykule skupiono
si¢ na poréwnaniu uzytecznosci satelitarnych zobrazowan radarowych z satelitéw obrazujacych w pasmie X
(ICEYE) oraz w pasmie C (S-1). Otrzymane mapy predkosci poréwnano w sposéb iloSciowy i jakoSciowy,
aby sprawdzi¢ mozliwosci wykorzystania pasma X i nowego sensora SAR do wiarygodnego wyznaczania

przemieszczefi poziomych w rejonach lodowcowych.

W drugim z artykutéw [26] przeanalizowano jako$¢ map predkosciowych dla wybranego lodowca w
zaleznoSci od pory roku (zima/lato) oraz dtugosci bazy czasowej pomigdzy kolejnymi zobrazowaniami. W
analizach odnoszacych si¢ do bazy czasowej badano efektywnos$¢é metody OT dla okreséw szesciodniowego
1 miesigcznego. Wyznaczone predkosci przemieszczen dla réznych baz czasowych i pér roku poréwnano
z predkosciami lodowca pochodzacymi z niezaleznej bazy danych GrIMP (Greenland Ice Sheet Mapping
Project). Poréwnanie to miato na celu oceng wiarygodno$ci wynikéw otrzymanych metoda OT dla réznych
danych wejsciowych. Ponadto dla wynikéw z dwéch réznych pér roku mozliwa byta ocena wplywu warun-
kéw atmosferycznych na jako$¢ map, przy zatozeniu mniejszego topnienia warstwy przypowierzchniowe;j

W zimie.

Trzecia publikacja [27] zostata poSwigcona analizie wielkoSci przemieszczen poziomych na terenie naglego
osuwiska. Zaproponowany w tym artykule obszar badawczy nie jest zlokalizowany w rejonach polarnych,
czym odstaje od pozostatych artykuléw. Obserwowana w tym obszarze skala ruchéw oraz ich gtdwny kieru-
nek sg jednak zblizone do tych rejestrowanych dla lodowcéw. Z tego wzgledu mozliwe byto zaaplikowanie
takich samych metod teledetekcyjnych do monitorowania ruchéw poziomych, co w pozostatych artykutach.
Prace na tym obszarze badawczym pozwolily na uzupetnienie analiz dotyczacych efektywnosci metody
OT w rejonach o znacznie mniejszym zakresie powierzchniowym ruchéw poziomych. W tym artykule
skupiono si¢ na poréwnaniu wysokorozdzielczych obrazéow satelity TerraSAR-X (TSX) oraz obrazéw o
Sredniej rozdzielczoSci, pochodzacych z misji S-1. Dzigki temu mozliwa byta ocena wptywu rozdzielczoSci
zobrazowan radarowych na mozliwo$ci wykrywania ruchéw poziomych o stosunkowo niewielkim zakresie
powierzchniowym. W ramach przeprowadzonych prac przeanalizowano rézne rozmiary okien poszuki-
wawczych i ich wplyw na jako$¢ oraz wiarygodno$¢ map przemieszczen. Dzigki analizie wynikéw w
obszarach stabilnych mozliwe byto okreslenie wewngetrznej doktadnos$ci metody OT na podstawie analizy

odchylen standardowych.

Ostatni artykut wchodzacy w skiad cyklu [28] skupia si¢ na stworzeniu alternatywnej metody stuzacej
do pomiaru przemieszczen poziomych na bazie obrazéw SAR. Podej$cie zaproponowane w pracy opiera
si¢ 0 algorytmy uczenia maszynowego. Idea nowej metody jest odnalezienie tozsamych obszaréw na
dwoéch zdjeciach z uzyciem konwolucyjnych sieci neuronowych (ang. convolutional neural network —
CNN). Jako dane wejsciowe do modelu stuzg wspétrejestrowane pary obrazéw radarowych. Wyznaczenie
najbardziej zblizonych do siebie fragmentéw obrazéw traktowane jest jako problem klasyfikacyjny, a

przeliczenie na warto$ci metryczne przemieszczen odbywa si¢ na podstawie wspétrzednych srodkow
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3. Wykaz publikacji bedacych podstawa rozprawy doktorskiej 14

zdje¢ 1 wielkoSci piksela terenowego danych wejSciowych. W artykule zajeto si¢ réwniez problemem
poszerzania zbioru treningowego za pomoca modyfikacji oryginalnych fragmentéw zdjeé, w taki sposéb,
aby symulowa¢ mozliwy zakres ruchu lodowca. W celu wiarygodnej oceny uzytecznosci i dokladnoSci
zaproponowanego podejscia badania przeprowadzono zaréwno na zestawach danych syntetycznych, jak
1 na danych rzeczywistych. Zaproponowano takze metodyke filtrowania pozyskiwanych wynikéw w
celu redukcji szuméw oraz danych obarczonych duza niepewnoS$cig. Ostateczne warto$ci przemieszczen
dla jednego z lodowcéw grenlandzkich (Daugaard-Jensen) zostaty poréwnane z wynikami klasycznego
podejscia teledetekcyjnego wykorzystujacego metode OT. Skrypty powstale w wyniku prac nad artykutem
znajduja si¢ w zataczniku do niniejszej rozprawy oraz sa dostgpne w ramach repozytorium na platformie
GitHub pod adresem: https://github.com/magdalucka/TrackOff.

Pierwsze trzy artykuly w sposob szczegétowy analizuja juz istniejace metody teledetekcyjne stuzace do po-
miaru przemieszczen poziomych w réznych warunkach terenowych. Badania skupiaty si¢ na ocenie wptywu
jakosci danych wejSciowych oraz warto$ci parametréw przetwarzania w metodzie OT na jako$¢ i wiarygod-
nos¢ pozyskiwanych wynikéw. Jest to czg$¢ poswigcona analizie mocnych i stabych stron istniejacych al-
gorytméw oraz stanowi probe zrozumienia mnogosci czynnikéw zaréwno technicznych, jak i terenowych,
ktére wplywaja na mozliwosé detekcji szybkich ruchéw poziomych. Ostatni z artykulow skupia sie¢ na
zaproponowaniu alternatywnej, nowej metody przetwarzania danych SAR z wykorzystaniem sieci
neuronowych i jest zasadnicza czesScia rozprawy doktorskiej odpowiadajaca na postawiona teze ba-

dawcza.

M. Lucka



Rozdziat 4
Obszary badawcze i wykorzystane dane

Badania w ramach realizowanej rozprawy doktorskiej realizowane byty dla trzech ré6znych obszaréw (Rys.
4.1). W artykule nr 1 [25] oraz nr 2 [26] skupiono si¢ na analizie lodowca Jakobshavn na zachodnim
wybrzezu Grenlandii. W artykule nr 3 [27] skupiono si¢ na osuwisku w Ponzano we Wtoszech. W ostatnim
z artykutéw sktadajacych si¢ na cykl publikacji analizowano predkosci dla lodowca Daugaard-Jensen

zlokalizowanego na wschodnim wybrzezu Grenlandii [28].

Lodowiec Jakobshavn

Lodowiec Jakobshavn zlokalizowany jest w centralnej czgsci zachodniego wybrzeza Grenlandii i uchodzi
do zatoki Ilulissat. Jest to jeden z najszybszych lodowcéw na §wiecie, ktéry swoje maksimum predkosci
osiagnat w roku 2012 r., gdy $rednia predko$¢ dobowa siggneta 46 m/dzien [29, 30]. Lodowiec ten jest
najwiekszy na Grenlandii i obejmuje zasiggiem ponad 110 000 km? odpowiadajac za niemal 7% odptywu
grenlandzkiego lodu do oceanu. Ponadto produkuje ok. 10% wszystkich gér lodowych w rejonie Grenlandii.
W 2016 r. lodowiec zaczat przybiera¢ na masie, lecz wciaz pozostaje jednym z najszybciej poruszajacych

si¢ na Swiecie [31]. Jakobshavn mierzy ok. 65 km dtugosci, a Srednia grubo$¢ wynosi okoto 2000 m.

Osuwisko Ponzano

Ponzano zlokalizowane jest we centralno-wschodniej czeSci Wloch w regionie Abruzzo i prowincji
Teramo. Jest to gérzysty obszar z duzym zagrozeniem osuwiskowym. Przedmiotem badan byto osuwisko
o powierzchni 57 ha, ktére ulegto gwaltownej reaktywacji 12 stycznia 2017 r. na skutek ulewnych deszczy
oraz topnienia $niegu. Srednie nachylenie w tym rejonie wynosi 11°. Obszar pokryty jest gléwnie trawami
i uprawami z niewielka iloScia drég i doméw, ktdre zostaty czgsciowo uszkodzone w 2017 r. W rejonie tym
prowadzono obserwacje metoda interferometrii radarowej (InSAR) przed wystapieniem osuwiska, gdzie
zanotowano przemieszczenie rzegdu 10-40 cm na przestrzeni 14 lat [32]. Po wystapieniu osuwiska przez
kilka miesigcy prowadzono réwniez w rejonie monitoring z wykorzystaniem tachimetréw zrobotyzowanych
oraz odbiornikéw GNSS, ktére wykazaty przemieszczenia dochodzace do 75 cm w czasie 5 miesigcy po

reaktywacji osuwiska [33].

Lodowiec Daugaard-Jensen

Daugaard-Jensen znajduje si¢ we wschodniej cze$ci Grenlandii i sptywa do zatoki Nordvestfjord. Zajmuje
powierzchnie ok. 50150 km? i jest najszerszym lodowcem na Grenlandii uchodzacym do morza. Daugaard-
Jensen odpowiada za odwodnienie ok. 4% catego ladolodu grenlandzkiego. Srednia predko$é tego lodowca
dochodzi do ok. 9-10 m/dzien.
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4. Obszary badawcze i wykorzystane dane 16

Grenlandia N RPoNnzano;
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Rysunek 4.1: Lokalizacja obszaréw badawczych: (A) lodowce grenlandzkie i (B) osuwisko Ponzano na

podkiadzie satelitarnym.

Wykorzystane dane

W ramach wykonanych analiz bazowano na danych radarowych z trzech réznych sensoréw: S-1, ICEYE
oraz TSX. W niniejszej sekcji zaprezentowano wykaz wszystkich wykorzystanych zobrazowarh w Tab.
4.1. Podczas analizowania wplywu bazy czasowej oraz uzytecznosci danych z pasma X dokonano analiz
poréwnawczych z mapami predko$ciowymi udostgpnionymi w ramach projektu Greenland Ice Mapping
Project (GrIMP). Dane te publikowane sa w ramach inicjatywy NASA (National Aeronautics and Space
Administration) o nazwie Making Earth System Data Records for Use in Research Environments (ME-
aSUREs), majacej na celu zapewnienie otwartego dostgpu do danych na potrzeby prowadzenia badafi
naukowych. W ramach upublicznionej bazy danych dostgpne sa migdzy innymi mapy predkosci lodowcéw
dla catej Grenlandii wraz z bledami ich wyznaczenia. Dane publikowane sa dla réznych interwatéw
czasowych: 6/12-dniowych, miesigcznych, kwartalnych czy rocznych. Na potrzeby analiz wykorzystano
produkty w formacie GeoTIFF dla 6-dniowych [34] i miesigcznych baz czasowych [35]. Rozdzielczos¢
przestrzenna rastréw wynosi 200 x 200 m. Zrédtem danych dla map krétkoterminowych sa zobrazowania
SAR pochodzace z satelitéw misji S-1. Dla mozaik miesigcznych Zrédlem danych sa zaréwno satelity S-1,

jak 1 obrazy z sensora TSX czy tez satelitow optycznych Landsat-8 1 9.
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4. Obszary badawcze i wykorzystane dane 17

Tabela 4.1: Wykaz wykorzystanych zobrazowar radarowych.

Obszar | L.p. Data Sensor | Pasmo | Orbita | Polaryzacja | Produkt | Rozdzielczo$§¢ | Nr art.
1 | 31/01/2017 | S-1 C desc HH GRD 10x 10 m 2
2 | 060022017 | S-1 C desc HH GRD 10x 10 m 2
3| 24/02/2017 | S-1 C desc HH GRD 10x 10 m 2
4 | 300072017 | S-1 C desc HH GRD 10x 10 m 2
c 5 | 05/08/2017 | S-1 C desc HH GRD 10x 10 m 2
< 6 | 29/082017 | S-1 C desc HH GRD 10x 10m 2
é 7 103012021 | S-1 C desc HH GRD 10x 10 m 1,2
B 8 |09/01/2021 | S-1 C desc HH GRD 10x 10 m 1,2
9 | 01/08/2021 | S-1 C desc HH GRD 10x 10 m 2
10 | 07/08/2021 | S-1 C desc HH GRD 10x 10 m 2
11 | 05/01/2021 | ICEYE | X | desc VvV GRD | 25x25m 1
12 | 09/01/2021 | ICEYE | X | desc A% GRD | 25x25m 1
13 | 06/02/2017 | S-1 C asc VH SLC |233x13,92m | 3
2 14 | 18/02/2017 | S-1 C asc VH SLC |233x13,92m | 3
g 15 | 10/02/2017 | TSX X asc HH SSC | 136x2,19m | 3
A 16 | 21/02/2017 | TSX X asc HH SSC | 1,36x2,19m | 3
17 | 05/03/2017 | TSX X asc HH SSC | 136x2,19m | 3
g 18 | 03/02/2024 | S-1 C desc HH GRD 10x 10 m 4
:‘j 19 | 15/02/2024 | S-1 C desc HH GRD 10x 10 m 4
§D 20 | 27/02/2024 | S-1 C desc HH GRD 10x 10 m 4
E |21 [ 10032024 | -1 C | desc HH GRD 10x 10 m 4
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Rozdziat 5
Metodologia

Praca skupia si¢ na problemie monitorowania wielkoskalowych poziomych przemieszczen powierzchni te-
renu z wykorzystaniem danych satelitarnych. W przeprowadzonych badaniach przeanalizowano istniejace
algorytmy do wyznaczania tego rodzaju ruchéw oraz wptyw poszczegdlnych parametréw na jakos$¢ pozy-
skiwanych wynikéw. Ponadto zaproponowano alternatywne podej$cie w oparciu o model uczenia maszyno-
wego. W rozdziatach od 5.1 do 5.3 oméwiono kolejny wplyw takich czynnikéw jak: rozdzielczos¢ danych
radarowych, baza czasowa i rozmiar okna poszukiwawczego. W ostatniej sekcji (Rozdz. 5.4) oméwiono

zaproponowang nowa metodyke wyznaczania przemieszczen poziomych.

5.1 Opracowanie danych z mikrosatelitow ICEYE

Badania mozliwosci wykorzystania zobrazowan z satelitéw ICEYE wykonano na przykladzie lodowca Ja-
kobshavn. W tym celu wykorzystano dwa zobrazowania ICEYE oraz dwa obrazy S-1 pozyskane w po-
dobnym czasie do wyznaczenia przemieszczenn poziomych metoda OT. Dla danych ICEYE baza czasowa
wyniosta 4 dni, a w przypadku danych S-1 6 dni. Parametry techniczne zobrazowan przedstawiono w Tab.
4.1. Przetwarzanie danych wykonano w otwartym oprogramowaniu SeNtinel Application Platform (SNAP)
udostepnianym przez Europejska Agencje Kosmiczna (ESA). Wstepne przygotowanie danych réznito si¢
dla obu zestawéw danych. W przypadku danych S-1 w pierwszym kroku dokonano korekcji potozenia ob-
razéw poprzez dotaczenie informacji o orbitach precyzyjnych satelity oraz przycigto obszar opracowania do
rejonu samego lodowca Jakobshavn. Dla danych ICEYE nie posiadano informacji o orbitach precyzyjnych,
natomiast niezbgdne bylo wykonanie dodatkowe;j filtracji obrazow w celu usunigcia efektu tzw. soli i pie-
przu (ang. speckle effect). Nastepne kroki przetwarzania byty tozsame dla obu sensoréw. Osobno dla danych
ICEYE i S-1 dokonano wspétrejestracji zobrazowan w oparciu o NMT pochodzacy z programu Copernicus
o rozdzielczo$ci przestrzennej wynoszacej 30 m [36]. Na tak przygotowanych parach zobrazowan wyko-
nano obliczenia metoda OT. Parametry przetwarzania dla obu sensoréw byly jednakowe i przedstawiono je
w Tab. 5.1. W celu zapewnienia podobnej ggstosci punktéw wynikowych ustawiono wielkos¢ siatki oblicze-
niowej na 40 pikseli i 10 pikseli kolejno dla danych ICEYE i S-1. Réznica ta jest spowodowana 4-krotnie

mniejszym pikselem terenowym dla produktéw z pasma X.

Tabela 5.1: Parametry wykorzystane do obliczeit metoda OT w artykule nr 1.

Parametr ICEYE | Sentinel-1
Max. predkosé [m/dzieni] 50 50
Wysoko$¢ okna poszukiwawczego [piksele] 128 128
Szerokos¢ okna poszukiwawczego [piksele] 128 128
Odstep w siatce punktéw dla kierunku azymutalnego 40 10
Odstep w siatce punktéw dla kierunku zasiggu 40 10
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W wyniku obliczet otrzymano mapy przemieszczeni poziomych dla obu sensoréw dla kierunku azy-
mutalnego, kierunku zasiggu radaru, a takze maksymalne predkosci. Oceng uzytecznosci danych ICEYE
oceniono poprzez bezposSrednie poréwnanie wartosci z danymi S-1 oraz z mapami predkosci z bazy GrIMP.
Poréwnanie danych ICEYE z S-1 wykonano w czterech obszarach o réznej dynamice ruchéw, dla ktérych
prébkowano rastry z przemieszczeniami w gestej siatce punktéw. Obszar 1 zlokalizowany jest w rejonie
niewielkich predkosci lodowca i wchodzi w gtab ladu, obszar 2 zlokalizowany jest w rejonie umiarkowa-
nych predkosci, obszar 3 w rejonie zintensyfikowanych ruchéw oraz obszar 4 zlokalizowany przy samym
czole lodowca. Nastepnie w kazdym z rejonéw wyznaczono wspétczynnik determinaciji (R?), §wiadczacy
o stopniu podobieristwa pomigdzy dwoma sensorami. Dodatkowo przeanalizowano réznicg migdzy senso-
rami wzdhuz profilu poprowadzonego w osi lodowca. Dokladne potozenie analizowanych obszaréw i prze-
bieg profilu znajduja si¢ w Zataczniku 1 (Rys. 1). Poréwnanie z niezalezna baza danych wykonano dla
catego obszaru lodowca, tacznie z relatywnie stabilnym otoczeniem gtéwnego jezora lodowcowego. Dla
catego rejonu wygenerowano siatke punktéw i w niej probkowano rastry z maksymalnymi predkosciami
pochodzacymi z danych ICEYE, S-1 oraz z bazy GrIMP. Pomigdzy otrzymanymi warto§ciami wyznaczono
wspoiczynniki korelacji, aby ocenié sp6jnos$¢ otrzymanych wynikéw. Na Rys. 5.1 schematycznie przedsta-

wiono proces przetwarzania oraz analizy pozyskanych danych.
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Rysunek 5.1: Schemat przetwarzania i analizy danych na potrzeby oceny uzytecznosci danych ICEYE.

5.2 Baza czasowa danych radarowych

Wplyw bazy czasowej na wyznaczone warto$ci poziome badano na lodowcu Jakobshavn za pomocg danych
S-1 (Tab. 4.1). W tym celu wykonano obliczenia metoda OT dla miesigca zimowego i letniego 2017 r.
zaréwno dla 6-dniowej bazy czasowej, jak i dla 24- lub 30-dniowego odstgpu czasowego. Przetwarzanie
danych wykonano w oprogramowaniu SNAP i podjeto kroki analogiczne jak w Rozdz. 5.1. Do pobranych
obrazéw SAR dotaczono informacje o orbitach precyzyjnych oraz przycigto obszar opracowania do rejonu
lodowca. W nastgpnym kroku kazdg parg zdje¢ poddano wspétrejestracji w oparciu o NMT ACE30. Dla
kazdej pary obrazéw, niezaleznie od bazy czasowej, dokonano obliczeii metoda OT z parametrami jak w
Tab. 5.2.
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Tabela 5.2: Parametry wykorzystane do obliczefi metoda OT w artykule nr 2.

Parametry
NMT ACE30
Rozmiar siatki punktéw 20 x 20 pxl (200 x 200 m)
Wielko$¢ okna poszukiwawczego 128 x 128 pikseli
Max. predkosé 40 m/dzien

W celu oceny wplywu bazy czasowej na pozyskiwane wyniki, otrzymane mapy dla obu pér roku i
obu baz czasowych poddano wizualnej ocenie. Szczegdlna uwage zwrdécono na ilo§¢ szuméw w otoczeniu
lodowca, a takze linearno$¢ otrzymywanych wartosci. Wyznaczone predkosci odniesiono do wielkosci z
bazy danych GrIMP dla analogicznego okresu. Dla catego obszaru lodowca wygenerowano siatke punktow,
ktérym przypisano predkosci pochodzace zaréwno z danych S-1 w obu bazach czasowych, jak i wartoSci
z bazy GrIMP. Nastepnie dla krétkiej bazy czasowej i dlugiej wykonano wykresy korelacji. Oceng jakoSci

wynikéw przeprowadzono w oparciu o wyznaczone wspétczynniki determinacji.

5.3 Wielkos¢ okna poszukiwawczego w algorytmie OT

Analizy dotyczace wptywu rozmiaru okna poszukiwawczego na jakos¢ wynikéw w metodzie OT przepro-
wadzono na osuwisku w Ponzano, wykorzystujac dane zaréwno S-1, jak i TSX (Tab. 4.1). W przypadku
sensora S-1 obliczenia wykonano wytacznie dla fazy najbardziej dynamicznych ruchéw osuwiska dla 12-
dniowej bazy czasowej. Dane z TSX przetworzono w trzech kombinacjach (1) dla 11-dniowej bazy czasowej
w gtéwnej fazie ruchéw, (2) dla 11-dniowej bazy czasowej w okresie tuz po reaktywacji osuwiska oraz (3)
dla 22-dniowej bazy czasowej obejmujacej okresy (1) i (2) facznie. Obliczenia wykonano w oprogramowa-
niu Gamma. Wszystkie pary zobrazowan zostaly poddane wspoétrejestracji w oparciu o NMT Copernicus o
rozdzielczosci 30 m. Obliczenia metoda OT w tym przypadku zostaly wykonane iteracyjnie w celu zwigk-
szenia doktadnoS$ci wyznaczonych przemieszczefi poziomych. W pierwszej iteracji oszacowane sa wstgpne
przesunigcia migdzy dwoma zdjgciami, natomiast w drugiej iteracji dokonywane jest precyzyjne dopasowa-
nie zdje¢ w celu poprawienia jakosci wynikéw. Wynikowe mapy przemieszczen na obu kierunkach zobra-
zowaft SAR zostaly dodatkowo przefiltrowane za pomoca maski NCC o wartoSci progowej réwnej 0,2.

W ramach analizy okien poszukiwawczych skupiono si¢ na jednym okresie obliczeniowym dla danych
TSX o 11-dniowej bazie czasowej, gdzie nastapily gldéwne ruchy osuwiska Ponzano. Mapy przemieszczen
poziomych w kierunkach azymutalnych oraz na kierunku zasiggu radaru zostaty przeanalizowane oddziel-
nie dla wielu kombinacji okien poszukiwawczych. Przetestowano nastgpujace wielkosci okien poszukiwaw-
czych: 16 x 16, 32 x 16, 64 x 32, 64 x 64, 128 x 64, 128 x 128, 256 x 128 oraz 256 x 256 pikseli. Wybrane
kombinacje polegaja na 2-krotnym zwigkszaniu okna poszukiwawczego w jednym lub obu kierunkach.
Przetestowano zardwno kwadratowe, jak i prostokatne okna poszukiwawcze, z uwagi na to, ze dla kierunku
azymutalnego (azimuth) rozdzielczoS$¢ przestrzenna spada w stosunku do kierunku zasiggu radaru (range).
Zatozono brak przemieszczenn w obu kierunkach poza granicami osuwiska. W celu oceny optymalnej wiel-
koSci okna poszukiwawczego zatozono wokét obszaru osuwiska dwa bufory o wielkosci 200 m oraz 1000

m woko6t granic, wykluczajac jednoczesnie obszar samych ruchéw osuwiska. W nastgpnym kroku w bufo-
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rach policzono §rednig warto§¢ ruchéw na kierunkach azymutalnych oraz zasiggu i obliczono odchylenia
standardowe dla obu wartosci w zdefiniowanych buforach. Zgodnie z zalozeniami, zaréwno S$rednia, jak i

odchylenie standardowe bliskie zerowemu przemieszczeniu wskazuja na lepsza jakoS¢ map przemieszczefi.

5.4 Zastosowanie CNN do pomiaru przemieszczen

W celu opracowania alternatywnej metody wyznaczania przemieszczen poziomych, bazujacej na zobra-
zowaniach SAR i uczeniu maszynowym, konieczne byto dodatkowe przygotowanie danych wejsSciowych,
a nastgpnie przetestowanie réoznych architektur CNN oraz parametréw uczenia. Giéwna idea zastosowa-
nia uczenia maszynowego dla wspomnianego celu jest poszukiwanie odpowiadajacych sobie fragmentéw
dwoéch obrazéw ze wsparciem SI. Z uwagi na to, ze idea problemu jest rozpoznanie obrazéw o jak najbar-
dziej podobnych wzorach, budowg¢ modelu skupiono tylko i wylacznie na CNN, ktére zgodnie z istniejaca
literatura sa najbardziej efektywnym narzedziem do pracy z obrazami [37, 38, 39]. Zastosowana metodolo-
gia i kolejne etapy pracy zostaly schematycznie przedstawione na Rys. 5.2 oraz oméwione w kolejnych sek-
cjach niniejszego rozdziatu. Konicowym etapem analiz byto opracowanie prawidtowej Sciezki maskowania i
filtracji otrzymanych danych oraz walidacji metody w oparciu o niezalezne obliczenia, w celu prawidtowe]

oceny jakosci pozyskanych wynikéw.
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Rysunek 5.2: Schemat postgpowania w celu wyznaczenia przemieszczef poziomych z wykorzystaniem mo-
delu ML.

Przygotowanie danych wejSciowych

Produktem poczatkowym do budowania zbioru treningowego sa obrazy amplitudy zobrazowan radaro-
wych, ktére poddano wspdtrejestracji na podstawie NMT. W kolejnym etapie na pierwszym z obrazéw
wyznaczana jest siatka punktéw definiujaca gesto$¢ pozyskiwanych informacji, a takze definiowany jest
promien poszukiwawczy, ktéry pozwala zawgzi¢ obszar poszukiwan. Wspotrzgdne punktéw nanoszone
sa na zdjecie dopasowywane, a nastgpnie wykonywane jest probkowanie obrazu w zakresie okreslonego
promienia poszukiwawczego z krokiem co 1 piksel. Kazda z pozyskanych w ten sposéb prébek o rozmiarze
100 x 100 pikseli symbolizuje niezalezng klasg, ktéra bedzie brata udziat w procesie uczenia CNN. W
celu zwigkszenia ilosci prébek uczacych pozyskane fragmenty obrazu byly poddawane takim procesom jak

zmiana rozmiaru zdjecia, filtracja czy tez obrét. Procz zwigkszania liczby probek, dodatkowe przetwarzanie
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obrazéw ma na celu uodpornienie modelu na zmiany mogace zachodzi¢ w realnych warunkach, takich jak

rozciaganie warstwy przypowierzchniowej lodowca czy tez zmiana kierunku sptywu.

Testowanie modeli uczenia maszynowego

Celem budowanego modelu uczenia maszynowego jest stworzenie rozwiazania, ktére otrzymujac jako wej-
Scie probke obrazu referencyjnego, bedzie wskazywac najbardziej prawdopodobne potozenie tego samego
obszaru na zdjgciu dopasowywanym z innej daty. Danymi wejSciowymi do trenowania sg probki pozy-
skane zgodnie z metodologia opisana w sekcji powyzej. Odszukanie odpowiadajacych sobie obszaréw jest
traktowane jako problem klasyfikacyjny, stad dla kazdego kafelka wejSciowego zwracane jest prawdopodo-
biefistwo przynaleznosci do wielu klas. Klasy te stanowia probki z obrazu o dacie péZniejszej. Kafelek o
najwigkszym prawdopodobiefistwie uznawany jest za odpowiadajacy obszar. Na podstawie wspoétrzednych
Srodkéw zdjeé wyznaczane jest przesunigcie wzdtuz obu osi obrazu.

W pierwszym kroku skupiono si¢ na dobraniu odpowiedniej architektury sieci, stad przetestowano kilka
prostych autorskich CNN oraz zaadoptowano rozwiazania istniejace, takie jak LeNet [40], AlexNet
[41] czy tez VGG-16 [42]. W ramach obliczen testowych przeprowadzonych na obszarze lodowcowym
zdecydowano, ze najwigkszym potencjalem odznacza si¢ architektura AlexNet, dla ktérej dokonano
dalszych testow parametréw. Wtasne architektury sieci wykazaly niewystarczajacy stopienn ztozonos$ci
modelu, co skutkowato niepoprawnym identyfikowaniem par obrazéw, a co za tym idzie wartoSciami
przemieszczen o bardzo niskiej wiarygodnoSci. Architekture VGG-16 odrzucono na tym etapie z uwagi
na wysokie koszty czasowe oraz sprzgtowe podczas trenowania modelu. Sieci AlexNet oraz LeNet
wykazaty podobng efektywnos$¢ w testach, lecz to dla pierwszej z nich zaobserwowano wigksza stabilnosé
w ramach kolejnych iteracji obliczeri. Architektury byly oceniane poprzez generowanie map predkosci i
wektorowych dla wybranego lodowca, stad ocenie zostawaly poddawane wiarygodnosS¢ pozyskiwanych
wartosci oraz kierunku spltywu lodu. W dalszym etapie architektura AlexNet zostata poddana bardziej
szczegotowym analizom dla réznych wariantéw parametréw uczenia. Testowano rodzaj optymalizatora:
SGD (Stochastic Gradient Descent) oraz Adam (Adaptive Moment Estimation); rodzaj funkcji aktywacji:
tanh (tangencja hiperboliczna) oraz ReLLU (Rectified Linear Unit), a takze tempo uczenia w zakresie od
0,0005 do 0,01. Ocena modelu odbywata si¢ za pomoca sprawdzenia wiarygodnosci mapy predkosci oraz
kierunku sptywu lodu dla catego obszaru, oraz w sposéb bardziej szczegétowy dla trzech rejonéw lodowca.
Do szczegétowych analiz wybrano kafelki lezace: w relatywnie stabilnym obszarze zdjgcia, w centralnej
czesSci jezora lodowcowego oraz w rejonie mniejszych predkosci. Dla wybranych rejonéw dazono do mak-
symalizacji doktadnos$ci modelu, zminimalizowania funkcji straty, maksymalizacji prawdopodobieristwa
oraz jak najmniejszego rozproszenia prawdopodobienstwa migdzy klasami. Ostateczny model sklada sig¢ z
5 warstw konwolucyjnych, 3 warstw agregacji, 5 warstw normalizacyjnych, 1 warstwy porzucenia (tzw.
"dropout") oraz 2 warstw w petni potaczonych. W ramach przeprowadzonych testéw do ostatecznego
modelu wybrano optymalizator Adam, tempo uczenia wynoszace 0,001, funkcje aktywacji ReLU oraz 100

epok obliczeniowych z zapewnieniem zapisania najlepszych wag w procesie uczenia.
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Filtracja i walidacja

W celu zapewnienia danych o mozliwie najwigkszej wiarygodnosci wyniki pozyskane za pomoca CNN
poddano dalszej filtracji. W pierwszym z krokéw przeanalizowano rozktad prawdopodobienistw przypisy-
wanych r6znym klasom jako wynik dziatania modelu. Wyliczono $rednig warto$¢ prawdopodobienistwa (1)
oraz jego odchylenie standardowe (o). Do dalszych analiz pozostawiono tylko i1 wylacznie te kafelki, dla
ktérych zwrécona wartos¢ prawdopodobieristwa maksymalnego przekroczyta wartos¢ p + 3o0. Nastgpnie
wymaskowano obszary odpowiadajace wodzie lub lodowi ptynacemu, aby skupi¢ si¢ wytacznie na analizie
ruchu lodowca. W kolejnym z etapéw odfiltrowano wszystkie kafelki z maksymalnym prawdopodobien-
stwem nieprzekraczajacym 0,05. Tak odfiltrowane przemieszczenia przeliczono z pikseli na wartosci
metryczne za pomoca wielkosci piksela terenowego. Maksymalne przemieszczenie zostalo wyliczone
jako wypadkowa przesunig¢ wzdtuz obu osi obrazéw, a predkosci wyliczono na podstawie bazy czasowej
pomigdzy kolejnymi zobrazowaniami SAR. WartoSci te zostaly poddane walidacji poprzez poréwnanie
z predkoSciami wyliczonymi dla tych samych zobrazowan za pomoca metody OT w oprogramowaniu

teledetekcyjnym Gamma.
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Rozdzial 6
Wyniki i dyskusja

W niniejszym rozdziale przytoczono najwazniejsze wyniki bedace czgscia oméwionego w Rozdz. 3 cyklu
publikacji. Wybrano wytacznie te fragmenty analiz, ktére sa kluczowe do osiagnigcia postawionych celéw
rozprawy doktorskiej. Zakres analiz znajduje si¢ w zatacznikach do rozprawy, ktére zawieraja pelne tek-
sty publikacji. W Rozdz. 6.1 skupiono si¢ na poréwnaniu efektywnosci pasma C i pasma X radaréw do
analizy predkosci lodowcow. Rozdziat 6.2 skupia si¢ na analizie wpltywu bazy czasowej na doktadnosé wy-
nikéw pozyskiwanych metoda OT. W kolejnej z czesci (Rozdz. 6.3) uwage poSwigcono wptywowi jednego
z kluczowych parametréw wspomnianej metody, tj. optymalnej wielkoS$ci okna poszukiwawczego z analiza
niepewnosci, ktéra obarczone sg mapy wynikowe. Ostatnia sekcja (Rodz. 6.4) skupia si¢ na zaprezentowa-
niu wynikéw dla alternatywnej metody wyznaczania przemieszczen poziomych dla lodowcéw, opartej na
CNN. Efektywnosé zaproponowanej metody oceniono na bazie zaréwno syntetycznych zbioréw danych,
jak 1 analizy predkosci w warunkach rzeczywistych. Wyniki przeanalizowano réwniez w poréwnaniu do

istniejacych metod teledetekcyjnych.

6.1 Ocena uzytecznos$ci danych ICEYE

W tej czesci analiz postawiono dwa gtéwne cele: (1) oceng mozliwoSci wykorzystania zobrazowan sateli-
tow ICEYE do monitorowania lodowca, oraz (2) por6wnanie efektywnosci pasma C i X do wyznaczania
predkosci metoda OT. Do poréwnania wykorzystano po dwa obrazy radarowe pochodzace z misji S-1 oraz
z satelity ICEYE, ktére pokrywaja podobny okres. W przypadku pasma C wykorzystano 6-dniowa baze
czasowa oraz produkt Ground Range Detected (GRD) o rozdzielczosci okoto 10 m. Dla danych z pasma X
otrzymano dane w 4-dniowym odstgpie czasowym i rozdzielczoSci 4-krotnie wyzszej, wynoszacej okoto 2,5
m w obu kierunkach. Pierwszy z postawionych celéw byl kluczowy w przeprowadzanych analizach, gdyz w
momencie publikowania artykutu nie istnialy zadne dane potwierdzajace uzytecznoS¢ nowo dostarczanych
danych z konstelacji ICEYE.

Wyniki obliczeii metoda OT przedstawiono osobno dla kierunku zasiggu, azymutalnego oraz dla mak-
symalnych predkosci i zestawiono je dla obu sensoréw (Rys. 6.1). Wielkopowierzchniowy rozklad pola
przemieszczen jest podobny dla obu sensoréw. Najwigksze réznice w rozmieszczeniu i wielkosci obserwo-
wanych przemieszczen zlokalizowano w okolicy czota lodowca i w rejonach wokoét zatoki. Sa to jednocze-
$nie obszary charakteryzujace si¢ najwigkszymi predkoSciami i zmiany tam zachodza najintensywniej. W
przypadku kierunku zasiggu radaru dla obu sensor6w obserwowane sa ujemne wartoSci w obrebie jezyka
lodowcowego. W przypadku danych ICEYE obserwowane sa warto$ci dodatnie dla obszaru poza giéwnym
jezorem. Dla danych S-1 w rejonie zatoki pojawiaja si¢ wartoSci dodatnie o duzej magnitudzie w poétnocne;j
czgdci obszaru, ktére prawdopodobnie sa btednie wyznaczone, na co szczeg6lnie wskazuje mapa maksy-
malnych predkosci z przerwana ciagtoScia w tym samym rejonie. Dla kierunku azymutalnego widoczny
jest podziat na warto$ci ujemne i dodatnie dla obu sensoré6w. Dla maksymalnych predkosci ostateczna mapa

wyglada w podobny sposéb dla obu Zrédet danych. Ponownie najwigksze réznice obserwowane sa w rejonie

25



6. Wyniki i dyskusja 26

czola lodowca, gdzie rozktad przestrzenny przemieszczen ulega delikatnym zmianom pomigedzy sensorami.
W przypadku satelity ICEYE maksymalna prgdko$¢ w rejonie czota lodowca wyniosta 41 m/dzien, a dla

danych S-1 w podobnym rejonie zanotowano warto$¢ maksymalna okoto 36 m/dzien.
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Rysunek 6.1: Rozktad przemieszczen w kierunkach zasiggu i azymutu oraz maksymalne predkosci uzyskane

przy uzyciu obrazéw radarowych z satelitow ICEYE i S-1.

W celu doktadniejszej analizy otrzymanych warto$ci przemieszczen i ich zbieznos$ci migdzy senso-
rami wydzielono 4 obszary do szczegélowych poréwnan. W kazdym z obszaréw dla wygenerowanej siatki
punktéw prébkowano wartoSci rastréw zawierajacych informacje o przemieszczeniu i wykonano wykresy
punktowe poréwnujace przemieszczenia z obu sensoréw. Zgodno$¢ wynikéw oceniono za pomoca wspot-

czynnika determinacji R? (Rys. 6.2).
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Rysunek 6.2: Wykresy korelacji dla wybranych czgsci lodowca.
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Zakresy zbadanych korelacji r6znia si¢ znaczaco w zaleznosci od wybranego obszaru, a takze analizowa-

nego kierunku przemieszczen. Najbardziej spdjne pomiary otrzymano dla obszaru 3, gdzie wspétczynnik

determinacji oscylowal w granicach 0,93-0,97. Wspétczynnik R? spadat wraz ze zblizaniem si¢ do czota

lodowca. Najwigksze rozproszenie punktéw zaobserwowano dla obszaru 4, obejmujacego samo czoto lo-

dowca. Najwigksza zbiezno$¢ we wszystkich obszarach otrzymano dla kierunku azymutalnego. Wzdtuz osi

lodowca poprowadzono dodatkowo profil majacy na celu sprawdzenie zbieznoSci wynikéw migdzy dwoma

sensorami, ktéry przedstawiono na Rys. 6.3. Przedstawiony wykres wykazuje, ze predkoSci wyznaczone za
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pomoca danych z obu sensoréw odznaczaja si¢ duzym podobieistwem. Obserwowane sg nieliczne odchy-
lenia w okolicach 3 km, 9 km i 30 km profilu. Widoczny jest jednak znaczacy wzrost predkosci przy czole
lodowca, ktéry uwidocznit si¢ na danych z satelitow ICEYE, a S-1 wykazuje tam wartoSci o kilka metréw

na dobg nizsze.
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Rysunek 6.3: Predkosci wzdtuz profilu lodowca z danych S-11 ICEYE.

Pr6cz wewnetrznej analizy sp6jnosci wynikéw pomigedzy pasmem C i X, wyniki poréwnano z nieza-
leznymi danymi o predkosci pozyskanymi w ramach projektu GrIMP. Jest to dodatkowy element analiz
poréwnawczych, ktéry nie zostal uwzgledniony w pierwotnym artykule, lecz zostat dodany w celu pod-
niesienia wiarygodno$ci wynikéw. Z bazy GrIMP pobrano raster dla odpowiadajacego obszaru i zakresu
czasowego zawierajacego Srednie predkosci dla lodowca Jakobshavn. Na obszarze catego lodowca i jego
otoczenia wygenerowano regularng siatke punktéw, dla ktérej prébkowano wartosci rastrow z obu senso-
réw i z projektu GrIMP. Nastgpnie zbadano korelacj¢ pomigdzy danymi GrIMP a danymi ICEYE i S-1,
tworzac macierz korelacji (Rys. 6.4). Wszystkie wspoétczynniki korelacji odznaczaja si¢ bardzo wysokim
poziomem. Najwigksza korelacje na poziomie 0,98 zaobserwowano pomigdzy danymi GrIMP a danymi
S-1. Niemniej jednak wyniki z sensora ICEYE sa spdjne z danymi GrIMP na poziomie 0,97. Dodatkowo
analizujac wigksza obszarowo siatke punktow niz w przypadku Rys. 6.2, wykraczajaca rowniez poza ob-
szar jezora lodowcowego, korelacja pomiedzy dwoma sensorami wyniosta az 0,96. Swiadczy to o tym, ze
na obszarach relatywnie stabilnych oba sensory dostarczaja bardziej spdjnych wartosci. Pomimo nieznacz-
nie nizszego wspdlczynnika korelacji dla danych ICEYE, warto zwréci¢ uwage na to, ze produkt GrIMP
dostarcza mapy predkosci gtéwnie na podstawie danych S-1, co moze wplywaé na wyzszy stopiefi korelacji
wlasnie dla tego sensora. Niemniej jednak wykazane poréwnania wskazuja jednoznacznie, ze dane z pa-
sma X dostarczajg wiarygodnych informacji pod katem przemieszczen poziomych. Nie zauwazono jednak

znaczacej poprawy wynikéw poza rejonem czola lodowca dla danych o wyzszej rozdzielczosci.
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ICEYE

GrIMP S-1 ICEYE

Rysunek 6.4: Macierz korelacji dla predkosci z obu sensoréw i produktu GrIMP.

Z uwagi na brak znaczacej réznicy jakosciowej dla pozyskanych map predkosci, poréwnaniu poddano
réwniez same obrazy amplitudy dostarczane przez oba sensory (Rys. 6.5). Obraz amplitudy z sensora
ICEYE pozwala na uchwycenie znacznie wigkszej iloSci szczegétéw terenowych, ktére moga pozwolié
na doktadniejsze dopasowanie zdjg¢ w metodzie OT. Na obrazie z S-1 czg$¢ szczegdtéw ulega rozmyciu,
przez co trudniejsze do uchwycenia sa m.in. szczeliny czy peknigcia powstajace w poblizu lodowca z uwagi
na wysokie predkosci w tym rejonie. Ponadto na zobrazowaniu ICEYE lepiej widoczne sa granice miedzy
czotem lodowca a lodem ptywajacym w zatoce, czy tez pobliskimi skatami, a materiat lodowy ptywajacy
w zatoce jest tatwiej rozrdznialny. Informacje te mogg utatwi¢ m.in. mapowanie linii czota lodowca czy
monitorowanie lodu morskiego. Pomimo braku znaczacych réznic w mapach predkosci dostarczonych na
tym poligonie, mozna wnioskowaé, ze szczegétowos¢ uchwycona przez sensor ICEYE moze by¢ szczegdl-
nie uzyteczna w mapowaniu lodowcéw o mniejszych predkosciach lub zasiggu przestrzennym. Wéwczas
mniejszy piksel terenowy i zdolno$¢ do wychwytywania drobnych réznic na powierzchni lodowca moga
pozwoli¢ na zarejestrowanie mniejszej skali ruchéw, niz w przypadku sensora S-1, co moze si¢ okazac
szczegoblnie przydatne w przypadku lodowcéw gdérskich oraz Svalbardu, gdzie rejestrowane predkosci maja

znacznie nizsze wartosSci.
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Rysunek 6.5: Obraz amplitudy dla sensora ICEYE (a) oraz S-1 (b) dla zdj¢¢ z dnia 09.01.2021 r.

6.2 Ocena wplywu bazy czasowej

Niniejsza czg$¢ zostata po§wigcona analizie wptywu dlugosci bazy czasowej pomigdzy kolejnymi zobrazo-
waniami radarowymi na jako$¢ map predkosci pozyskiwanych metoda OT. W tym celu skupiono si¢ na po-
réwnaniu map predkosci dla lodowca Jakobshavn dla danych S-1 zarejestrowanych dla krétkiej (6-dniowej)
i dtugiej (24/30-dniowej) bazy czasowej. Précz oceny wizualnej jakosci wynikéw, w kolejnym etapie spraw-
dzono wiarygodno$¢ wyznaczonych wielkosci poprzez poréwnanie z niezaleznym zbiorem danych GrIMP.
Poréwnanie przeprowadzono dla siatki punktéw rozmieszczonych w obrebie catego lodowca.

W przypadku danych z lutego 2017 r. poréwnano 6- i 24-dniowe bazy czasowe. Dla dtuzszego okresu
otrzymano niedoszacowane wartoSci pregdkosci oraz brak ciagloSci w pomiarze w jednym z rejonéw lo-
dowca. Mapa dla 6-dniowej bazy charakteryzuje si¢ brakiem szuméw, o czym §wiadcza zerowe wartoSci
predkosci poza gtéwnym jezorem lodowca. Dla danych z bazy 24-dniowej widoczne sa szumy, szczegdlnie
w poétnocno-wschodniej czgsci obszaru oraz na granicy lodowca, blizej jego ujscia do zatoki. W poréwna-
niu z danymi predkoSciowymi z bazy GrIMP wspétczynnik determinacji poréwnujacy dane z krétkiej bazy
czasowej z danymi referencyjnymi wyniost 0,67. Z kolei dla dlugiej bazy czasowej wspéiczynnik ten spadt

az do poziomu 0,25, co §wiadczy o spadku o ponad 0,4 przy 4-krotnym zwigkszeniu bazy czasowe].
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Rysunek 6.6: Predkosci dla zimy 2017 uzyskane z krétkich (a) i dtugich (c) baz czasowych wraz z wykre-

sami korelacjami (b, d) odniesionymi do bazy GrIMP.

Dla danych dla sierpnia 2017 r. poréwnano ze soba mapy wygenerowane dla 6- i 30-dniowej bazy
czasowej. Dla krétkiej bazy czasowej obserwowane sa wigksze predkosci, szczeg6lnie blizej czota lodowca.
Dla dluzszej bazy czasowej, wraz ze zblizaniem si¢ do czota lodowca, dochodzi do zaburzenia sygnatu i
w okolicach ujScia do zatoki nie jest mozliwe wyznaczenie wiarygodnych wartosci. Dtuzsza baza czasowa
charakteryzuje si¢ licznymi szumami w péinocnej i wschodniej czgsci obszaru, gdzie powinny znajdowaé
si¢ relatywnie stabilne rejony. Prawdopodobnie z uwagi na wyzsze temperatury pokrywa $niezna ulega
tam topnieniu, przez co charakterystyka odbicia sygnalu w tamtych rejonach ulega znaczacym zmianom.
Dla bazy 6-dniowej poréwnanie z baza GrIMP wykazato wspdtczynnik determinacji na poziomie 0,78. W
przypadku danych o dlugiej bazie czasowej punkty ulegaja tak duzemu rozproszeniu, ze nie jest mozliwe
zaobserwowanie zadnego trendu i korelacji pomigdzy danymi.

Analizujac wyniki dla obu pér roku, widaé, ze najtrudniejszym rejonem dla dtugich baz czasowych
okazuje si¢ rejon czota lodowca, gdzie predkosci osiagaja najwigksze wartosci. Oznacza to, ze szczegolnie
w rejonach o wysokiej dynamice ruchéw nie jest zalecane stosowanie dtugich baz czasowych, a najlep-
sza jako$¢ map koncowych, ze zredukowanymi szumami, jest mozliwa do osiagnigcia w krétszych bazach
czasowych. Wydluzanie bazy czasowej powoduje znaczacy spadek w jakosci dostarczanych wielkosci pred-
kosci lodowcéw, co widoczne jest poprzez znaczny spadek wspétczynnika determinacji przy poréwnaniu do
danych referencyjnych. Dodatkowym aspektem widocznym przy poréwnaniu wszystkich map jest widoczna
zwigkszona ilo$¢ szuméw w okresie letnim w stosunku do zimowego. Jest to prawdopodobnie zwigzane ze
zmieniajaca si¢ pokrywa lodowcowa, ktéra latem jest bardziej wrazliwa na zmiany pogodowe i temperatu-

rowe, co skutkuje dekorelacja sygnatu.
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Rysunek 6.7: Predkosci dla lata 2017 uzyskane z krétkich (a) i dtugich (c) baz czasowych raz z wykresami
korelacjami (b,d) odniesionymi do bazy GrIMP.

6.3 Ocena wplywu rozmiaru okna poszukiwawczego

Kolejny etap analiz zostatl po§wigcony analizie jednego z kluczowych parametréw metody OT, jakim jest
wielkoS$¢ tzw. okna poszukiwawczego. Parametr ten okresla rozmiar fragmentéw obrazéw, ktére poréwny-
wane sa ze soba w poszukiwaniu maksymalnej wartoS§ci NCC. W celu okre§lenia wptywu tego parametru
na wiarygodno$§¢ map przemieszczen poziomych, pozyskiwanych metoda OT, skupiono si¢ na stosunkowo
niewielkim obiekcie, jakim jest osuwisko Ponzano, zlokalizowane w centralno-wschodniej czg¢$ci Wioch. Z
uwagi na znaczaca dynamike ruchéw tego obszaru i sptyw materialu gtéwnie w kierunku poziomym, jest
to bardzo dobry poligon do testowania wptywu parametréw metody OT na uzyskiwany obraz pola prze-
mieszczen. W pierwszym etapie wykonano wstepne obliczenia dla okresu gtéwnej fazy ruchéw osuwiska
zar6wno na bazie danych S-1, jak i TSX, w celu oceny mozliwos$ci wykorzystania obu sensoréw. W na-
stepnym etapie, z uwagi na relatywnie niewielki obszar osuwiska, analiz¢ rozmiaru okna poszukiwawczego
oparto wylacznie o zobrazowania wysokorozdzielcze w celu pozyskania wynikéw o mozliwie najwyzszej
doktadnosci.

Wyniki obliczen metoda OT dla zobrazowan S-1 o 12-dniowej bazie czasowej zaprezentowano osobno
dla kierunku azymutalnego, zasiggu oraz dla maksymalnych wartosci przemieszczen (Rys. 6.8). Dla kie-
runku zasiggu maksymalne przemieszczenie w dolnej czesci osuwiska wyniosto 9 m, a w gérnej czgsci za-
obserwowano maksymalne wartoSci na poziomie 8 m. Na mapach reprezentujacych przemieszczenia mak-
symalne i dla kierunku zasiggu widoczne sa rozmyte granice osuwiska. Niemniej jednak, poza granicami

osuwiska obserwowane sa znaczace szumy, ktére sugeruja ruchy na poziomie kilku metréw, co podwaza
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wiarygodnos$¢ wynikéw pozyskiwanych z pomoca danych S-1. W przypadku wynikéw dla kierunku azy-
mutalnego niemozliwe jest wiarygodne okreslenie przemieszczen terenu, co spowodowane jest nizsza roz-
dzielczo$cia obrazéw dla tego kierunku. Biorac pod uwage pozyskane wyniki, do dalszych analiz konieczne
jest zaaplikowanie danych o wyzszej rozdzielczosci. Przedstawione wyniki wskazuja na ograniczone moz-

liwosci wykorzystania danych S-1 do analizy dynamicznych ruchéw o mniejszym zasiggu przestrzennym.

kierunek zasiegu kierunek azymutalny maksymalne przemieszczenie

b . ™ i

Przemieszczenie
- poziome [m]

P o

wr .

Rysunek 6.8: Wartosci przemieszczenia obliczone w okresie 06/02/2017-18/02/2017 na podstawie obrazéw
S-1.

Wplyw rozmiaru okna poszukiwawczego oceniono na mapach wykonanych dla 8 réznych kombinacji,
analizujg Srednie wartoSci ruchéw i odchylenia w buforach wokét osuwiska. Zaréwno dla bufora 200 m,
jak i 1000 m otrzymano podobne wyniki. Nieznacznie wyzsze wartosci Srednie oraz odchylenie zaobser-
wowano dla bufora 1000 m. Analizujac Rys. 6.9 widaé, ze wraz ze zmniejszaniem okna poszukiwawczego
zaréwno Srednie przemieszczenie, jak i jego odchylenie si¢ zwigkszaja. WartoSci zmierzaja ku zeru wraz
z powigkszaniem rozmiaru okna poszukiwawczego. Tendencje te sa zblizone zaréwno dla przemieszczen
na kierunku azymutalnym, jak i na kierunku zasiggu. Analiza wskazuje, ze zbyt mata wielkoS¢ okna po-
szukiwawczego powoduje przede wszystkim wigksze zaszumienie wynikéw, a takze spadek doktadnosci
metody obliczeniowej. Dzieje si¢ tak, poniewaz skupiajac si¢ na relatywnie niewielkim fragmencie zdjgcia,
czesto trudno jest obja¢ nim obszar wykazujacy charakterystyczne cechy wizualne, ktére utatwiatyby do-
pasowanie zdjeé. Zwigkszanie okna poszukiwawczego pomaga w zniwelowaniu btedéw spowodowanych
btednymi dopasowaniami, lecz prowadzi do znacznego wygtadzenia wynikow. Z tego wzgledu na otrzy-
mywanych mapach przemieszczen widoczne jest mniej detali, ktdre moga okazaé si¢ kluczowe dla analizy

obserwowanego zjawiska.
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Rysunek 6.9: Rozmiar okna poszukiwawczego, a jako$¢ wynikéw.

Problem wystgpowania szuméw przy stosowaniu matych okien, a z drugiej strony utraty detali przy
wykorzystaniu duzych okien poszukiwawczych, widoczny jest na Rys. 6.10 dla kierunku zasiggu i na Rys.
6.11 dla kierunku azymutalnego. Jako warto$¢ optymalna, stanowiaca kompromis migdzy doktadnos$cia a
szczegblowoscia map, wybrano okna poszukiwawcze o wielkosci 64 x 64 pxl. Badania przeprowadzone
przez innych badaczy réwniez potwierdzaja, iz stosowanie mniejszych rozmiaréw okien nie jest zalecane w
metodzie OT [43, 44]. Otrzymane dla tej wartoSci Srednie odstgpstwa od plaszczyzny zerowej sa nieznacz-

nie wigksze od 0 cm, przy odchyleniach oscylujacych w okolicach +0,39 m w kierunku zasiggu i £0,61 m
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w kierunku azymutalnym. WartoSci te stanowia ok. 25% wielkoSci piksela terenowego zastosowanych zo-
brazowan SAR i moga Swiadczy¢ o wewnetrznej doktadnosci algorytmu OT. Warto jednak zwréci¢ uwage,
ze powyzsze analizy zostaly przeprowadzone na surowych danych bez filtrowania za pomoca progu NCC
danych o stabszym dopasowaniu, co podniostoby doktadno$¢ wynikéw. Stosowanie mniejszych okien po-
szukiwawczych jest zatem niezalecane, gdyz znaczace szumy wystgpujace poza strefa ruchéw podwazaja
wiarygodno$¢ pozyskanych wynikéw. W przypadku obszaréw o wigkszej powierzchni korzystne moze byé
zastosowanie wigkszych okien poszukiwawczych, gdzie stopien szczegétowosci nie jest az tak kluczowy w

analizie ruchow.

256 x 256 px! 256 x 128 px| 128 x 128 pxl

)

128 x 64 pxl

Mapy przemieszczeh w
kierunku zasiegu

[ Granica osuwiska
[ Bufor 200 m
[ Bufor 1000 m
Przemieszczenie [m]
12,5

-2,0
EPSG: 3004

Rysunek 6.10: Mapy przemieszczen na kierunku zasiggu radaru w zalezno$ci od rozmiaru okna poszuki-

wawczego.
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Rysunek 6.11: Mapy przemieszczen na kierunku azymutalnym w zalezno$ci od rozmiaru okna poszuki-

WawcCzego.

6.4 Zastosowanie CNN do pomiaru przemieszczen

Poprawno$¢ dziatania modelu zaproponowanego w Rodz. 5.4 przetestowano zaréwno dla sztucznie prze-
sunigtych obrazéw, jak i w warunkach rzeczywistego sptywu lodowca. Testy dla manualnie przesunigtych
obrazéw przeprowadzono dla zdjecia kota oraz pojedynczego obrazu amplitudy dla lodowca Daugaard-
Jensen, symulujac przesunigcie calego obrazu. Testy w warunkach rzeczywistych przeprowadzono dla lo-
dowca Daugaard-Jensen, analizujac cztery kolejne zobrazowania S-1 i wyznaczajac predkosci w najkrét-
szych bazach czasowych.

Pierwszy z zestawdw testowych skladajacy si¢ ze zdjecia kota zostal przesunigty wzdtuz osi X i Y o
wektor [-10,-8] wyrazony w pikselach. Obraz przed przesunigciem uznano za obraz referencyjny, a obraz
przesuniety jako zdjecie dopasowywane. Dzigki temu znane jest dokladne przesunigcie szukane wzdtuz obu
osi, a co za tym idzie, mozliwa jest ocena poprawnosci dzialania algorytmu. Ponadto zdecydowano si¢ na
wykonanie pierwszych testdw na obrazie niepochodzacym z radaru, aby utatwi¢ wizualng oceng wynikéw
i okreSlenie potencjalu zaproponowanej metodyki. Rysunek 6.12 pokazuje wyniki pozyskane za pomoca

CNN dla tego zestawu testowego. Wyznaczone kierunki przesunigé sg zgodne z oczekiwanym wektorem.
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Nieliczne wektory wykazuja nieznaczne zaburzenia w kierunku przesunigcia. Analiza prawdopodobieristw,
z jakimi zostaty zwrécone poszczegdlne wartodci, wskazuje na duza pewnos¢ modelu w wyznaczaniu prze-
mieszczen. Znaczaca wigkszos$¢ kafelkow zostala zidentyfikowana z prawdopodobienstwem ponad 0,95.
Rozktady wykrytych przesunigé z podziatem na 0§ X i Y wskazuja, ze ok. 81% wszystkich kafelkéw zo-
stato wykrytych bezbtednie, a kolejne 6% wszystkich kafelkéw zostato wykrytych z btedem +1 piksel. Naj-
wigksze rozbieznosci zauwazono w prawym gérnym narozniku analizowanego obrazu z uwagi na jednolity
kolor analizowanych kafelkow oraz brak cech charakterystycznych, ktére pozwalalyby na jednoznaczna

identyfikacj¢ odpowiednich fragmentéw obrazu w tym rejonie.
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Rysunek 6.12: Wyniki dla testowego zestawu danych nr 1: (A) kierunek przesunigcia oszacowany przez
CNN, (B) maksymalne prawdopodobieristwo z modelu ML, (C) wykryte przesunigcie wzdtuz osi X, (D)

wykryte przesunigcie wzdtuz osi Y.
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Drugi z zestawdéw testowych zawierajacy zdjecie amplitudy lodowca Daugaard-Jensen z dnia
03.02.2024 r. zostal manualnie przesunigty o wektor [3,8] wyrazony w pikselach. Przeprowadzono ana-
logiczne analizy, jak dla poprzedniego zestawu danych. Podobnie jak we wcze$niejszym przypadku ogdélny
kierunek przesunigcia jest zgodny z zatozonym wektorem (Rys. 6.13). Na mapie prawdopodobiefistw wi-
doczne jest, ze w rejonach poza gtéwnym jezorem lodowcowym otrzymano bardzo wysokie prawdopodo-
biefistwa Swiadczace o duzej pewnosci modelu powyzej 0,95. Nizsze wartoéci prawdopodobiefistw obserwo-
wane sa w rejonie samego jezora, co moze $wiadczy¢ o niewielu cechach charakterystycznych, ktére udato
si¢ zidentyfikowa¢ w tym rejonie. Analiza przesunig¢ wzdtuz obu osi wykazata, ze ok. 90,3% wszystkich

kafelkéw zostato zidentyfikowanych poprawnie, 8,1% z btgdem +1 piksel, a tylko 4 kafelki sklasyfikowano

z bledem przekraczajacym 1 piksel.

Rysunek 6.13: Wyniki dla testowego zestawu danych nr 2: (A) kierunek przesunigcia oszacowany przez

CNN, (B) maksymalne prawdopodobienstwo z modelu ML, (C) wykryte przesunigcie wzdhuz osi X, (D)
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wykryte przesunigcie wzdtuz osi Y.
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Satysfakcjonujace wyniki testow na zbiorach testowych wykazatly, ze zaproponowane podejscie umoz-
liwia prawidtowa detekcje przesunigé dla pary dowolnych obrazéw. Z tego wzgledu, kolejne testy przepro-
wadzono w rejonie lodowca Daugaard-Jensen, wykorzystujac 4 obrazy amplitudy dla zdje¢ S-1. Zobrazo-
wania byly analizowane parami, tworzac 12-dniowe bazy czasowe, dzigki czemu wygenerowano 3 mapy
predkosci wraz z kierunkami przemieszczenia (Rys. 6.14). Jako dane wejSciowe do modelu wykorzystano
wspoétrejestrowane w oparciu o NMT zobrazowania SAR. Dla wszystkich trzech okreséw obliczeniowych
maksymalne predkosci wyniosty w okolicach 10-11 m/dzien, z pojedynczymi kafelkami o wartosciach do
13 m/dzien. Poza jezorem lodowcowym obszar jest relatywnie stabilny z przemieszczeniami na poziomie 0-
1 m/dzieri. Mapy wektorowe wskazuja na poprawny sptyw lodowca, zaktadajac, ze naturalny ruch lodowca
odbywa si¢ w kierunku ku zatoce. Poprawne kierunki i wartosSci rejestrowane sa réwniez w rejonie blizej
czola lodowca, gdzie obserwowany material przemieszcza si¢ najszybciej. Niemniej jednak pojawiaja si¢ na
mapach pojedyncze wektory wskazujace nielinearny przeptyw lodowca oraz kafelki z niewielkimi warto-
Sciami ruchéw w obrebie jezora, ktére powinny zostaé poddane dalszej filtracji i prawdopodobnie stanowia
btedy obliczeniowe, ktérych w zaproponowanej metodzie nie udato si¢ odseparowac.

Analiz¢ doktadnosci zaproponowanej metody przeprowadzono na bazie poréwnania z wynikami pozy-
skanymi metoda OT dla tych samych zobrazowan radarowych. Na Rys. 6.15 przedstawiono mapy predkosci
pozyskane za pomoca metody OT, réznice pomigdzy warto$ciami wyliczonymi metoda OT i za pomoca
CNN w formie map przestrzennych oraz w formie histograméw ukazujacych rozktad tych réznic. Na pod-
stawie obliczonych Srednich réznic migdzy dwoma metodami oraz odchyleri standardowych oszacowano
doktadno$¢ metody. Mapy predkosci pozyskane za pomoca metody OT dla wszystkich trzech okreséw
wskazuja na zerowe wartosci przemieszczen poza obszarem lodowca. Maksymalne zarejestrowane predko-
Sci wynosza 10 m/dzien przy czole lodowca. Srednie predkosci w obrebie jezora oscyluja gtéwnie w zakre-
sie 5-9 m/dzief. Réznice predkosci pomigdzy dwoma metodami w kolejnych okresach poddanych analizie
wynosza 1,02 m/dzief, 0,7£1,7 m/dzieri oraz 0,8+1,6 m/dziefi. Analizowane w przypadku modelu CNN
obrazy posiadaja piksel terenowy o wielkosSci ok. 10 m, stad w wybranej bazie czasowej blad na poziomie 1
piksela odpowiada btedowi w predkosci na poziomie okoto 0,8 m/dzier. W zakresie 2-pikselowego btedu w
wyznaczeniu predkosci sklasyfikowano odpowiednio dla kazdego z okreséw 76%, 79% oraz 77% prébek.
Doktadno$¢ na poziomie + 2 piksele na tym etapie budowania metodologii jest wystarczajaca i wykazuje
potencjat zaproponowanej metodologii. Szczegélnie w przypadku zestawdow testowych, jak i w rejonach
stabilnych uwidacznia si¢ poprawnos¢ dziatania stworzonego algorytmu. W przypadku gtéwnego jezora lo-
dowcowego aktualna doktadno$¢ jest nizsza, prawdopodobnie z uwagi na brak cech charakterystycznych
na obrazach SAR w tym rejonie, co skutkuje mniejsza skutecznoscia w poprawnym klasyfikowaniu kafel-
kéw. Ponadto dodatkowa trudnosScia moze by¢ znaczace deformowanie si¢ przypowierzchniowej warstwy
lodowca, ktére moze zmienia¢ tym samym swéj wyglad pomiedzy kolejnymi zdjeciami, a takze rozmarza-
nie gornej warstwy lodowca czy tez Swieze opady Sniegu, ktore moga prowadzi¢ do dekorelacji sygnatu

mig¢dzy obrazami i wizualnej zmiany interpretowanego obszaru.
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Rysunek 6.14: Wyniki obliczefi opartych na CNN dla lodowca Daugaard-Jensen dla 3 okreséw: (A,C.E)

mapy wektorowe kierunku ruchu lodowca i (B,D,F) $rednie predkosci [m/dzien].
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Rysunek 6.15: Predkosci lodowca Daugaard-Jensen obliczone przez algorytm OT (A-C), réznice migdzy

predkosciami OT i CNN (D-F) oraz histogramy tych réznic (G-I).
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Rozdziat 7
Podsumowanie

Monitorowanie kondycji lodowcéw, w tym ich predkosci, jest kluczowe w kontekscie poprawnego modelo-
wania pokryw lodowcowych i lepszego zrozumienia odpowiedzi kriosfery na globalne zmiany klimatyczne.
Z uwagi na wyizolowanie obszaréw polarnych oraz ich znaczace zakresy powierzchniowe, dane satelitarne,
w tym dane radarowe, sa gtéwnym Zrédlem danych na temat kondycji tych rejonéw. Z tego wzgledu wazne
jest réwniez opracowanie mozliwie szybkich i doktadnych metod przetwarzania danych, m.in. do moni-
torowania predkosci poruszania si¢ lodowcéw. Obecnie istnieja rozwiazania pozwalajace na dostarczenie
informacji o przemieszczeniach poziomych na podstawie danych SAR, ktére bazuja gtéwnie na wykorzy-
staniu korelacji krzyzowej. Niemniej jednak doktadnos$¢ pozyskiwanych wynikéw zalezy od wielu czyn-
nikéw, takich jak jakos$¢ danych wejSciowych czy tez parametry przetwarzania. Niniejsza praca miata na
celu zbadanie wplywu wybranych czynnikéw na poprawno$¢ wyznaczania predkosci lodowcow, a takze
zdefiniowanie optymalnych parametréw do przetwarzania danych metoda OT. Co wigcej, biorac pod uwage
intensywny rozwdj technik sztucznej inteligencji i rosnace mozliwosci analizy obrazéw, gléwnym celem
rozprawy byto opracowanie alternatywnej metody okreslania przemieszczen poziomych na podstawie sate-
litarnych zobrazowan radarowych oraz CNN.

Wyniki przeprowadzonych badan wykazaty po raz pierwszy, ze wysokorozdzielcze dane z pasma X po-
chodzace z satelitéw ICEYE moga by¢ wykorzystywane do monitorowania predkosci lodowcow. Zgodnosé
wynikéw z niezaleznymi zbiorami danych wyniosta 97%. Podobne wyniki otrzymano dla lodowca Jakob-
shavn w Grenlandii dla ogélnodostgpnych danych z satelitow S-1. Wykazuje to wysoka zgodnos¢ obu sen-
soréw pomimo réznic w rozdzielczo$ci. Analizy wykazaty jednak znacznie wigkszy stopiefi szczegétowosci
danych w pasmie X w okolicach czota lodowca. Sugeruje to, ze wysokorozdzielcze dane moga by¢ wyko-
rzystywane nie tylko do monitorowania dynamicznych ruchéw, jak w przypadku analizowanego lodowca,
ale moga osiagaé potencjalnie lepsze wyniki w rejonach o mniejszej powierzchni czy mniejszej predkosci
ruchéw w poréwnaniu do pasma C. Przypuszczenia te zostaty potwierdzone badaniami przeprowadzonymi
w innym rejonie §wiata, na osuwisku w Ponzano, we Wiloszech. W przypadku rejonu o znacznie mniejszym
rozmiarze powierzchniowym i mniejszej skali ruchéw detekcja przemieszczen poziomych za pomoca pasma
C byla niemozliwa, podczas gdy wysokorozdzielcze zobrazowania z satelitéw TSX (pasmo X) dostarczyty
wiarygodnych wynikéw, potwierdzajac zwigkszenie doktadnosci metody OT ze zmiang sensora.

Przeprowadzone na bazie wysokorozdzielczych danych testy rozmiaréw okien poszukiwawczych wyka-
zaty, ze optymalny rozmiar to minimum 64 x 64 piksele. Mniejsze okna poszukiwawcze skutkuja znaczaca
iloScig szuméw oraz zwigkszaniem btedow wyznaczania przemieszczen, co skutkuje obnizeniem wiary-
godnosci obliczen. Wigksze okna poszukiwawcze moga dostarcza¢ wiarygodnych wynikéw w rejonach
o znacznie wigkszych zasiggach powierzchniowych, gdzie precyzyjna informacja o ruchach nie jest wy-
magana, gdyz zwigkszanie rozmiaru okna poszukiwawczego skutkuje znaczacym wygtadzaniem pozyski-

wanych danych, w tym znieksztalceniem lub zdeformowaniem linii wyznaczajacej granice wystgpowania
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ruchéw powierzchni terenu. Analiza szuméw wokot badanego obiektu wykazata doktadnosé metody OT na
poziomie ii piksela terenowego.

Badanie wplywu dtugosci bazy czasowej na jako$¢ pozyskiwanych wynikéw wykazalo znaczaca prze-
wage krétkich baz czasowych przy analizie predkos$ci lodowcéw. Zmniejszenie bazy czasowej zardwno dla
okresu letniego, jak i zimowego przyniosto poprawe wynikéw dla metody OT. Dla danych zimowych wsp6t-
czynnik korelacji z niezaleznym zbiorem danych wzrést z 0,25 do 0,67 dla 4-krotnego zmniejszenia bazy
czasowej. W miesigcach letnich dtuzsza baza czasowa (30 dni) nie pozwolita na pozyskanie wiarygodnych
wartoSci ruchéw, gdzie dla 6-dniowej bazy czasowej wspotczynnik determinacji wynidst 0,78.

Zaproponowana nowa metodyka wyznaczania przemieszczen poziomych z wykorzystaniem CNN jako
jedna z nielicznych w aktualnym stanie wiedzy wykorzystuje w swoim podejsciu wylacznie dane SAR. Po-
nadto opracowane rozwigzanie nie wymaga dodatkowego przetwarzania danych w celu trenowania modelu,
co upraszcza korzystanie z dostgpnych narzedzi SI. Pomimo wykorzystania znanych metod augmentacji
danych czy tez bazowania na istniejacych architekturach CNN, po raz pierwszy narzedzia te zostaly za-
adoptowane do monitorowania ruchéw poziomych na zdjgciach satelitarnych. Co wigcej, przeprowadzone
testy i analizy pozwolily na osiagnigcie bardzo wysokiej doktadnosci dla zestawéw testowych. W zakresie
btedu £1 piksel zidentyfikowano 87% wszystkich kafelkéw dla manualnie przesunigtego obrazu kota oraz
98% kafelkéw dla manualnie przesunigtego obrazu amplitudy lodowca Daugaard-Jensen. Metoda zostata
takze przetestowana w warunkach rzeczywistych dla lodowca Daugaard-Jensen, analizujac 4 kolejne zobra-
zowania radarowe. Pozyskiwane mapy predkosci sa zgodne z wynikami metody OT ze Srednim bigdem na
poziomie +2 piksele. Dodatkowo analiza uzyskanych wynikéw potwierdza stabilno$¢ opracowanej metody
1 zgodno$¢ z naturalnym kierunkiem sptywu lodowca. Najwigksze doktadnosci otrzymano w rejonach rela-
tywnie stabilnych, natomiast w obrgbie gtéwnego jeziora lodowcowego zréznicowanie jest wigksze z uwagi
na brak charakterystycznych elementéw pokrywy lodowcowej, ktéra utatwitaby identyfikacje podobnych
obszar6w na obu zdje¢ciach. Niemniej jednak przeprowadzone testy potwierdzaja, ze zaproponowane roz-
wiazanie pozwala na poprawne wyznaczanie przesuni¢é pomigdzy dwoma obrazami, w tym na wyznaczenie
przemieszczen na bazie obrazéw radarowych.

Podsumowujac, zaproponowane podejScie stanowi autorskie rozwigzanie problemu wyznaczania prze-
mieszczen poziomych lodowcéw z uzyciem uczenia maszynowego. Przedstawiona metodyka po raz pierw-
szy wykorzystata architekture sieci konwolucyjnych AlexNet do pracy z obrazami radarowymi i zostata
dostosowana do problemu okreslenia wartosci przemieszczen migdzy obrazami. Zaproponowane wyniki sa
zatem potwierdzeniem tezy, ze zastosowanie algorytméw uczenia maszynowego do analizy satelitarnych
zobrazowan radarowych pozwala skutecznie monitorowaé przemieszczenia poziome lodowcéw. Potencjal
zaprezentowanych wynikéw wykazuje koniecznos$¢ dalszego rozwoju badaii w kierunku znalezienia bar-
dziej efektywnego i szybszego sposobu na detekcje ruchéw poziomych w oparciu o alternatywne metody
uczenia maszynowego. Co wigcej, dalsze badania powinny uwzgledni¢ réwniez mozliwos¢ zaaplikowania
jednego algorytmu do analizy nie tylko obrazéw radarowych, ale takze obrazéw optycznych czy multi-
spektralnych niezaleznie od wielkosci piksela terenowego. Pozwolitoby to na opracowanie uniwersalnego

algorytmu monitorowania przemieszczen poziomych.

M. Lucka
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Abstract: The marine-terminating glaciers are one of the biggest contributors to global sea-level rise.
Research on this aspect of the effects of global climate change is developing nowadays in several
directions. One of them is monitoring of glaciers movements, especially with satellite data. In addition
to well-known analyzes based on radar data from available satellites, the possibility of studying
glacier displacements from new sensors, the so-called microsatellites need to be studied. The main
purpose of research was evaluation of the possibility of applying new high-resolution ICEYE radar
data to observe glacier motion. Stripmap High mode were used to obtain velocities for the Jakobshavn
glacier with an Offset-Tracking method. Obtained results were compared with displacements
obtained from the Sentinel-1 data. The comparative analysis was performed on displacements in
range and azimuth directions and for maximum velocity values. Moreover, correlation plots showed
that in different parts of glaciers, a comparison of obtained velocities delivers different correlation
coefficients (R?) in a range from 0.52 to 0.97. The analysis showed that the scale of movements is
similar from both sensors. However, Sentinel-1 data present underestimation of velocities comparing
to ICEYE data. The biggest deviations between results were observed around the maximum velocities,
near the Kangia Ice Fjord Bay. In the analysis the amplitude information was used as well. This
research presents that data from the ICEYE microsatellites can be successfully used for monitoring
glacial areas and it allows for more precise observations of displacement velocity field.

Keywords: marine-terminating glacier; Jakobshavn glacier; Offset-Tracking; ICEYE microsatellites;
glacier surface velocity

1. Introduction

Observing the ice-sheet all over the world is recently a topic of increasing importance,
especially in the face of a constantly warming climate. Faster decreasing of ice masses in
polar regions leads to sea-level rise [1]. Moreover, rapid detachment of the large parts of
mountain glaciers causes a direct threat to human safety. Melting of ice cover and glaciers
in Greenland is one of the main contributors to global sea-level rise in the world. Due
to that fact, it is essential to monitor and get to know better this phenomenon. What
is more, probably in perspective of few decades, the melting process will intensify [2].
Observing such movements and analysis of their dynamics changes over the years, provide
us information that is necessary for a better understanding of the phenomenon that occurs
in these areas [3]. Such knowledge allows better estimation of the pace of glaciers melting,
the results of this process, and determining the causes of an increase in the speed of glacier
motions [4].

Monitoring of glacier regions has been the subject of research for scientists from
different disciplines for many years. At the beginning in-situ measurements were the
only way to monitor glacial areas. However more secure methods of the monitoring were
developed such as a photogrammetric survey [5]. The development of remote sensing
techniques made it possible to observe these areas in a more accurate way also from a

Energies 2021, 14, 3424. https:/ /doi.org/10.3390/en14123424

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0747-6963
https://orcid.org/0000-0003-1042-4213
https://doi.org/10.3390/en14123424
https://doi.org/10.3390/en14123424
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14123424
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14123424?type=check_update&version=1

Energies 2021, 14, 3424

20f13

space. Optical imagery has found its application in monitoring changes in the position
of the glacier fronts [6], as well as in determining the speed of their movement. For these
purposes, the feature tracking method was developed [7,8]. It allows for determining
the speed of chosen area by analyzing the changes of the positions of the characteristic
objects on a series of images [9]. Further technological development and the appearance
of high-resolution multispectral images increased the accuracy of observations [10]. An
important aspect in studying glaciers is determining the thickness of the glacial cover, as
well as its changes over time. For this reason, to determine the vertical changes in glacial
areas are used such methods like altimetry [11] and radar interferometry, which allows the
creation of high-quality digital terrain models [12-17].

However, the advent of satellite radar imagery made it possible to start monitoring
glaciers with greater precision and regardless of the current weather conditions. The
differential interferometry technique (DInSAR), which is applied in many world’s regions,
allows determination of displacement with high accuracy, but it has some limitations.
Changes that appear in areas of snow cover or mountain glaciers are characterized by
the relatively high speed of daily changes, which causes a significant decrease in signal
coherence in these areas [18]. For this reason, DInSAR is not always the appropriate method
to obtain reliable results, despite satisfactory results in some areas [19,20]. The alternative
method for determining displacements in the glacial regions is an Offset-Tracking (OT)
technique, that uses information about the intensity of reflected signal [21-24]. This
technique has found wide application not only in glacial regions but also in mapping other
rapidly changing areas like earthquakes [25], volcanoes [26] or even mining areas [27]. This
technology is usually used to determine displacements in range and azimuth direction.
Other researchers started to determine vertical displacements with the use of data from
different orbits or combining offset tracking method with differential interferometry [28,29].
The combination of these methods makes it possible to determine a complete velocity
vector in the area where the intensity of movements is very diverse [30]. These studies
are particularly important because they allow better estimation of changes in the balance
of glacial masses [31]. Furthermore, it is possible to assess changes in the thickness of
ice cover and estimate the contribution of individual glaciers to sea-level rise, especially
considering independent altitude or meteorological data. Accurate analysis of velocities
obtained from offset tracking technique improved possibilities of analyzing accelerations
and deformations in glacial areas, which can lead to interruption of their surface [32]. Due
to that fact, detecting spots where fissures can show up and monitoring the intensity of the
calving process is possible [33]. The offset tracking method has many applications in both
mountain glaciers [34-36] and polar regions [37-39]. It allows for almost real-time mapping
of entire regions, such as Greenland [40] or Antarctica [41]. Moreover, usage of radar data
improved investigation of such problems like ice classifications [42] or assessment of the
grounding line position [43-45]. Thanks to that it is possible to show the impact of e.g.,
increase of average air temperature on glacier’s terminus retreat [46]. Other researchers
focused on a problem connected with superglacial lakes drainage and its influence on
changes in glaciers speeds [47,48], or usage of SAR data for better understanding the surge
process [49].

Despite there are plenty of researches using the offset tracking method, its precision is
usually determined as 1/10-1/30 of the pixel size of used SAR images [50]. An increase in
data resolution can improve the accuracy of detected movements and analysis of short and
dynamic changes such as calving events. What is more, in the case of marine-terminating
glaciers, smaller terrain pixel allows more precise determination of terminus position.
Because of it, areas of floating ice where the waving of water causes vertical movements
can be excluded from the analysis. This research aim is to check the possibilities of using
high-resolution radar images from ICEYE microsatellites to observe glaciers. Comparative
analyses were performed with the use of Sentinel-1 data. Publicly available data from the
Sentinel-1 satellites provide data with a resolution nearly four times lower than that of the
ICEYE microsatellites. ICEYE mission started in January 2018 and delivers images with a
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resolution up to 0.25 m. So far new data from microsatellites has not been analyzed in terms
of the possibility of using their potential for applications in glacial regions. This article
presents a comparison of the results obtained from the Sentinel-1 and ICEYE mission. It
shows the advantages and disadvantages of both data sources in the analysis of glaciers
velocities on selected example.

2. Materials and Methods
2.1. Study Area

The research was carried out for the Jakobshavn glacier located in the western part of
Greenland (Figure 1). So far it was one of the fastest moving glaciers in the world. Its record
speed reached 46 m/day in 2012-2014 [51]. The glacier covers an area of 110,000 km?, its
length is about 65 km, and the estimated thickness reaches 2 km. Because of its record
speeds that vary over the years, the Jakobshavn glacier became the object of diverse research.
Already in the 90s of the twentieth century, using the possibilities of satellite imagery, the
changes of this glacier over 30 years were observed [52]. This research showed that the
retreat of glacier terminus is slowing down. There also have been significant increases
in calving rate during periods of higher temperatures. Moreover, the influence of ocean
temperature changes and tides on velocities and glacier thickness was investigated [53,54].
The influence of ice melange on the position of the glacier front and its stability was also
analyzed [55].
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Figure 1. Location of the study area—Jakobshavn Glacier (A) in Greenland (B) with testing areas and profile).

2.2. Satellite Mission Overview

In this research, new high-resolution radar images from ICEYE satellites were used.
They are included in the microscale due to the small size of the sensors. Their weight
reaches approx. 85 kg. Currently, the constellation consists of 10 satellites X1-X10 [56].
These satellites work in an X-band at a frequency of 9.65 GHz with left and right look
directions. ICEYE offers products acquired in two modes: Spotlight (High) and Stripmap
(High). The highest accuracy can be obtained for images collected in Spotlight High mode
where pixel size reaches the value of 0.25 m. Scenes cover an area of 25 km? (5 km x 5 km).
The ICEYE sensors are imaging only in vertical polarization (VV) and deliver images with
only amplitude information (Ground Range Detected—GRD) or amplitude and phase
information (Single Look Complex—SLC). Due to the extensive research area, Stripmap
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High products were used. This mode is imaging in strips of 30 km x 50 km (approx.
1500 km?) with a resolution of 0.5 m x 3 m. Due to the kind of applied method, GRD
products with a square field pixel were used, ultimately achieving a spatial resolution of
25m x 2.5 m.

The results for the Jakobshavn glacier calculated based on ICEYE products were
compared with the result from the Sentinel-1 satellites. The Sentinel-1 mission consists of
2 satellites imaging in C-band at a 5.4 GHz frequency. The mass of 1 satellite is about 945
kg (10 times more than the ICEYE satellite). Orbiting the Earth in tandem (Sentinel-1A
and Sentinel-1B), they can deliver images every 6 days. In research were used images ac-
quired in the Interferometric Wide (IW) mode. Data are collected in passes with the width of
250 km and with the resolution reaching in range and azimuth directions: from 2.7 m x 22 m
to 3.5 m x 22 m. SAR images are acquired in two kinds of polarization: HH and HV. For
purposes of this research horizontal polarization was used. Data from the Sentinel-1 satel-
lites are available in few formats but for velocities calculation, products from level-1 (GRD)
were used. These images have pixel size 10 m x 10 m. In the case of ICEYE satellites, the
pixel size of images was 4 times smaller than for Sentinel-1 products.

2.3. Data and Method

For purposes of this research images for the Jakobshavn glacier from 5 and 9 January
2021 for the ICEYE mission and from 3 and 9 January 2021 for the Sentinel-1 mission have
been used (Table 1).

Table 1. Specification of the products.

Date Sensor Acquisition Incident Heading Pixel Swath Polarization Orbit
Mode Angle [°] [°] Spacing Width Direction

3January  S-1A Interfvf[ri‘é?etric 30.3-45.6 2037 10x10m 250 km HH desc

5 January X4 Stripmap High 26.9-30.1 196.5 25 x25m 30 km \'AY% desc

9January  S-1B Imerfvf;i‘é?etric 30.3-45.6 2032 10x10m 250 km HH desc

9 January X7 Stripmap High 18.0-22.4 198.4 25 x25m 30 km \'AY% desc

The displacements of the Jakobshavn glacier were calculated with an Offset-Tracking
method. The preparation of data was different for both sensor types (Figure 2). In the case
of the Sentinel-1 data, in the first step precise orbits were attached to each SAR image. The
ICEYE products contain this information and due to that, in first stage speckle filtering
was applied. This step is required due to the fact, that SAR images have inherent like
“salt and pepper” texturing called speckles. It degrade the quality of the image and make
interpretation of features more difficult. Spatial filtering reduce significant speckle noise.
In analysis the Lee-Sigma filter was used as the best compared to other filters [57]. An
alternative option is using multilooking processing to speckle noise reduction [58], but in
this case, the image resolution is changed as a result of aggregation of pixel in groups. The
aim of this research was to check the effectiveness of ICEYE products also resulting from
high resolution images, therefore this solution has not been tested.

Further calculation steps were similar for both sensors. For image coregistration,
Copernicus Digital Elevation Model with a 30 m resolution was used. Then, on image pairs,
groups of pixels with corresponding intensities of reflection were searched. In this process,
the image is searched with a registration window. Its size depends on the maximum
predicted velocity of the analyzed area. Corresponding points called Ground Control
Points (GCP) are searched for in a given area. Afterward, the distance between these points
is calculated and then it is converted into the velocity of the object. For both sensors, the
calculation parameters were selected (Table 2) so that the results were of the same resolution
in a 100 m by 100 m grid. In the last stage, the obtained results were geo-referenced to
perform comparative analyzes in one coherent reference system. Characteristic glacier areas
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were selected to create correlation plots from results obtained from ICEYE and Sentinel-1
data. Due to different time interval of analysis from ICEYE and Sentinel-1, the shift in range
and azimuth direction was converted into the velocity values. This allowed to compare
the results from both sensors despite differences in acquisitions dates. The correlation
coefficients were calculated for movements in range and azimuth directions, and maximum
velocities. The changes along the glacier profile are also presented. To assess changes in the
bay area, the amplitude images showing terminus position and snow-ice cover were used.

ICEYE Sentinel-1

Speckle Filter Apply Orbit File

DEM-Assisted
Coregistration

|

Offset Tracking

l

| Terrain Correction |

J  Comparative
analyzes

Figure 2. Data processing for ICEYE and Sentinel-1 missions.

Offset Tracking

Table 2. Parameters selected for calculations using the offset-tracking technique.

Parameter ICEYE Sentinel-1
Max velocity [m/day] 50 50
Registration window width [pxl] 128 128
Registration window height [px]] 128 128
Grid azimuth spacing [pxl] 40 10
Grid range spacing [px1] 40 10

3. Results

The obtained results allowed us to determine the displacements in the Jakobshavn
glacier area, illustrating the pace of changes at the beginning of January 2021. The cal-
culation period for the Sentinel-1 mission was 6 days and for ICEYE data—4 days. For
this reason, analyses were performed on velocities in range and azimuth directions and
maximum velocities in m/day (Figure 3).

Data from the ICEYE microsatellite show positive displacements in the range direction
in snow cover surrounding the Jakobshavn Glacier. For Sentinel-1 data values in this region
have opposite signs. In the area of main glacier flow, the movement pattern is similar on
both results with negative vales suggesting displacement in Kangia Ice Fjord Bay direction
(Figure 3). In the case of movements in the azimuth direction, both sensors show a clear
separation of the positive value from the negative value. The displacement distribution in
the bay area is also different.
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Figure 3. Distribution of displacements in range and azimuth directions and maximum velocities obtained using radar
images from the ICEYE and Sentinel-1 sensors.

The distribution of maximum velocities is comparable for both sensors, especially
in parts located deeper in the land. The differences in the results are increasing with
approaching the terminus and the bay. Both velocities obtained from Sentinel-1 and ICEYE
data show an increase in speed in the bay direction. Despite the similar spatial distribution
of observed movements, there are differences in the bay area. The maximum velocity from
high-resolution ICEYE data reaches 41 m/day. For Sentinel-1 data, maximum velocity
reaches the values of 36 m/day in a similar location.

The calculated velocities for both sensors were compared on a correlation plots in 4
different testing areas (Figure 4). For analysis purposes, the regions of the diverse dynamics
were selected. The first testing area is in the inland part of the glacial tongue with relatively
slow speeds (area 1). The next field is in the area of bigger displacements values (area
2). The next regions are part of the glacier with higher intensity of movements (area 3)
and surrounding of the terminus position (area 4). The sizes of the testing areas were
selected to cover only the area of the glacial tongue, without its surroundings. Due to the
low velocities in the tail of the glacier and its widening in this region, the 1st area is the
largest. Fields 2 and 3 have a similar size. Area 4 has the smallest size so that the speeds
compared with each other are located only in the glacier front, where the movements reach
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their maximum values. For selected areas, correlation plots were defined for the range
and azimuth movements as well as for the maximum values. In addition, along the entire
glacier, a profile was selected to show speed changes obtained from Sentinel-1 and ICEYE
data in the whole area.

Profile
Testing areas
Velocity [m/day]

® 0-18

® 18-29

® 29-37

® 37-46
4.6-55
55-6.7
6.7-82
8.2-10.3
10.3-12.9
12.9-15.7
15.7=19.3

19.3-23.0
23.0-26.9
26.9-32.0
32.0-40.9

-49.4 -49.2 -49.0

Figure 4. Areas where detailed comparative analyzes were applied and a field profile. The map shows the maximum

velocity of glacier movement obtained based on the ICEYE satellite.

In selected areas, point grids were generated and information about velocities from
both sensors was extracted. The values are presented in correlation plots for each of the
analyzed regions (Figure 5). The obtained correlation coefficients (R?) were in the range
from 0.52 to 0.97. For all testing areas, the highest values were obtained for displacements
in the azimuth direction. Excluding the area of the glacier terminus, R? for this component
was in the range 0.96-0.97. In the case of displacements in range direction, coefficients
reached lower values in a wide range from 0.52 to 0.93. Area 3 is the most consistent in the
results obtained from both sensors. The correlation coefficient for the maximum velocities
was 0.93. Also in this area, data from both ICEYE and Sentinel-1 provided results with
almost the same values, hence the fitted trend line is very close to the y = x function. The
biggest differences in calculated velocities were obtained in area 4—the area of the terminus
position. The correlation coefficient in this area is 0.71 but there are significant deviations
between the results from both sensors are visible. The plot show the underestimation of
the speed values in Sentinel-1 data comparing to ICEYE results. The results in areas 1
and 2 are quite similar. These regions reflect slower parts of a glacier. In the case of the
azimuth component, the R? reaches a value of 0.96. A significantly lower correlation is
visible on graphs for the range component. The correlation coefficient is in the range from
0.52 to 0.56.
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Figure 5. Correlation plots for selected parts of the glacier for the area in the interior of the glacier (area 1), in area of higher
velocities (area 2), in area of high-intensity movements (area 3), in the area of maximum values near the terminus (area 4).

In the last stage of the analysis, a profile was drawn along the entire glacier through
its central part. Along the profile, information was collected on the velocities measured by
both sensors depending on the distance from the glacier front (Figure 6). For both sensors,
the maximum velocities are achieved just beyond the front of the glacier. The process of
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glacier movement slows down with the distance from the terminus. Both profiles agree
to the value and nature of the phenomenon. In some parts of the Jakobshavn glacier, an
underestimation of velocity calculated from Sentinel-1 data is visible. The most dynamic
changes are in the area where a glacier flows to the bay. The biggest deviations between
results from both sensors are observed in this region. The differences are at the level of a
few m/day.
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Figure 6. Velocities along the glacier profile from Sentinel-1 and ICEYE data.

4. Discussion

The use of higher resolution data from the ICEYE microsatellites showed higher
velocities in the glacier front region with a difference of +5 m/day (14%) compared to
the results from the Sentinel-1 data. Due to difference in pixel size of the Sentinel-1 and
ICEYE data, it can be concluded that the obtained differences in observations are significant
and show higher values of movements observed with the use of high-resolution ICEYE
data. This may result from the OT method itself, which, by aggregating a group of pixels,
assigns them averaged values of movements. A higher resolution of the ICEYE data allows
the detection of changes in smaller areas compared to the Sentinel-1 satellite. This is also
visible in greater diversification of the pattern of movements visible in the displacement
distributions. The results from the Sentinel-1 satellite data are smoother than those from
the ICEYE data (Figure 4).

The analyzes performed on the profile data show that the difference in the observed
velocities does not depend on the scale of the phenomenon, except the Kangia Ice Fjord
Bay area. The differences in this area may occur due to floating snow-ice cover in the
bay. This cover is clearly visible in the photos presenting the amplitude values (Figure
7). In the case of the Sentinel-1 products, there is no visible cut-off of the glacial tongue
from the snow-ice cover floating in the waters of the bay. On the product from the ICEYE
microsatellite, the terminus can be clearly distinguished from the waters in the bay with
a small part of snow-ice masses. These parts of floating materials are registered in the
calculation process as smaller movements in the front of the glacier. In addition, the images
from 9 January show large variations in the Kangia Bay area despite the data collection on
the same day. This is due to the different polarization of both sensors. In case of Sentinel-1
it is horizontal polarization (HH) in relation to ICEYE product with vertical polarization
(VV) of radar signal.
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Figure 7. Amplitude images from radar data acquired on 5 and 9 January 2021 by the ICEYE satellite and 3 and 9 January
2021 by the Sentinel-1 satellite.

A higher resolution of the ICEYE images allows a more precise determination of the
glacier border or the location of the fissures. It is especially important in terms of the
displacement analysis, to distinguish the part of the glacier which is located on stable land
from floating sea-ice. In both images, this border in the central part of the glacier is visible
because of the big width of the fissure between both parts (Figure 7). The SAR images from
ICEYE make it possible to determine this border in a more accurate way in the side parts of
the glacier.

5. Conclusions

Comparative research on the movement of the Jakobshavn glacier carried out based
on the offset tracking method and images from the Sentinel-1 and ICEYE satellites allowed
for an unequivocal determination of the glacier’s speed throughout the entire observation
range. As research shows, a higher resolution of ICEYE products compared to S-1 allows
more precise identification of glacier details, especially in the terminus area. Imaging of the
floating ice on S-1 is impossible. Thanks to the higher resolution, detection of velocities in
different parts of the glaciers based on ICEYE data gives slightly higher values comparing
to S-1. This can be an effect of an averaging pixels with larger areas in S-1 data. It can
be clearly seen in the front of the glacier. These differences reach values approx. 14% of
Sentinel-1 velocity. The researches carried out so far derived information about movements
to 46 m/day [51]. In selected for this research period, the maximum velocity was about
36 m/d for S-1 data and 41 m/d for ICEYE data. In the presented research, the scale of these
speeds was confirmed by analyzing the images of the ICEYE satellite, but the results show
that the Jakobshavn glacier is slightly slowing down. Such promising results allow the
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planning of further research on the possibilities of glacier displacement detection based on
ICEYE microsatellites, especially about the accuracy of determining the displacement and
velocity vectors. The use of new sensors from microsatellites opens up new possibilities
in the prediction and future trends in the problem of glacier calving. Thanks to the use of
such data, it is possible to better observe changes taking place in the Arctic regions. More
accurate forecasting models can provide information on the rate of change associated with
glaciers calving and thus could help to reduce the obnoxious effects of climate change and
global warming.
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AssTrRACT: The study analyzes the changes in dynamics of the Jakobshavn Glacier in summer and winter in 2017 and
2021. Satellite radar observations and the available database were used for this. Moreover, the influence of the time
baseline between SAR images on the quality of the results was also investigated. The velocities computed from Senti-
nel-1 images and the offset-tracking technique were compared with the MEaSUREs database information. The results
showed that Jakobshavn Glacier accelerated in 2021 up to 39.0 m d™'. However, this value may be underestimated due
to the resolution of Sentinel-1 data. The results therefore confirm the acceleration of the glacier melting process, which
may be a result of the observed climate changes on our planet.
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Introduction

Melting of glaciers and global ice mass loss
are well-known problems nowadays due to
plenty of existing studies focusing on the conse-
quences of climate change (Joughin et al. 2010;
Vizcaino et al. 2015, Golledge et al. 2019, Wu et
al. 2020). Both processes have accelerated in re-
cent years (Hugonnet et al. 2021). The problem of
melting glaciers occurs not only in polar regions
like the Arctic or Antarctic (Rignot et al. 2014,
Lemos et al. 2018a, Tuckett et al. 2019, Joughin
et al. 2020) but also in mountains (Zhou et al.
2014, Gatti et al. 2018, Du et al. 2019). The melting
of glaciers consequently leads to an increase in

§ sciendo

sea-level (Aschwanden etal. 2019, Golledge 2020).
Greenland is a major contributor to sea-level rise
and the velocity of the flow of outlet glaciers is
one of the factors influencing the rate of ice mass
loss (King et al. 2020). Therefore, persistent mon-
itoring of glacier velocities and their responses to
changing conditions is necessary for an accurate
estimation of the mass balance.

This study is focused on the biggest and fastest
glacier in Greenland, called Jakobshavn. Due to
the significant velocities of ice displacement ob-
served for many years, it became an object of in-
terest for researchers (Sohn et al. 1998, Luckman,
Murray 2005, Farness, Jezek 2008). The glacier
velocity near the terminus position reached 6700
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m a™! in 1985 (Joughin et al. 2004). The velocity
was estimated by tracking crevasse displacements
on airborne imagery. Until 1992, the Jakobshavn
Isbrae was slowing down. The InSAR results
showed that in 1992 its maximum speed was 5700
m a’, but then it started to accelerate rapidly un-
til 2003, reaching even 12600 m a™. It was caused
by the warming of the ocean tides (Holland et
al. 2008). Further studies confirmed observed
phenomenon in the years 2004-2007 (Joughin et
al. 2008). The long-lasting acceleration period in
Jakobshavn glacier history resulted in the record
velocity noted in the 2012-2013 summer periods.
The maximum velocity at the terminus exceed-
ed 17000 m a™ (Joughin et al. 2014). In 2016, the
glacier slowed down until 2018 (Khazendar et al.
2019). However in summer 2019, the acceleration
at the level of 1500 m a™ was observed (Joughin et
al. 2020). New research can confirm acceleration
in the dynamics of glacier movements.

Although the regular observation of glaciers
is important, it may be challenging due to un-
favourable weather conditions, high velocities,
and sometimes hindered access to such places.
Nevertheless, current easier access to satellite
data allows for persistent monitoring of these re-
gions. Especially useful are radar sensors, which
acquire data regardless of weather conditions
(Lee, Pottier 2009). Currently, SAR satellites are
useful tools in cryosphere monitoring, as they
are used for observation of displacements of ice
masses, assessing grounding line position, or gla-
cier mapping (Winsvold et al. 2018, FriedI et al.
2020, Samsonov et al. 2021). SAR data is used in
a variety of techniques to estimate surface move-
ments, including radar interferometry (InSAR)
and offset-tracking methods. The main difference
between those two methods is that InNSAR uses
information about the phase of the radar signal
(Massonnet, Feigl 1998, Hanssen 2001), while the
offset-tracking technique is based on intensity in-
formation (Strozzi et al. 2002). Application of the
InSAR method in regions where dynamic move-
ments of land surface occur may lead to a loss
of coherence (Trouvé et al. 2005). Wherefore, the
offset-tracking method is mainly used in ice-cov-
ered areas, where velocities are significant and
major displacements appear in the horizontal
plane. This technique is widely used to obtain
glacier surface velocities (Yan et al. 2013, Strozzi

et al. 2017, Gomez et al. 2019, Fang et al. 2020,
Neckel et al. 2020) but also displacement values
in mining areas (Huang et al. 2016, 2020, Zhao et
al. 2021) or even in the areas of landslides (Cai et
al. 2017; Sun et al. 2017) or sand dunes (Mahmoud
et al. 2020). The accuracy of this method is deter-
mined as 1/10-1/30 of the pixel size (Fan et al.
2019). There are also other algorithms for glacier
velocity calculations. Some studies show the po-
tential of applying optical imagery and the fea-
ture tracking method to monitor such areas, but
a collection of useful optical imagery sets is chal-
lenging due to polar night or mountainous areas
(Guo et al. 2013, Kaab et al. 2016). Another algo-
rithm used in glacier monitoring is autoRIFT,
which is also based on normalized cross-correla-
tion but employs progressive window sizes (Lei
et al. 2021). Another approach is dense image
matching (Schubert et al. 2013). However, com-
pared to cross-correlation techniques, it is less
valuable for glaciological purposes and monitor-
ing of large areas.

When the Sentinel-1 mission was released,
SAR imagery became a popular data source for
different studies, including glacier areas (Nagler
et al. 2015). Data is collected at regular intervals
and open access is provided. Because observa-
tions of surface movements have become easier
and timelier (Torres et al. 2012), it led to launch-
ing new projects focusing on the usage of satellite
data, also for glacier monitoring, such as GIMP
(Greenland Ice sheet Mapping Project). Its main
objective is to monitor changes in ice sheets and
selected glaciers in Greenland (Joughin et al.
2010). Results are distributed by the National
Snow and Ice Data Centre (NSIDC) as a part of
the MEaSUREs program. This program is coor-
dinated by NASA and its main aim is to share
data about the Earth with the scientific commu-
nity. The MEaSUREs database contains glacier
velocities calculated based on TerraSAR-X ra-
dar images. Both, the Sentinel-1 imagery and the
MEaSUREs database were used in this research.

In spite that there are some research projects
collecting information about glacier movements
through the years (Joughin et al. 2010), an update
of databases is performed with a delay. In some ar-
eas, including the Jakobshavn glacier, the pace of
velocity changes is high. Considering that glacier
flow velocities affect ice mass balance, constant
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monitoring of such areas is necessary. Therefore,

the presented research focuses on two objectives:

- determine the dynamics in 2021 year of the
Jakobshavn glacier’s movements and compare
the results with selected previous period;

- compare the obtained results with the availa-
ble database and verify the existing algorithm.
This study shows a comparison of velocities

between winter and summer in 2017 and 2021

for the Jakobshavn glacier. This analysis was con-

ducted to deliver a new information about the
current velocity of this glacier. Velocities were
calculated by the offset-tracking technique us-
ing Sentinel-1 SAR acquisition and open-source

SNAP (SeNtinel Application Platform) software.

In order to obtain the most reliable results, ve-

locities from 2017 were calculated for different

time baselines and compared with values from
the MEaSUREs database. Therefore, it was pos-
sible to assess the influence of the time baseline
on the quality of the results. Assessment of cur-
rent velocities of the Jakobshavn glacier may ena-
ble an analysis of its response to climate changes
and deliver reliable data for glaciological society.

Moreover, an interruption of the slowing-down

process is a stimulus to study more carefully

which factors triggered such changes, and ac-
curate velocity monitoring is needed for these
purposes.

A

75°0.0'N

Greenland

Jakobshavn
Glacier

60°0.0'N

Materials and Methods
Study area

The study area of this research is the
Jakobshavn Glacier, located in the western part of
Greenland (Fig. 1). Jakobshavn covers an area of
about 110 000 km?, its length is more than 65 km,
and the thickness of the ice masses is about 2 km.

SAR data used in the study

A total of 10 SAR images were used for ve-
locity calculations. They were registered by the
Sentinel-1 (S-1) twin satellites that deliver sat-
ellite imagery every 6 days almost all over the
world. The data were collected for the winter
and summer periods of 2017 and 2021 (Table 1).
Calculations were performed in 6 intervals with
the 6-day baseline for each period and additional-
ly 24- and 30-day baselines in 2017. To implement
the offset-tracking method the Ground Range
Detected (GRD) products were used with a pixel
spacing of 10 x 10 m and a resolution of 20 x 22 m
(ESA n.d.). The GRD products are preprocessed
SAR data that has been multi-looked and project-
ed to the ground range using an Earth ellipsoid
model. Data were acquired in two descending
passes: pass 127 for images from 2017 and pass 25
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Fig. 1. Location of the area of interest (AOI): A) position of the Jakobshavn glacier on the Greenland map, B)
precise location of the glacier near Kangia Bay.
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Table 1. Description of data used in the study.

N Data of image | Orbit | Time base- .
o. . . . Period
acquisition | number | line [days]
1 31.01.2017 127 6 Winter
06.02.2017 127 2017
2 31.01.2017 127 24
24.02.2017 127
3 30.07.2017 127 6 August
05.08.2017 127 2017
4 30.07.2017 127 30
29.08.2017 127
5 03.01.2021 25 6 Winter
09.01.2021 25 2021
6 01.08.2021 25 6 August
07.08.2021 25 2021

for 2021 data. The images were registered using
Interferometric Wide mode (IW) with dual hori-
zontal polarization (HH).

MEaSURE:s data
Acquired datasets from the MEaSUREs

program (Making Earth System Data Records
for Use in Research Environments) consist of

displacement maps for a selected glacier in
GeoTIFF format. Calculations were performed
on the basis of SAR images, which were acquired
by twin satellites TerraSAR-X/TanDEM-X from
the German Aerospace Center (DLR). Delivered
raster data have a temporal resolution of 11 days
and spatial resolution of 100 x 100 m. They con-
tain velocities along the x and y-axis with esti-
mated errors for these values, as well as the re-
sultant velocity in m a™. In this research, two
datasets were used. They represent the velocities
of Jakobshavn Glacier in February and August
2017 (Fig. 2). The datasets are not published con-
tinuously but are updated regularly (e.g. for 1.5
years). The current available version delivers
information about glaciers’ velocities until May
2021 (Joughin et al. 2021).

The spatial distribution of displacements for
these periods is similar. The glacier terminus
slightly retreats in the summer months and the
velocities are higher. In August, the maximum
velocity reaches more than 39 m d™, while during
February it is about 31 m d™*. The greatest veloci-
ties are near the terminus position.

I 39.4

|:|sh(.)reline February 2017

(] shoreline August 2017

Fig. 2. Velocities of the Jakobshavn Glacier from the MEaSUREs database.
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Processing

To obtain the velocities of a glacier, the in-
tensity SAR data from Sentinel-1 satellites were
used. The displacements of the Jakobshavn gla-
cier were calculated with the offset-tracking
method. This technique allows detecting sub-pix-
el offsets between two images covering the same
area using normalized cross-correlation (Strozzi
et al. 2002, Xu et al. 2020). Calculations were
performed using open-source SNAP (Sentinel
Application Platform) software, provided by the
European Space Agency (ESA), for six periods
using the same input parameters (Table 2).

In the first step of processing, for each
Sentinel-1 image, a file containing information
about precise orbits was attached. In the next
step, the pairs of the SAR images were co-reg-
istered using the digital terrain model ACE30.
Afterward, the offset-tracking procedure was ap-
plied. The corresponding pixels were searched in
both SAR intensity images. The search area was
determined by the size of the registration win-
dow, which depends on the maximum velocity
which can occur in the selected region and the
time interval between images. In those limit-
ed areas, corresponding points, called Ground
Control Points (GCP), are searched. In a further
step, distances between these points are calcu-
lated in range and azimuth direction, and there-
fore maximum velocities and their directions are
computed. In the last step of processing in the
SNAP software, the terrain correction was ap-
plied. Georeferenced displacement maps were
exported into GeoTIFF format.

To carry out spatial analyses, results from
S-1 images and displacement maps from the
MEaSUREs database were imported into
Quantum GIS (QGIS) software and converted into
one coherent reference system. In the next step, a
grid of points covering the majority of a glacier
was created. For each point, velocity values were
extracted from the MEaSUREs database as well
as from long- and short-time SNAP calculations.

Table 2. Parameters for the offset-tracking procedure.

Parameters
DIM ACE30
Grid size 20 x 20 pxl1 (200 x 200 m)
Searching window 128 x 128 pxl
Max velocity 40md™?

I Sentinel-1 database I

N\
I master image l I slave image ]
I MEaSUREs database
Apply Orbit Apply Orbit
g File File
& ‘ !
a | DEM-Assisted Coregistration I
g {
« I Offset Tracking ‘ I displacements maps
!
I Terrain Correction I
:
l Export to GeoTIFF format I
° I comparison in GIS software I
3
3 i extraction of velocities in grid l Iextmction of velocities along profiles
2]
=
2 I

I correlation plots l comparison of velocities in different

years

Fig. 3. Workflow.

On the ground of these data, correlation plots for
summer and winter 2017 were created. In the last
stage of analysis, 4 profiles were created for the
Jakobshavn glacier: one along the main flow and
3 perpendicular profiles. Plots enabled analysis
of changes in glacier velocity between 2017 and
2021. The steps of data processing and analysis
are presented in the workflow diagram (Fig. 3).

Results

The results of this research are 6 velocity
maps for Jakobshavn Glacier obtained by the off-
set-tracking technique for February 2017, August
2017, January 2021, and August 2021 (Fig. 4). For
February and August 2017, two maps for each
month were created, containing velocities cal-
culated over a short and long time interval. The
obtained results differ not only in the value of
the calculated speed but also in the spatial extent
where it was possible to locate glacier movements.

In February 2017, two calculating intervals
were tested to check the influence of time base-
line on the quality of the obtained results. The
velocities were calculated at 6- and 24-day inter-
vals. For both periods, the area of detected move-
ments also covers part of the sea-ice floating in
the Kangia Bay. For a shorter time baseline, the
maximum glacier speed is 31.4 m d™* and in the
longer interval, it reaches 27.5 m d™. For a 24-day
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period, velocities are lower in the whole area of
the Jakobshavn glacier. Moreover, the continuity
of results is disturbed, and more noises appear.
The maximum values appear near the terminus
but there is no visible cut-off between the glacier
tongue and sea-ice cover.

The results of the calculations in both inter-
vals were compared with the velocities from the
MEaSUREs database. The correlation plots were

created for each pair (Fig. 5). The correlation co-
efficient for a long interval is 0.25 and for a 6-day
period is 0.67. The correlation plot for the 24-day
baseline is characterized by a large dispersion of
points. A shorter calculation interval results in a
significant increase in R? value.

For August 2017, velocities were also calcu-
lated for two intervals: 6- and 30-days (Fig. 6)
and compared to the values from the MEaSUREs

velocity [m d™]
e 0.0-21
° 21-42
° 42-63
6.3-8.4
8.4-10.5

rg

10.5-12.6
12.6-14.6
14.6 - 16.7
16.7 - 18.8
18.8 - 20.9
20.9-23.0
23.0-25.1
25.1-27.2
27.2-29.3
29.3-31.4
[ shoreline

Fig. 4. Velocities for winter 2017 obtained from short and long intervals.
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Fig. 5. Correlation plots for winter 2017.
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database (Fig. 7). A shorter baseline showed a
maximum velocity of 25.0 m d™. The shape of the
glacier and the spatial extent of displacements is
similar to data presented in the MEaSUREs da-
tabase. In the map created for a longer period,
a large number of noises are visible. It was also
impossible to determine velocities near the gla-
cier terminus. The maximum speed is less than
23.0 m d™*. The correlation plots for summer 2017

present similar results to those from the winter
(Fig. 7). The 30-day interval shows lack of corre-
lation between velocities from the SNAP and the
MEaSUREs database. The correlation coefficient
for 6-day calculations is equal to 0.78. For both
periods summer and winter 2017, a significant in-
crease in data quality is visible with a shorter time
interval. Velocities from 6-day calculation peri-
ods show a higher correlation with values from

Kangia Bay |

velocity [m d™]
e 00-1.7
e 17-34
* 34-50
5.0-6.7
6.7-8.3

8.3-10.0
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15.0-16.7
16.7 - 18.3
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Fig. 6. Velocities for summer 2017 obtained from long and short calculation intervals.
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Fig. 7. Correlation plots for summer 2017.
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independent datasets. They also contain fewer
noises and present more reliable results near the
terminus and borders of a glacier. However, for
both seasons, Sentinel-1 data present an under-
estimation of displacement values compared to
TerraSAR-X/TanDEM-X results.

The MEaSUREs database contains informa-
tion about the velocity of selected glaciers but it
is not updated regularly. To obtain information
about velocity of glacier in newer period, it was

necessary to calculate displacement using only
Sentinel-1 data. Tests for 2017 datasets showed
that shorter intervals deliver more reliable re-
sults, so calculations in winter and summer 2021
were performed at 6-day intervals. The maximum
velocities for both seasons are similar. In January,
it is 38.0 m d™ and in August, about 39.0 m d!
(Fig. 8). However, in the map from summer, it is
visible that high displacement values are located
in a large part of a glacier located near Kangia

velocity [m d™]
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* 52-7.8
7.8-10.4
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4

Profile 4

=
=
pped

Profile 3

Fig. 9. Location of profiles.
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Bay. Moreover, data from August 2021 present
another small part of moving ice cover in the
west-north part of the map. In winter 2021, no
significant movements were registered in this
part. For both seasons, the spatial distribution of
maximum velocities is similar compared to the
MEaSUREs database.

To describe changes in glacier dynamics, ve-
locities along 4 profiles were compared between
2017 and 2021 (Fig. 9). One profile was selected
along a line representing the flow of a glacier.
3 profiles were created transverse to the flow
line: near the terminus position, in the area of
the middle and low values of velocities. Profiles
were created for the winter and summer months.
A comparison was performed on the 2017 SNAP

results, the MEaSUREs database, and velocities
in 2021 obtained from the SN AP software.
Profile 1, located near the front of a glacier,
shows slight acceleration of a glacier. The maxi-
mum velocity in this part of the glacier increased
by about 5.0 m d7, taking into account only the
results from SNAP. The 2nd profile shows that
velocities calculated based on Sentinel-1 im-
ages did not change significantly. Values from
the MEaSUREs database present similar veloci-
ties but they are horizontally shifted compared
to SNAP results. For the winter months, profile
3 shows similar changes in the glacier velocity
in 2017 and 2021 (Fig. 10). The last profile was
analyzed along with the main flow direction of
the glacier. The mean deviation between SNAP
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velocities from 2017 and 2021 was 2.3 m d™! and
between MEaSUREs database 2.5 m d™'. For most
of the glacier length, velocities did not change
in analyzed periods. The biggest deviations are
observed closer to the terminus position. The
Jakobshavn glacier increased its velocity in 2021.
The maximum velocity along profile 4 reaches in
2021 more than 10 meters more related to similar
period in 2017.

Similar profiles were analyzed for velocities
in August 2017 and 2021 (Fig. 11). In each of the
4 profiles, a speedup of the Jakobshavn glacier
is visible. However, deviations between SNAP
values from 2017 and 2021 are greater than in
comparison with MEaSUREs velocities. In the
first profile, maximum velocity has changed by

almost 20 m d™' between SNAP calculations.
Compared to the MEaSURESs database, the max-
imum velocity of the glacier increased by almost
10 m d%. Profiles 2 and 3 also show an increase in
velocity values in August 2021. SNAP velocities
are higher even about 8-10 m d™! but comparison
with independent database also shows accelera-
tion at the level of a few m d. Profile 4, present-
ing changes in the velocity alongside the main
flow of the glacier, shows a speedup along the
entire glacier in summer 2021. In the front part of
a glacier, the increase in velocity reaches even 20
m d'. Values from the MEaSURESs database from
2017 show smaller changes in velocity. However,
the velocity has changed by almost 10 m d™ in
areas of the greatest velocities.
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Discussion

The presented study shows that calcula-
tions using the offset-tracking technique deliver
more reliable results for shorter time baselines.
Velocities based on shorter intervals show a high-
er correlation with values from the MEaSUREs
database. Fast changes in glacier structure prob-
ably resulted in the poor quality of the results
from the long interval. However, even for a short
time baseline, there are differences between these
two sources. It probably results from the differ-
ent pixel sizes of SAR images. Cross-correlation
algorithm aggregates the information from lower
resolution of Sentinel-1. Thus, the satellite signal
is averaged over a larger area, which results in un-
derestimating the maximum values compared to
the results for TerraSAR-X data. The results also
reveal an acceleration of the Jakobshavn glacier
in 2021 compared to 2017. The acceleration is vis-
ible between calculations in the SNAP software,
which were conducted on the same input process-
ing parameters. The velocity change at the level
of several or even a dozen meters between those
two periods is significant. According to previous
studies, the velocity of the Jakobshavn glacier had
been decreasing until 2018 (Khazendar et al. 2019).
In 2017, a slow-down period was observed (Riel
et al. 2021) and even the seasonal variability of
ice speed diminished (Lemos et al. 2018b), which
is also visible in the presented velocity maps. In
2019, this downward trend (Joughin et al. 2020)
was disturbed, but there were no more studies
confirming the trend reversal. The results of this
research for 2021 indicate that the Jakobshavn
glacier started to accelerate again, and 2019 was
probably the turning point. Moreover, in summer
2021, the calculated maximum velocity reached
39.0m d™, which is in agreement with a prediction
from 2020 (Willis et al. 2020). The expected value
of ice velocity was 14.4 km a™!, which corresponds
to approx. 39.5 m d™'. What is more, a yearly anal-
ysis of the Greenland ice sheet also confirmed that
the Jakobshavn Isbree has accelerated again be-
tween 2020 and 2021 (Mottram et al. 2021).

Conclusion

In this research, results obtained for 2017 al-
lowed comparison of existing algorithms used in

glacier dynamics studies. Results from Sentinel-1
data present underestimation of displacement
compared to the MEaSUREs database results.
Furthermore, the use of open-source software
and Sentinel-1 data in this research allowed
confirmation of the acceleration trend for the
Jakobshavn glacier. However, due to fact of low
resolution of Sentinel-1 data, it should be sup-
posed that the maximum value of the velocity
in 2021 is greater than obtained result 39.0 m d™".
Taking into account the possible underestimation
of the results for the Sentinel-1 data, the obtained
results can be important in research of glacial dy-
namics, as the results of climate change. It is also
important to deeper analyze the possible causes
of such acceleration because it can result in fur-
ther thinning and melting of a glacier. In further
research, the possible causes of velocity changes
should be analyzed, including weather condi-
tions such as temperature and precipitation, or
sea temperature. Nonetheless, the variability of
velocity changes is one of the crucial aspects in
glacial changes studies.
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are determinable. The research conducted in the paper filled a gap in the analysis
of the phenomenon just after the main movement phase. It allowed determination
of the time and speed of extinction of landslide movements.

Article details:

Received: 09 November 2023
Revised: 21 December 2023
Accepted: 30 December 2023

Key words:
displacement field,
rapid landslide,
offset-tracking,
residual displacements,
satellite imagery

Contents:

Lo INtroduction .. ..o vttt e
2. Study area: the Ponzano landslide ........... ... ... ... . . i
3. Materials and methods . ............ i
3.1 Datasets. . ...
3.2, Offset-tracking. . ... ..ottt
3.3. Tests of dimensions of the registration window..............................
3.4. Uncertainty of the results ........ ..o
4 RESUILS .ot
4.1. Selection of optimal registration window ............ .. .. .. oL
4.2. Displacements for the main phase of movements based on S-1data...........
4.3. Temporal evolution of landslide movements. ............. ... ...
4.4. Comparison between calculations from different temporal baselines...........
5. DISCUSSION . . oo
6. CONCIUSIONS . . .« . e ettt ettt ettt e et e e
Acknowledgement . ....... ... e
REEIENCES . . e ettt ettt

..................... 138
..................... 139
..................... 140
..................... 140
..................... 140
..................... 141
..................... 141
..................... 141
..................... 141
..................... 143
..................... 144
..................... 145
..................... 146
..................... 149
..................... 149
..................... 150

© 2023 (Magdalena Lucka, Ryszard Hejmanowski, Wojciech Witkowski) This is an open access article licensed under the Creative Commons

Attribution-NonCommercial-NoDerivs License (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://doi.org/10.12775/bgss-2023-0039
mailto:magdalena.lucka%40agh.edu.pl?subject=
https://orcid.org/0000-0002-0747-6963
mailto:hejman%40agh.edu.pl?subject=
https://orcid.org/0000-0003-1042-4213
mailto:wwitkow%40agh.edu.pl?subject=
https://orcid.org/0000-0003-1042-4213
https://orcid.org/0000-0003-1042-4213
http://doi.org/10.12775/bgss-2023-0039

138

Magdalena Lucka et al. / Bulletin of Geography. Socio-economic Series / 62 (2023): 137-151

1. Introduction

Rapid landslides are caused by various factors, both
natural and man-made. Therefore, considering
observed climate changes and spreading human
activity, they currently affect most parts of the
world (Maraun et al, 2022). Global warming
influences temperature and precipitation frequency
and amount, which are expected to increase the
number of shallow landslides and thus enlarge
the population affected by landslide risk (Gariano
& Guzzetti, 2016; Jakob, 2022). In permafrost
areas, melting snow and permafrost are leading to
the destabilisation of the soil (Kim et al., 2021).
More frequent and intense rainfalls affect the
stability of slopes in Europe, South America and
south-eastern Asia. The other natural factors that
trigger landslides include earthquakes, volcanoes,
and river or glacier erosion. On the other hand,
human activity, including deforestation, irrigation,
producing waste piles, open-pit mining and
developing infrastructure in hilly areas, also
destabilise slopes and, combined with other
factors, might result in a rapid landslide. Due
to the severity of the effects of rapid landslides,
including the destruction of infrastructure such
as roads or houses, the devastation of crops, and
even health injuries, the monitoring of landslides,
understanding their mechanisms, and further
modelling and predicting are crucial (Fell et al,
2007; Hungr, 2007). The increase in landslide
hazards in many densely populated regions of
the world today poses enormous challenges for
scientists and researchers of these phenomena. In
particular, the importance of monitoring and early
warning of landslides is growing.

A wide variety of techniques are used for
landslide monitoring that can be divided into such
groups as remote sensing, geodesy, geotechnics,
geophysics or hydrology (Aufli¢ et al., 2023).
Most of them are in-situ methods, except for the
remote-sensing group, which is currently widely
used for various purposes such as predicting
landslides, susceptibility mapping, monitoring
displacements, detection and even modelling
or hazard management (Delacourt et al., 2007;
Scaioni et al., 2014; Zhao & Lu, 2018; Casagli et
al., 2023). In the remote-sensing group, especially
useful are SAR (Synthetic Aperture Radar) data
as they deliver information regardless of daylight
or weather conditions. Thus, they are widely used
for landslide monitoring including displacement
measurement utilising mainly coherence-based
methods (Wasowski & Bovenga, 2014; Raspini

et al., 2019; Refice et al., 2019; Ao et al.,, 2020;
Jia et al., 2020; Wang et al., 2022; Huang et al.,
2023; Nikolakopoulos et al., 2023). Nevertheless,
SAR interferometry (InSAR) cannot be used
in all cases because of the coherence loss in
dynamically moving areas. Among the remote-
sensing monitoring methods, an offset-tracking
(OT) technique might be used as an alternative
for displacement determination. This OT does
not rely on phase information but on searching
corresponding intensity patches between two
images using cross-correlation, which makes the
technique suitable for monitoring rapid movements.
So far, the use of this method has been mainly
limited to glacial areas, which are characterised
by relatively fast movements. However, it has
been proven to be particularly useful in landslides
(Wang et al.,, 2016; Cai et al., 2017; Solari et al,,
2018; Amitrano et al., 2019; Li et al., 2019). The
utility of this method strongly relies on the input
image resolution, as the accuracy determined
by the method is measured as part of pixel size.
The current development of new, high-resolution
SAR sensors might improve the possibility of
using the OT method to detect smaller and not-
extensive movements that occur rapidly. These
new possibilities of OT methods became one of
the objectives of the study, in terms of one of the
most spectacular landslide phenomena of recent
years in Europe, the Ponzano landslide (2017).
Research into the nature of landslide movements
in Ponzano carried out between 2017 and 2020
mainly by Italian scientists (Solari et al., 2018;
Calista et al.,, 2019) might, combined with the
new OT-based information about the displacement
field, help to find new explanations or add new
aspects to the current state of knowledge.

Considering the need to monitor and
understand the mechanism of rapid landslides,
the research examines the utility of medium
(Sentinel-1) and high-resolution (TerraSAR-X)
SAR datasets for landslide monitoring and
determining optimal processing parameters. It
also investigates the scale of movements that can
be reliably detected by remote-sensing methods
and the temporal development of the displacement
field in Ponzano. It allows for determining the
displacements in the main phase of movements
and post-landslide activity. This study also fills the
gap in the monitoring of the Ponzano landslide
by deriving the displacement values between
the main-phase and the post-landslide in-situ
monitoring. Therefore, it contributes to a better
understanding of the mechanism of the Ponzano
landslide.
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2. Study area: the Ponzano landslide

The Ponzano landslide is in the central-eastern part of
Italy, in the Teramo Province of the Abruzzo region
(Fig. 1a; Fig. 1b). It is a very hilly area (Fig. 1d) affected
by a significant number of various landslides. The
landslide covers an area of ~57 ha (566,759 m?). It
is east-southeast facing and the slope ranges from 4°
to up to 20° with a mean value of 11° (Fig. le). The
flattest part is located in the centre of the landslide at
the south. Some scarps appear mainly in the upper part
of the landslide where the steepest slopes are observed
and in the eastern part where the slopes range from
15° to 20°. The surface is covered mainly by green
areas such as grass, crops and some trees (Fig. 1c). In
the upper part of a landslide, there are small groups of
buildings and a few roads.

The bedrock in the study area is made of pelitic-
arenaceous layers. To the west of the landslide
boundaries is a layer of sandstone with thin clay levels
with a thickness of 30 to 60 m. The region inside the

landslide boundaries consists mainly of clays with
sandstone layers and silt and clay with sand, covered
by colluvial deposits with a thickness of up to 15 m
(Fig. 2). The landslide was activated in the top layer
of colluvial deposits and the upper part of the clays
(Calista et al., 2019). On February 12, 2017, the region
of Ponzano, which is known to be an unstable area,
was reactivated mainly due to the intensive rainfall and
snowfall that resulted in a large landslide (Solari et al.,
2018). It is a complex formation with two components:
rotational sliding in the upper part of a landslide and
earth flow in the lower part. Before the landslide was
reactivated, the area had been stable or slightly moving
at a level of 10 to 40 cm total over almost 14 years
(Solari et al., 2018). In a phase of major movements,
the landslide developed suddenly. In the following
five months, it slowed down, but movements totalling
almost 75 cm were detected (Allasia et al., 2019).
As a result of the movements, local roads and some
buildings were seriously damaged, and several dozen
inhabitants had to be evacuated.
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3. Materials and methods

3.1. Datasets

This study utilises two Sentinel-1 (S-1) and three
high-resolution TerraSAR-X (TSX) SAR images.
Collected data were used as input for displacement
calculations with the OT method. The Single Look
Slant Range Complex (SSC) products were used in
case of TSX satellite, collected in Stripmap mode
and from the ascending track. The polarisation
of the data is horizontal (HH). The TSX sensor
is classified as high-resolution as the slant range
resolution is ~1.2 m. The range and azimuth
spacings, which are crucial parameters for the OT
method, are 1.36 m and 2.19 m, respectively. The
TSX data utilised in this study were acquired in
the following way: 1st — just before the landslide
occurred; 2nd - immediately after the phase of
the main movements, 3rd - after the next 11 days.
Those three SAR images were processed in various
combinations to obtain displacements in the main
phase of the landslide, in a few days after, and
in the whole period cumulatively (Table 1). This
allows observation of how the landslide movements
developed during the analysed period.

From the S-1 mission, the Single Look Complex
(SLC) products were used. The data were acquired

in the Interferometric Wide (IW) mode and from
an ascending track. In this study, only the cross-
polarisation (VH) data were utilised. Collected
S-1 images have a range spacing of 2.33 m and an
azimuth spacing of 13.92 m. It is worth noting that
range spacing is ~1.2 times larger compared to TSX
data, and in an azimuth direction, the difference is
even more significant. The S-1 azimuth spacing
is more than six times coarser than the TSX’s. To
investigate the impact of this difference, two S-1
images were collected covering the phase of main
movements (Table 1) to compare results to TSX
output. The image pairs with ID 2, ID 3, and ID
4 are referenced in the following text as period 1,
period 2, and period 3.

3.2. Offset-tracking

Displacements for both sensors were calculated
using the OT method implemented in the Gamma
Software. The selected method uses intensity
information from SAR data to find corresponding
patches between two images from different days.
The cross-correlation between image patches is
calculated for a selected size of a registration window.
The patch with the highest cross-correlation peak
is selected as a corresponding image part (Strozzi
et al.,, 2002). In the following steps, the offsets in
range and azimuth directions are calculated. The

Table 1. Satellite radar image pairs acquired by the Sentinel-1 and TerraSAR-X mission used in the study

Reference Secondary Temporal .
. . . ) Perpendicular
ID image image Satellite Baseline Baseline [m] Geometry
[dd/mm/yyyy] [dd/mm/yyyy] [days]
1 06/02/2017 18/02/2017 §-1 12 36 ascending
2 10/02/2017 21/02/2017 TSX 11 222 ascending
3 21/02/2017 04/03/2017 TSX 11 136 ascending
4 10/02/2017 04/03/2017 TSX 22 87 ascending
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Copernicus 30 m DEM (Digital Elevation Model)
was utilised in the preprocessing of the dataset. The
OT was employed in two iterations. The first one
is to determine the initial offsets, and the second
one is to improve the quality of the results. At this
step, various sizes of registration windows were
investigated to obtain the optimal output. The results
were also filtered with a fast spatial filter using a
quadratic weighted average. After each iteration,
the results were also filtered based on determined
thresholds: the minimum and maximum range
and azimuth pixel offsets, and the cross-correlation
value. The pixel offsets were determined separately
for each calculation period, and the minimum
cross-correlation value was established at 0.2 to
remove displacement values that were determined
with the lowest quality. The final results contained
the ground range and azimuth displacement values
in metres and the magnitude displacements, which
were used in further analyses.

3.3. Tests of dimensions of the registration
window

To obtain optimal displacement values, calculations
for period 1 were performed in various window
dimensions for range and azimuth directions.
Window sizes from 16 pxl x 16 pxl (range x azimuth
dimension) to 256 pxl x 256 pxl were tested. The
window dimensions were doubled in each iteration,
and near-quadratic windows were also tested (e.g.
256 pxl x 128 pxl). To determine which results
are most suitable, analyses of accuracy around
the landslide were performed. Two buffers around

Ponzano
Landslide

] area excluded from analysis
buffer 200 m

] buffer 1000 m

Fig. 3. Schema of buffers used for analysis of results based
on various registration windows

landslide boundaries, with a 200 m and 1000 m
width, were constructed for this purpose (Fig. 3).
The landslide area was excluded from the analysis,
and the generated buffer zones intersect with each
other. All produced rasters of displacements in range
and azimuth directions were cropped only to the
extent of the buffer zones. Each cropped raster was
analysed in terms of the mean value and standard
deviation in the selected buffer. It is assumed that
the area around the landslide boundaries is stable,
so the displacements in the buffer zones should be
equal to 0 m. Based on the performed statistical
analysis, the optimal window size was selected for
further processing of the dataset.

3.4. Uncertainty of the results

The final results are presented as the magnitude
of the movements (Mag), which is determined
as a resultant of azimuth (Az) and range (RQ)
displacements. Thus, the uncertainty (standard
deviation - o) of each magnitude raster based on
the uncertainties of its components, considered as
independent variables might be defined as follows:

OMag = +/ GAZZ + O_Rgz (1)

Determination of uncertainty is also possible
by analysing displacement in three time periods
(from PI to P3). Residual values of movements
(Res) determine the accuracy of the results. Their
uncertainties might be described in the following
way based on the rules of error propagation:

Res = Magp; — (Magp, + Magp,) (2)

3
Ores = O-Mag\/g 3
Assuming that the uncertainties for all periods are
the same, uncertainty can be calculated by equation

(3).

4. Results

4.1. Selection of optimal registration window

The first stage of research was to determine the
size of the registration window for the Ponzano
area. Two TSX acquisitions from 10/02/2017
and 21/02/2017 were used. The mean values of
displacements in range and azimuth directions
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were determined in the buffer zones around the
Ponzano landslide. Calculated values with their
standard deviations show the accuracy and amount
of noise for each registration window size in the 200
m (Fig. 4a) and 1000 m (Fig. 4b) buffers. Increasing
window size presents smaller standard deviations
and mean values closer to 0 m in both directions.
However, the results are strongly smoothed, and
the details of the displacement pattern are invisible.
Reducing window dimensions allows the detection
of more details, but the amount of noise visible on

the output is increasing. As an effect, small window
dimensions reduce the clarity and reliability of the
results. Moreover, in the case of smaller windows,
some patterns cannot be observed, and the
detection of more significant movements is limited.
Considering the trade-off between details and
accuracy, the window size of 64 pxl x 64 pxl was
selected as an optimal source of information. On the
spatial distribution of displacement, areas of more
intense and slower movements can be distinguished,
providing accurate insight into the displacement
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Fig. 5. Spatial distribution of displacements for landslide and selected buffers based on TSX data

for period 1 in a 64 pxl x 64 pxl window

field pattern (Fig. 5). A detailed description of the
field and its temporal development is provided in
Section 4.3. Simultaneously, in the selected buffers of
200 m and 1000 m, the displacement values around
0 m are dominant. The mean values of displacement
in both directions and for both buffers are in the
range of 2-10 cm. Their standard deviations vary
between 0.39 m and 0.61 m. The highest mean
value of displacement was 0.10 m for the range
direction in the 200 m buffer, and it accounts for
7% of the pixel size of the TSX data. The standard
deviations stand in all cases for ~25% of the pixel
size in both directions. For the 1000 m buffer, the
chart shows slightly higher values of mean and
standard deviation. Nevertheless, the same window
size presents an acceptable trade-off between
details and accuracy. The selected optimal window
size was utilised for all periods for TSX data, and,
for S-1 data, the corresponding window size was
calculated, considering the metric dimensions of
the registration box.

Range Azimuth

4.2. Displacements for the main phase of
movements based on S-1 data

Selected in Section 4.1 registration window of
64 pxl x 64 pxl for TSX data corresponds to
approximately 90 m x 140 m. To obtain a similar
terrain window size for S-1 data, the displacements
were calculated in a registration window of 38
pxl x 10 pxl. The results present displacement in
range and azimuth directions, as well as magnitude
displacement (Fig. 6) over a period covering the
main phase of landslide movements. In the range
direction, the maximum displacements within the
landslide boundaries reach 9 m in the lower part.
In the upper part, displacements fluctuate around
8 m. The blurry area of the landslide border can be
observed. Nevertheless, the noises observed outside
the landslide boundaries also reach high values of
several metres, which makes the derived results
unreliable, and results present rather random data
than the real displacement values. The distribution
of displacements in the azimuth direction varies

Magnitude

B P

J

, oy

Displacement [m]

Fig. 6. Displacement values calculated in the period 06/02/2017-18/02/2017 based on Sentinel-1 images

in a 38x10 pixel window
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between -10 m and +5 m within the marked
borders. The highest negative values are observed in
the upper part of the landslide, which is consistent
with the results from the TSX sensor. The quality
of the results in azimuth directions is much lower
compared to the range directions. It is caused
by such factors as a highly coarser resolution for
azimuth direction (almost 14 m) and, at the same
time, a smaller scale of movements to be detected.
For magnitude directions, the errors and noises
from both directions cumulate and, as a result, even
outside the landslide boundaries, a large scale of
detected movements is observed, which shows the
unreliability of the obtained values. Nevertheless,
the spatial distribution of the movements within the
landslide border is comparable to the TSX results,
with the highest peaks at the highest part of the
landslide and in the lower part. Simultaneously,
all displacement values seem to be slightly
underestimated compared to the high-resolution
sensor. No further analyses based on S-1 data were
conducted for the next periods because of the large
amount of noise in the results, even in the detection
of large-scale movements.

4.3. Temporal evolution of landslide
movements

For the selected optimal window size, the calculations
for periods 1 to 3 were performed, revealing the
temporal development of the displacement field
for the Ponzano landslide. The range, azimuth
and magnitude displacements over those three
periods were analysed (Fig. 7). In order to analyse
only displacements that are the most reliable, the
obtained displacement maps were masked by cross-
correlation for the patch (ccp) at a value of 0.2. For
all periods, the main component of a shift occurred
in the range direction. The strong eastern component
and negative values for azimuth displacement
show that the main flow of the landslide stays in
agreement with the general slope direction of the
terrain. Although most of the displacement took
place in period 1, residual displacement could be
observed in the second period. All movements
detected by the OT method are within the borders
of the Ponzano landslide, according to the database
provided by the International Programme on
Landslides (IPC).

In period 1, in the range direction, the
displacement values are within -0.15-16.8 m. The
largest displacement is observed in the upper part of
the landslide located in the western part of the AOI.
There is a visible cut-off between the stable area and

the landslide. Most of the observed displacements
exceed the value of 8 m. In the lower part, due to
the low ccp values, the precise determination of
the displacement pattern is challenging. The most
significant azimuth displacement was observed in
the upper part of the landslide, with values ranging
from ca -6.5 m to -8.0 m. In the central part,
the movements reach values around 3 m. In the
lower part, displacements gradually decrease. On
the magnitude map, three areas with the highest
displacement values can be distinguished. The first
one is at the top of the landslide with a maximum
value of ~16.8 m; the second one is on the southern
part, slightly below the first area, with a maximum
of 15.5 m; and the last one is at the lower part of
the landslide, where the slope is steeper, with a
maximum movement equal to 15.1 m.

In period 2, the azimuth displacements vary in
the range of +0.23 m. Considering the standard
deviation of the results obtained in Section 4.1, which
can be considered the accuracy of the method, the
azimuthal results might be considered negligible.
Taking into account the aforementioned small
values of azimuth shifts, the range displacements
are almost identical to the magnitude movements.
Displacements are significantly smaller in period 2
than in period 1, suggesting that the main phase
of the movements is already finished. Nevertheless,
the displacements at a maximum of 1.4 m were
still observed in the period of 9 to 20 days after
the landslide was triggered, suggesting that the
deformation process lasted for the next few weeks.
The most significant difference between period 1 and
period 2, besides the magnitude of displacements, is
the location of the main movements. In period 1,
the maximum values were focused in the upper part
of the landslide, whereas in period 2, the largest
displacements were observed in the lower part of
the landslide, especially below the area where the
significant slope steepening is observed.

Period 3 comprises displacements that occurred
in period 1 and period 2 but were calculated
independently. It is visible that the main shift
occurred in a range direction, but in the upper
part of the landslide the influence of the azimuthal
shift is also observed. The range movements reach
a maximum of 17 m in the upper part (the steepest
part of the landslide) and in the lower part (both in
the north and south parts). In the azimuth direction,
mainly the upper part of a landslide shows the
displacement reaching 7.5 m. In the central part of
the AOI, the azimuth displacements vary by around
3 m. The magnitude movements reach peaks in the
upper part with a value of 18 m and in the lower,
southern part with a maximum of 19.5 m.
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Fig. 7. Displacements derived by TSX data in three analysed periods in range and azimuth directions,

and cumulative with masked areas with ccp at 0.2 value

4.4. Comparison between calculations from
different temporal baselines

Period 3 should comprise period 1 and period 2
displacements. It is assumed that the difference
between cumulative movements from period 1
and period 2 should be equal to those detected
in period 3. The magnitude displacements were
used for this comparison. The joint part of the
masked raster data for all periods was used to
determine the discrepancies between period 3 and
the summed shorter periods. Those residuals show
the inaccuracy of the calculation method, as the
input SAR data had identical features for all periods
and covered the same dates. The histogram (Fig.
8b) shows that the mean value (p) of residuals is
0.03. The standard deviation (o) is equal to 0.94,
which means that 68% of all residuals range from
-0.91 m to 0.97 m. About 30% of all residuals
reach values above 1 m. There are two main areas
where the most significant discrepancies are located
(Fig. 8a). The first one is in the upper part of the
landslide, where the highest displacement values

were identified. The second area is in the southern
part, near the south border of a landslide. Positive
values of the residuals suggest an overestimation of
the displacement values over a longer period. Over
the major part of the landslide, including the central
area, no significant residuals are observed.

Presented in Section 4.1, the analysis showed
that for a buffer zone of 200 m, the uncertainty of
azimuth and range displacement reached 0.55 m
and 0.39 m, respectively. Based on equations from
(1) to (4), the standard deviation for magnitude
displacements is 0.67 m, and the uncertainty of the
calculated residuals is equal to 1.17 m. Figure 8b
shows that the standard deviation of residuals is
0.94, which means that unmasked values are within
the accuracy of the utilised OT method determined
in Section 4.1. Moreover, the applied mask was
based on a ccp value, so mostly values that were
determined with too low accuracy were removed
from the analysis. The presented analysis justifies
the use of ccp at a level of 0.2 as a reasonable
threshold.
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5. Discussion

The conducted analyses present that even though
the OT technique was primarily designed for
monitoring glacial areas, it is possible to obtain
reliable displacement values by this method for
rapid landslides, such as for the Ponzano landslide.
Nevertheless, a comparison of the S-1 and TSX
datasets revealed that, for a significantly smaller
extent of the study area, the medium-resolution
S-1 data cannot deliver satisfactory results, in
contrast to the TSX imagery. Further investigation
about the possibility of applying the OT method
in the landslide case study included an analysis
of the influence of registration window size on
the quality of the results and the accuracy of
the obtained displacement maps. The results of
the analyses presented in Section 4.1 lead to the
conclusion that the size of the optimal window is
64 pxl x 64 pxl. The selected window size reflects
the compromise between the visible details in the
results and the amount of noise and errors in the
background. Similar conclusions are also presented
by Wegmiiller et al. (2002) and Amitrano, Guida,
Di Martino et al. (2019). The former indicates that
windows of 64 pxl x 64 pxl or 128 pxl x 128 pxl
can be considered a reasonable compromise in the
OT method. The latter points out that 64 pxl x 64
pxl windows is the minimum recommended size to
obtain reliable values.

Based on the analysis of the displacement
values outside the landslide boundaries for the
selected optimal window size, the accuracy of the
OT method could be established. The mean value

for the background ranged from 2 cm to 10 cm,
depending on the buffer size and displacement
direction. These values correspond to 1% to 7% of
pixel size and reflect the mean error of the output
displacement maps. Nevertheless, the standard
deviation in the background varied from 0.39
m to 0.61 m, which corresponds to ~25% of the
pixel size. Those standard deviations might be
considered the accuracy of the OT method in this
particular case study. In the current state of the art,
it is assumed that the OT accuracy might reach
5% of the pixel size (Wegmiiller et al., 2002). In
the analysed Ponzano landslide case, the obtained
accuracy is lower. However, it is worth noting that
the calculations of the initial accuracy are performed
on the raw results without rejection of the pixels,
where cross-correlation values are low. Whereas the
analysis of the temporal evolution of the landslide
movements in Section 4.3 is performed on the
filtered displacement maps, considering only pixels
with a ccp higher than 0.2 to provide high-quality
data.

In addition, this study reveals the temporal
evolution of the displacement pattern for the
Ponzano case and fills the gap between existing
studies about the landslide evolution in 2017.
In this study, for the first time, the pace of the
displacements is investigated in detail on a short
time scale, allowing us to determine the period
in which the dangerous movements might still
occur in the landslide area. The existing studies
were focused mainly on pre-landslide (Solari et al.,
2018) or post-landslide displacements (Allasia et al.,
2019). For pre-landslide monitoring, remote-sensing
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techniques based on SAR imagery were used. Solari
et al. (2018) applied the SqueeSAR method and a
combination of Sentinel-1 and Radarsat-2 images
to provide information about displacement 14
years before the Ponzano landslide was activated
in 2017. This study revealed that, since 2003, the
cumulative displacement in the analysed area
ranged from 10 cm to 40 cm. In the same study,
the rapid motion tracking algorithm was used to
map displacement in the main phase of landslide
movements. These results confirm that the most
severe displacement occurred in the crown of the
landslide and the displacement pattern confirms
observations from Section 4.3. Calista et al. (2019)
also presented the displacement map covering the
main phase of the landslide movements based on
the UAV data, with values reaching even 19 m in
the south-easterly direction. The general spatial
distribution of the movements and the scale of
the detected displacements are consistent with
the results of this study. Nevertheless, a direct
comparison of displacement values is impossible
as the UAV-derived map covers a much longer
period. The UAV pre-landslide data are from
2010-13, and the post-landslide data acquisition
took place in May 2017 - three months after the
landslide was triggered. It can be assumed that the
UAV displacement map presents mainly the effect
of the February 12 landslide, though some pre- and
post-landslide displacements might affect the results
presented in Calista et al. (2019). In this study,
the cumulative displacements cover only 22 days
around the main phase of movement. Nevertheless,
the UAV maps provide the most reliable results
to compare with the results obtained in this study
by the OT methods. The three areas of maximum
movement can be observed in both UAV- and
OT-derived maps. The areas are consistent, which
makes the OT results from the study more reliable.
The post-landslide in-situ monitoring carried out
by Alasia et al. (2019), shows that until July 2017,
some displacements were still observed in Ponzano,
reaching a maximum of 72 cm in the upper part of
the landslide. Nevertheless, the in-situ monitoring
started on February 23, which resulted in a data gap
between the date of triggering the landslide and the
start of its monitoring. This study aimed to fill this
gap and derive information about displacement that
occurred right after the main phase of movements
slowed down. Such information might be crucial
for inhabitants of areas where rapid landslides
occur, as it helps to establish the duration of
landslide activity and the scale of those residual
displacements. A synergy of previous studies and
this research provides a more detailed insight into

the mechanism of the Ponzano landslide formation,
revealing the pace of the displacements for the
selected benchmark (Fig. 1c). First, the confidence
interval for the OT results was determined. For
this purpose, the Student’s t-test with the Welch
amendment was applied to two groups of the data
(period 3 and the sum of period 1 and period 2)
around the benchmark. This determined a 95%
confidence interval of —-0.8 m to +1.5 m. Then, the
theoretical function was fitted to the OT results.
Due to the rapid growth of displacement values
in the initial part of the time series and the more
or less constant value for further arguments, it
was decided to use one of the functions used in
geostatistics, the pentaspherical model (4). Fitting
was performed to ensure that the pentaspherical
model was within the 95% confidence interval.
Utilising the land displacement model, the velocities
of land movements (5) were determined.

mag@ =wean (3 (1) -5 (2) +3(5) )0

dMag(t)

Velocity(t) = ot (5)

where: Mag(t) - land displacement in time, t - time,
Mag, - maximum value of land displacement in ¢,
— the moment of occurrence of the maximum land
displacement value.

Assuming that 'til the end of May, the post-
landslide monitoring covered the total displacement
value, in the first phase of the movement, consisting
of the date of landslide triggering and nine more
days, 92% of the total movements were observed by
the OT technique. The maximum estimated velocity
in this period reached 2.1 m/day at the beginning
of the movements (Fig. 9). In this stage, the most
significant movements were observed near the
landslide corona. This maximum estimated velocity
is derived from the availability of TSX imaging dates,
so the most likely value of velocity is significantly
higher. In the following 11 days observed by the OT
method, 4% of the total movement was observed.
At this point, the movements were mostly observed
in the lower part of the landslide, especially beneath
the scarps zone. The maximum estimated velocity at
the beginning of this period was 0.56 m/day. It is
important to note that in this stage, covering days
from 9 to 20 after the triggering of the landslide,
residual displacements still reach even 1.4 m. Such
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a scale of movements means further instability
of this region, which might still have negative
consequences for inhabitants and infrastructure. In
the following days, until the end of May, the post-
landslide in-situ monitoring revealed the last 4% of
the movements with an average speed of 0.03 m/
day. The UAV until the beginning of May showed
displacements with a maximum value similar
to those from the OT technique; however, the
average estimated speed in this case is 0.16 m/day.
Considering the uncertainty of the OT data and
the errors of the other measurement techniques, it
might be concluded that the utilised OT method
derived reliable results for the Ponzano landslide
based on the TSX data.

Despite the successful application of the
OT method in the Ponzano landslide case, the
aforementioned technique might not provide
reliable results for some rapid landslides. The
resolution of the input dataset and the scale of the
movements remain limitations of the OT procedure.
Section 4.2 points out that S-1 images, which are
characterised by coarser resolution compared to
TSX, did not provide reliable results even for the
main phase of landslide movements. On the other
hand, high-resolution datasets enabled captioning

movements at the level of a few dozen centimetres.
However, such datasets are not as easily accessible
as S-1 images. Another limitation is connected with
the change in land cover that might accompany a
rapid landslide. Too severe changes in land cover
result in problems finding corresponding patches on
the pair of SAR images. As a result, the application
of the OT method in such cases can be challenging.
Nonetheless, knowledge gained by studying
particular cases like Ponzano might be transferred
to similar landslide events.

Rapid landslides have both short- and long-term
socio-economic effects on the local population, as
well as national consequences. Italy, being one of
the European countries with the highest landslide
risks, also suffers from the highest economic loss
due to landslide activities, estimated at 3.9 billion
euros per year (Haque et al, 2016). The expenses
affect both public and private properties, and
they can be separated into direct costs such as
replacing residents or restoring infrastructure and
indirect costs such as changing land use cover,
which results in, for example, the destruction of
agricultural lands (Schuster, 1996). In the event
of the Ponzano landslide, 35 residences were
evacuated, with many collapsing or sustaining
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Fig. 9. Time-series for selected benchmark: combined results from this study, UAV and post-landslide monitoring
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severe damage. Parts of the roadways at the corona
and farther down the landslide were also damaged,
resulting in additional costs for road repairs. Most
of the damaged regions were used for agricultural
reasons, notably olive oil plants. Ground movement
and slope destabilisation may result in the loss of
growing products. Furthermore, approximately 120
people were forced to leave their homes, either
permanently or temporarily. The analyses performed
in the study provide more accurate insight into the
exact damages caused by the Ponzano landslide,
and the technique utilised may also contribute to
hazard management in other landslide incidents.
Firstly, the OT technique and SAR data analysis
can rapidly and safely determine the spatial extent
of the disaster, assisting in estimating financial
losses due to land changes and mapping buildings
in hazard zones that may be harmed. Furthermore,
this investigation demonstrated that residual
movements could persist in the impacted areas
even several days after the landslide was triggered.
Consistent monitoring of those movements can aid
decision-making and risk assessment by providing
information about the safety of the analysed region
and the slope's stability. Remote monitoring may
also reveal locations that are particularly vulnerable
due to significant land movements and should be
better safeguarded and closed off to residents. As
a result, the OT technique and high-resolution
imagery can be utilised to estimate the duration of
the dynamic movement phase that threatens people
and infrastructure.

6. Conclusions

The current study investigates the feasibility of using
the OT technique to detect landslide displacement
based on the example of the Ponzano landslide.
A key outcome of the studies is new information
about the temporal evolution of the displacement
field for this landslide. The performed analyses
derived information about the scale of movements
in a short time scale for the first time, revealing
that, in the main phase of the movements, about
92% of all registered displacements were detected.
Moreover, during the following 11 days, the residual
movements were also observed with their maximum
displacement value reaching 1.4 m, which represents
the next 4%. The comparison of calculations from
various temporal baselines indicates that the
values of residual displacements are reliable, as
they exceed the uncertainty of the calculations.
Those results show for the first time that, after

the main phase of the movements, there are still
some fading displacements that might threaten
the local inhabitants. The last 4% of displacements
were observed in the next three months, with a
mean velocity of 0.03 m/day. These results showing
the pace of an evolving landslide are especially
important in the light of increasing intensity of
rainfalls and extreme weather conditions that lead
to the instability of the ground and in consequence
to a higher number of rapid landslides across the
world.

Furthermore, the suitability of using medium
and high-resolution SAR data was determined. The
medium-resolution S-1 SAR data and high-resolution
TSX images were used to test the parameters of the
OT method and obtain displacement maps for three
periods of the landslide’s evolution: the main phase
of the movement (until 9 days after the landslide
was triggered), the phase of residual movements
(from 9 to 20 days after triggering), and the longer
period covering both previous phases.

The presented results indicate that the OT
method, mainly developed for monitoring glacial
areas, can also be successfully applied to rapid
landslides to quickly and safely map the size of the
disaster. Significantly higher quality was obtained
for the high-resolution datasets, which enabled the
measuring of the main phase of the movements but
also of residual displacements that occurred in the
several following days. During the testing phase,
the optimal registration window size, which is one
of the main parameters of the used method, was
established at the level of 64 pxl x 64 pxl. For such
input data, the uncertainty of results was calculated
as +0.39 m in range and +0.61 m in azimuth
direction, which represent ~25% of the pixel size,
considering no filtering by the cross-correlation
value.

European countries and other regions in the
world will faced an increasing landslide problem
in the coming years as a result of climate changes.
The impact of these changes on the sense of
security of local communities in landslide areas
must be addressed. The research presented in this
article is a step towards a better understanding of
the mechanism of landslides, and thus represents a
certain contribution to solving the socio-economic
problems of modern societies.
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this part of the world. Existing methods have some limitations like a need for extensive param-
etrization or adjustment of specific software to only one type of input data. Despite the rapid
development of artificial intelligence, the fusion of satellite radar images and machine learning
methods is still not thoroughly investigated topic. This study evaluates potential of using machine
learning models and Sentinel-1 images for purposes of ice velocity determination. This approach
is examined with two testing datasets and one real-world case study. The testing datasets contain
original image and its manually shifted version to evaluate effectiveness and accuracy of proposed
methodology. The real-world case study is Daugaard-Jensen glacier in eastern Greenland and its
results are compared with the traditional remote sensing technique such as an offset-tracking
algorithm. This research tested various data augmentation techniques and neural network ar-
chitectures to find optimal solution that could serve as an alternative approach to deliver hori-
zontal displacement information. The testing datasets showed that obtaining 1-pixel accuracy is
possible with the proposed approach. Moreover, in real world conditions, the proposed meth-
odology allowed for obtaining satisfactory results, showing also current limitations of presented
approach related mainly to lack of distinguishing features in the main glacier flow.

1. Introduction

The Global Climate Observing System (GCOS) identifies ice velocity as one of 55 Essential Climate Variables (ECV) (World
Meteorological Organization (WMO) et al., 2022), highlighting the need for improved methods for its observation. Ice velocity is
constantly monitored, particularly in polar regions, and is one of the indicators of current climate change progression, as it is also one
of the components that are necessary to estimate mass balance. The importance of high-quality velocity information delivered by earth
observation (EO) products in the context of the accuracy of mass balance estimation was already noticed in previous studies (Han and
Lee, 2015; Li et al., 2016; Rignot et al., 2008; Shen et al., 2018). Velocity changes might deliver information about the general
condition of the glacier and processes that occur beneath the surface. Speedup periods can be associated with glacier retreat or
increased basal melting, which leads to friction reduction, which may also be connected to glacier thinning (Joughin et al., 2021; King
et al., 2020). Ice velocity measurements could then improve glacier modelling, leading to a better understanding of their impact on
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climate change, including sea-level rise. Moreover, changing ice dynamics reflect how climate change affects the polar regions. This
variable can be delivered in a variety of ways, but remote sensing techniques, particularly satellite data, are most commonly used to
provide timely, accurate, and global datasets.

Ice velocity can be determined using either active or passive satellite sensors. There are numerous studies demonstrating the
feasibility of measuring this ECV using optical, hyperspectral, radar, or combined datasets in various parts of the world (Dirscherl et al.,
2020; Joughin et al., 2017; R. Li et al., 2022; Mouginot et al., 2017; Solgaard et al., 2021; Vijay et al., 2019). In the Arctic and
Antarctica, considering the polar night phenomenon and significant cloudiness, SAR data can be used to provide full-year observations
of areas that are critical for climate change monitoring. Differential Interferometry (DInSAR) is used to measure ice velocity for
slow-moving glaciers, while offset-based algorithms are used for faster-flowing glaciers (Joughin, 2002). The DInSAR technique is
commonly used in areas such as Svalbard (Eldhuset et al., 2003; Nela et al., 2022; Perski and Jania, 2004; Wangensteen et al., 2005),
Himalaya (Kumar et al., 2011, 2023; Nela et al., 2018), Baffin Island (Samsonov, 2019), or Tibetan Plateau (Liu et al., 2016). The
combination of both methods delivers a full displacement field by merging results for areas with different ice flow dynamics (Feng
et al., 2023; Lin et al., 2022; Luckman et al., 2007; Sanchez-Gamez et al., 2017). Offset-based techniques, which are also called in the
literature as feature tracking (Van Wyk De Vries and Wickert, 2021; Zheng et al., 2023), pixel tracking (Jawak et al., 2018), speckle
tracking (Joughin, 2002) or template matching (Altena and Kaab, 2020), can be applied to both optical and SAR datasets. Focusing on
active satellites, two main groups in the offset-based algorithms can be distinguished: intensity tracking (Li et al., 2014), and coherence
tracking (Strozzi et al., 2002). The feature tracking algorithms rely on very distinct features that are observed on the surface and can
then be easily identified on a pair or stack of images, such as crevasses, moraines, or any other spatial patterns that can be distinguished
in images. In the intensity tracking algorithms, the amplitude of the radar signal is used to find a cross-correlation peak between image
pairs. For the coherence tracking, small image patches are subtracted from SLC (Single Look Complex) images, and interferograms with
various offsets are generated. Then, for each interferogram, the coherence is estimated, and the maximum coherence values point out
areas with the highest similarity (Strozzi et al., 2002).

Even though there are numerous methods for velocity estimation, they have some drawbacks and limitations. They require a wide
range of parameters that need to be set up to produce reliable results. The parametrization varies depending on the used software and
algorithm implementation. However, the input parameters may include such values as searching window size, grid density, over-
sampling factor, cross-correlation threshold, interpolation method for correlation peak and for outlier filling, or maximum velocity.
The variety of those parameters shows that for different software, sensor types, their spatial resolution, and study areas, there is a large
number of parameters that should be optimized. Successful optimisation depends on users knowledge of the algorithm, sensor, and
specific study area, which might lead to time-consuming calculations. Parameter space is thus wide and hard to explore for various
study areas (Zheng et al., 2023) and the machine-learning (ML) approach might improve ice velocity estimations in this aspect.
Moreover, offset-based methods usually apply smoothing of the results, which eliminates all potential outliers. The smoothing might
occur in the filtration phase, when noises are reduced on displacement maps by applying various filtration methods. Moreover, some
points during processing are classified as outliers due to low cross-correlation values or exceeded maximum expected speed. In such
areas, the gaps are usually interpolated based on the neighbouring offsets. Even though such a procedure might provide satisfactory
results for most areas, in some cases when the local spatial anomaly is observed, the information about non-linear flow might be lost.
Removing such areas or smoothening the results might thus affect the interpretation of ice dynamics, as those areas may be particularly
important in providing information about subsurface processes or objects on the glacier surface that disrupt the linear flow of the
glacier’s tongue.

At the same time, despite the current rapid development of artificial intelligence (AI), there are only a few studies attempting to
address this research problem using ML techniques. Current development of ML models is focused more on optical data, and the SAR
community is lacking benchmark datasets, and there are still considerably fewer Al models developed for radar datasets than for the
optical ones (Zhu et al., 2020). Most of the ML applications related to SAR data are focused on terrain classification (Kussul et al., 2017;
Lv etal., 2015), object detection like ships (Jianwei Li et al., 2022; Li et al., 2023; Yasir et al., 2022) or landslides (Ghorbanzadeh et al.,
2019; Mohan et al., 2021; Nava et al., 2022), data fusion (Adrian et al., 2021; Li et al., 2022; Schmitt et al., 2018), or despeckling
(Fracastoro et al., 2021; Lattari et al., 2019; Ma et al., 2020; Mullissa et al., 2022). Amongst ML applications related to displacement
monitoring, current studies focus strongly on such aspects as InSAR displacement time-series prediction (Cieslik and Milczarek, 2022;
Fiorentini et al., 2020; Shami et al., 2024), and detection of movement or vulnerable zones (Brengman and Barnhart, 2021; Confuorto
etal., 2022; Mirmazloumi et al., 2022; Tiwari and Shirzaei, 2024). Nevertheless, those studies focus primarily on vertical or LOS (Line
Of Sight) movements. Detection of horizontal movements and determining the displacement value via ML models is still not a thor-
oughly investigated topic. The problem of finding offsets between image pairs was tackled so far by researchers using such techniques
as optical flow or various deep learning networks. One of these approaches uses optical flow, which is widely used in different dis-
ciplines for motion tracking between images or video frames. This approach was adopted for glacier velocity estimation to retrieve a
very dense displacement field by Altena and Kaab (2017); Lenzano et al. (2018) and Vogel et al. (2012). However, those studies used
optical imagery for purposes of glacier monitoring and SAR dataset were not included in the analysis. Another approach was presented
by Shen et al. (2022), where a deep matching network with sister network having shared parameters was used. This type of Siamese
network can determine whether image patches are similar or not, and then calculate the offset between them. However, the study is
also limited in spatial extent, and no tests were performed on Greenland glaciers. Additionally, the authors highlighted that the best
results were retrieved only for high-resolution SAR datasets. A similar problem was also tackled by Kim et al. (2025). The authors
developed a new model named CC-ResSiamNet, which aims to find corresponding areas in input images. The model is capable of
detecting not only glacier velocity but also horizontal displacement caused by volcanos or earthquakes. Nevertheless, the proposed
model requires processing of the initial offset field to train the network, and the presented study aims to work only on coregistered SAR
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intensity images without further processing. Considering that only a few studies exist in the area of using ML models for horizontal
displacement determination and other deep learning architectures and methods were not thoroughly tested for this application,
additional investigation is needed. Given the foregoing, the purpose of this study is to investigate the feasibility of monitoring glacier
flow velocities using SAR data and a convolutional neural network (CNN). The CNN’s ability to recognise patterns can provide an
alternative, novel solution for detecting offsets between coregistered images, delivering the corresponding areas as an output of a
network. This study evaluates such an approach using two synthetic datasets and one real-world case study involving the Greenland
glacier. It demonstrates how Sentinel-1 (S-1) data can be combined with a developed CNN architecture to produce velocity maps of
glaciers. The results are also compared to the traditional offset-tracking (OT) method to determine the effectiveness and accuracy of
the proposed approach.

2. Dataset

The ML-based approach for horizontal displacement determination was evaluated on two synthetic datasets (subsection 2.1) and
one real-world dataset (subsection 2.2). In the synthetic datasets, the pre- and post-movement images were identical, but they were
manually shifted by a defined vector. It ensures that the visual pattern on both images is the same, without external noises and
reflectance differences due to e.g., atmospheric disturbances. They represent homogeneous displacement over a whole image with a
known value, which enables evaluation of the method’s accuracy and usefulness of the proposed approach. The real-world datasets
consist of three radar image pairs of the same glacier collected on different dates. Thus, the input images might differ due to weather
conditions of glacier surface deformation. Moreover, the estimated velocity field is unknown and needs to be evaluated with an
external dataset processed with a traditional remote sensing approach. For the real-world case study, additional post-processing steps
are also required, such as masking water bodies, recalculating pixel offsets into metric values based on pixel size, and final velocity
estimation.

2.1. Testing datasets

In order to validate the proposed algorithm and assess its accuracy, two test datasets were prepared. Each dataset consists of a pair
of images: (1) the original image and (2) the shifted image by a user-defined vector in pixels. The method concept is based on finding
corresponding areas on both images by searching similar patterns between smaller image patches. The tests were carried out on the
random cat image and on the part of Synthetic Aperture Radar (SAR) acquisition from S-1 satellite (background images in Figs. 5A and
6A). The aim of using example image as one of the datasets was to check the versatility of the method and to facilitate a visual
assessment of its performance. Interpretation of such image is much easier and more unambiguous compared to SAR image. It allows
for identification of strengths and limitations of the algorithm. The satellite image test from the second dataset aims to verify if the
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Fig. 1. Location of area of interest: (a) extent of S-1 images used in the study with Greenland in the background, and (b) area of analysis at the
background of natural colour composition from Sentinel-2 satellite.
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developed tool works effectively in case of noisier data, with lower resolution and only one spectral canal. The testing image covers the
area of the Daugaard-Jensen glacier, which is located in eastern Greenland (Fig. 1). For these purposes, the Ground Range Detected
(GRD) product was used, which delivers near-square pixel images. In further analyses, only the amplitude layer with horizontal (HH)
polarization was used, as it is characterised by a higher backscatter coefficient than the cross-polarized layer (VH).

2.2. Real-world case study

The utility of the developed method was also tested in real-world conditions over the Daugaard-Jensen glacier (Fig. 1). It is a large
outlet glacier and one of the fastest-flowing in the eastern part of Greenland. Daugaard Jensen is also a marine-terminating glacier that
flows into the Norvestfjord. It covers approx. 4% of the Greenland ice sheet, and it is stable in terms of mass balance or velocity changes
(Bevan et al., 2012; Mouginot et al., 2019). The velocities along the glaciers might vary from 3.0 to 11.0 m/day.

In order to determine glacier’s displacement, the GRD products from the S-1 mission were used with a 12-day temporal baseline.
They were acquired in Interferometric Wide (IW) mode with the details shown in Table 1. In further analysis, the amplitude layer in
horizontal (HH) polarization is utilised.

3. Methods

The development of a new algorithm for glacier displacement monitoring was divided into several stages from data preparation to
final model validation, which are presented in Fig. 2. Each of the processing stages is described in detail in the specific subsections. The
general workflow begins with the data preprocessing stage, which is described in subsection 3.1. and consists of DEM-based cor-
egistration of SAR images, data sampling and augmentation techniques, and processing parameter determination. In the next step,
preprocessed images serve as an input for ML model estimation, which delivers information about corresponding patches between two
images. The process of model development and tested parameters is described in subsection 3.2. In subsection 3.3, the results obtained
with use of ML techniques are postprocessed in order to analyse the highest quality of data and to produce displacement and velocity
maps. In order to validate the proposed algorithm, the reference velocity dataset is calculated with the OT method in subsection 3.4,
and its detailed comparison with ML values is discussed in section 5.

3.1. Data preparation and augmentation

Before the ML model was built, the training datasets were created. One full dataset, which may be used for displacement moni-
toring, consists of the primary image (“reference image” further in the text) and the image acquired later at any time interval
(referenced further in the text as “secondary image”). For real-world case study, the input dataset consisting two radar acquisition was
firstly coregistered using Digital Elevation Model (DEM) to ensure correct position of both images in space. In order to create a proper
dataset, the reference image is divided into smaller image patches with the size of 100x100 pxl. In the next processing steps, those
patches will be searched at the secondary image. The secondary image is divided into similar image patches, ensuring a higher density
of samples in areas where potential movement can occur. For these purposes, the coordinates of the middle image patch from the
reference image are extracted, and the searching radius and sampling density are determined. At the secondary image, the corre-
sponding coordinates are searched, and the division into patches is done in the specified step size until it reaches the maximum
searching radius. Each of the new image patches is a separate class in the ML model. All those processing steps are repeated for each
image patch created from the reference image. At this stage, each classification class comprises only one image; thus, to apply the ML
model correctly, further extension of the training dataset was required. Augmentation of dataset was done by applying rotation,
resizing with the determined buffer, and filtering of collected samples with such filters as blur, contour, detail, edge enhance, emboss,
find edges, sharpen, and smooth. Rotation and resizing parameters might be modified at the point of dataset building. In the described
cases, the rotation was applied in the range of +15° with a 5° step and resizing in the range of +2 pxl. The purpose of applied
modifications and their parameters is not only to expand the dataset but also to reflect changes that might occur at the testing site, such
as stretching or compression of the glacier’s surface or rotation due to a change in flow direction.

3.2. Machine-learning model estimation

Datasets created according to the procedure described in section 3.1. Were used as input into the developed ML model. In the

Table 1

Technical parameters of used acquisitions of S-1 mission.
Date Temporal baseline [days] Pixel spacing: range x azimuth [m] Polarization Path Frame Orbit type
2024/02/03 12 10.08 x 10.27 HH + HV 170 354 descending
2024/02/15
2024/02/15 12 10.08 x 9.62 HH + HV 170 354 descending
2024/02/27
2024/02/27 12 10.08 x 9.62 HH + HV 170 354 descending
2024/03/10
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Fig. 2. General workflow presenting applied processing steps and data flows.

proposed method, in order to determine horizontal movements, it is necessary to find patches covering the same area on reference and
secondary images. After finding corresponding areas, the X,Y coordinates of the centres of both image patches are extracted. It provides
information about the location of those smaller patches on the background of a whole image. The difference between the X and Y
coordinates of patches in reference and secondary images delivers information about pixel offset along both axes. This pixel offset
describes area movement in the time between image acquisitions. Choosing the image patches covering the same area is tackled as a
classification problem. The created ML model takes an input sample from the reference image and, as the output, returns the class with
the most similar patch from the secondary image. To solve this problem, the CNN was used, which, due to in-depth analysis of the
image features in the subsequent network layers, can precisely point out areas with the highest visual similarity.

In order to find appropriate CNN, several tests were performed. Firstly, few architectures were tested: self-developed simple CNNs,
LeNet (LeCun et al., 1998), AlexNet (Krizhevsky et al., 2012) and VGG16 (Simonyan and Zisserman, 2014). They were used to generate
the velocity and flow direction maps in glacier areas. The visual inspection of general movement direction and magnitude showed the
most promising results for the AlexNet architecture. At this point, it was assumed that the glacier tongue flows linearly into the bay
with increasing velocity towards the terminus, and areas outside the tongue should represent no movement or relatively small values.
Self-developed CNN architectures were not able to properly distinguish image patches, resulting in a messy vector field, which did not
represent the natural glacier movement; thus they were removed from analyses. LeNet and AlexNet showed the most similar results;
however, AlexNet was more stable over the next iteration. The VGG16 architecture was not further investigated due to the high time
and computational costs. In the following steps, several parameters were tested to establish the most suitable values for the study. In
terms of optimisers, the two most popular ones were tested: SGD (Stochastic Gradient Descent) and Adam (Adaptive Moment Esti-
mation). As the activation functions, ReLU (rectified linear unit) and tanh (hyperbolic tangent) functions were investigated. Moreover,
the learning rate was changed in the range from 0.0005 to 0.01 and the number of epochs from 35 to 200. In order to decide which
parameter set is the most suitable, the in-depth analysis was carried out in three zones of glacier images. The first image patch rep-
resented a relatively stable area, the second one was located on a main glacier tongue where significant velocities are obtained, and the
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third one was located in an area with a small expected velocity. For each of these patches, the following parameters were analysed:
accuracy of the prediction, probability of the output patch, loss function, and heatmap of probabilities returned by an ML model for a
selected image sample. The final model was aimed to maximise the accuracy and probability and minimise the loss function. The
probability map should strictly highlight one area of high probabilities, where the ground truth is located. Maps with significant
probability dispersion were assessed as ambiguous results. Moreover, for each parameter set, the whole displacement map was created,
and its reliability in terms of movement direction and values was also assessed.

After described testing, the final model was based on the AlexNet architecture with slight modifications. The architecture consists
of 5 convolution layers, 3 max-pooling layers, 5 normalised layers, 1 dropout layer, and 2 fully connected layers (Fig. 3). The ‘ReLU’
activation function was used in the learning process and Adam optimiser, as other configurations provided more distributed proba-
bilities in final results, and in challenging areas the model did not converge. The learning rate was set to 0.001, as it ensured the
balance between processing time and model accuracy. The number of epochs was set to 100, as it was observed that the results were
not improving with an increased number of iterations, and the best weights were saved during the learning process. The input to the
designed CNN is a single image patch with the 100x100 pxl size from the reference image, and as the output, the probabilities are
assigned to each class, representing patches from the secondary image. The class with the highest probability is selected as a corre-
sponding one to the input of CNN. In the last step, the differences between the coordinates of the centre of both image patches in the
radar system coordinates are used to determine displacement in range and azimuth directions expressed in pixels. Described tests
showed that for patches with clearly distinguishing features, almost all sets of parameters delivered satisfactory results. Nevertheless,
for image patches near glacier terminus, where the cracks occur and the calving process takes place, finding the corresponding patches
remains a significant challenge.

3.3. Filtration and post-processing

The last step of data processing aims to ensure high quality of data and filter outliers that may disturb the analysed displacement
field. The filtering process is divided into four stages related to: (1) assessing reliability of the classes returned by the ML model; (2)
removing areas of ice-melange; (3) filtering data with the lowest quality; and (4) recalculating offsets in pixels into metric values based
on pixel spacing (Fig. 4). Firstly, the probability distribution returned as the output of the ML model is analysed. It allows to determine
the level of confidence of the output class with the highest probability value. To test the reliability of the output highest probability
value, the mean probability (1) amongst all output classes and its standard deviation (c) are calculated. When the analysed probability
value exceeds the range of p + 3*o, it is considered significantly higher than probabilities assigned to other output classes. Therefore,
image patches returned with a probability higher than p + 3*c remain in the steps of further analysis. Values that do not meet this
requirement are rejected as unreliable, as they reflect a very large and uniform probability dispersion between classes and thus an
unsatisfactory CNN efficiency for a given part of the image. The second stage of filtering is related to glacier areas and removing ice-
mélange or water areas from analysis. The area of interest (AOI) is divided into two classes: O - land, 1 - sea-ice/water. It allows to
separate glacier parts that float in the bay and do not represent the main glacier flow dynamics. Masking of those areas was performed
via visual inspection of SAR acquisitions. In the last step of the post-processing, the probability distribution in a whole area of interest is
investigated. In order to remove image patches with the lowest probability, the values across the whole area were analysed, and the
threshold value was set to the level of 5%. Image patches with probabilities below this threshold are removed from the analysis of the
displacement field. The threshold value was selected in order to keep the balance between the relatively large number of samples and
the reduction of patches with high uncertainty. In the last step, the remained offsets in range and azimuth directions are recalculated
into metric values, considering the terrain pixel size along both image axes. On the basis of the obtained values, the maximum
displacement is calculated as a resultant of range and azimuth offsets. Then mean velocities are determined as maximum displacement
divided by temporal baseline between both images. Such an approach to data analysis allows for movement direction assessment and
the creation of vector displacement maps.

@ Conv2D . BatchNormalization . MaxPooling2D . Flatten . Dense @ Dropout

Fig. 3. Scheme of the designed architecture of CNN.



M. Lucka Remote Sensing Applications: Society and Environment 37 (2025) 101476

Step 1
Classification ;
results for each Leave only max. si r:/igggr?ge of
patch: probability — probabilities — gm e
assigned to >l[+/-3%a bability val
output classes I lISAEING
Step 3 Step 4
Significant values Drop values Recalculate pixel :
with masked ~— with probability —  offsets into 2 il
: : maps
sea-ice below 0,05 metric values
Step 2
: Patches divided Legend
Amplitude image __| Iqen/tlfy 353 __, intotwoclasses: _ ) =
of a glacier EATEIE -land Input Action
patches X
1 - sea-ice/water
Output . Final product

Fig. 4. Post-processing workflow.

- .“ ====.
- . ==.==
- .E ====
400
S 500 =
g " g
600
700
o =) o o S
0 O O O o o o o S
- « ™ < 3 © ~ o > =
X [px1] X [pxl]
g 100 D00
. -1 -10 -10 -10 -10 -10 8 3 -3 -4 -3 -3 -5
200 200
-10 -9 -10 -10 -10 -10 -6 -10 -15 -3 -7 -3 -3 -3 -3 -5
300 300
-10 -10 -10 -10 -10 -10 -10 -10 -10 -3 -3 -3 -3 -3 -3 -3
400 400
-10 -10 -10 -10 -10 -10 -10 -9 -10 ) -3 -3 3 -3 B Es)
= 500 = 500
3 5
= -10 -10 -10 -10 -10 -10 -10 -10 -10 = -3 3 -3 =3 -3 3 sl
> >
600 600
-10 -10 -10 -10 -10 -10 -10 -10 -10 E3) -3 ) & ) ) o)
700 700
-10 -10 -10 -10 -10 -10 -10 -12 -7 Es) B Es) =) B B S
800 800
-10 -10 -10 -10 -10 -10 -10 -1 -3 -3 -3 -3 ] s i
900 900
e | o | s | | e | s | o 9 -10 3 3 3 3 3 3 3
1000 o | 1000 o
o o o o o o o (=] o b3 o o (=] o o o o o o
o o o o o o o o o S o o o o o o o o o S
= N 3] w © ~ 0 o - = N ™ < w © s} (&} -
X [pxI] X [px]]

Fig. 5. Results for testing dataset 1: (A) direction of the offset estimated by CNN, (B) maximum probability from ML model, (C) detected offset along
X axis, (D) detected offset along Y axis.
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3.4. Reference data: offset-tracking

Validation of the results obtained by the proposed method was performed by comparison with displacement maps produced with
the offset-tracking (OT) technique. The calculations were performed in the Gamma Software (Werner et al., 2005) based on satellite
radar images described in Table 1. This method allows for the identification of corresponding areas between amplitude images using
cross-correlation values. It is widely used in glacier areas but also for monitoring landslides (Cai et al., 2017; Jia et al., 2020), or even
mining areas (Huang et al., 2020; Zhao et al., 2021). At the stage of image registration, high-resolution Copernicus DEM was used with
a spatial resolution of 30 m. For OT method implementation, SLC products with original resolution were used. The registration window
size was set to 256 x 64 pxl in range and azimuth directions, respectively. To remove areas of low signal quality, final displacement
values were masked with the cross-correlation values of minimum 0,2. Obtained displacement maps were used to check the quality of
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displacement delivered by the CNN model and for purposes of analysis of potential anomalies in glacier flow. Moreover, it helped to
map areas of low signal quality, which might affect the CNN results as well.

4. Results

The ML results are presented separately for synthetic datasets in subsection 4.1 and for real-world scenario in subsection 4.2. The
first part focuses on pixel offsets amongst X and Y axes and probabilities of determined values. The real-world dataset part is focused
more on actual metric velocities and the direction of the main flow. The correctness of synthetic dataset results is checked with the
defined vector values, and for the glacier case study, the accuracy is determined by comparison with external data in the discussion
section.

4.1. Testing datasets

The first of the testing datasets, which represents a photo of the cat, was manually shifted by a vector determined in a raster co-
ordinates: [dX, dY] = [—10 pxl, —3 pxl]. Using the designed CNN, the overall direction of the movement (Fig. 5A) and its probabilities
(Fig. 5B) were assessed. Moreover, the offsets along X (Fig. 5C) and Y (Fig. 5D) axes were determined. Due to the fact that reference and
secondary images had the same sizes but were shifted, there is no full overlap between those samples, thus not all image patches are
visible in both images. Therefore, it is impossible to detect movements in those areas by a developed algorithm. Considering above,
firstly, the results from the first row and column of the image were removed, as in these parts of the image there is no overlap between
samples. Analysis of the offsets distribution along both axes (Fig. 5C and D) revealed that approx. 81% of all image patches were
correctly identified between images. Moreover, around 6% of image patches have been indicated with the error of +1 pxl. The vector
map created based on dX and dY offsets reveals that the general direction of the movement is properly detected. A single vector shows
the direction that does not match the overall pattern. The highest number of outliers is noticed in the upper right corner. In the central
part, almost all image patches were correctly identified. The probability map (Fig. 5B), representing the confidence level of each
vector, presents that nearly 80% of image patches have the probability higher than 0.90. All of those samples are also correct matches.
Lower probability values were obtained for areas with incorrect classifications. The results presented indicate that the developed
methodology has the potential to be applied in detecting corresponding areas, as evidenced by the high percentage of tiles correctly
identified. In-depth analysis of patches, which were classified with an error higher than 1 pxl, shows that the most challenging areas
are those with a homogenous background and without specific visible features. This problem is especially visible in the upper right
corner of the image, where six adjacent patches have similar backgrounds and no distinguishing objects. In the central and lower parts
of the image, plenty of characteristic features are visible, such as a moustache, striped fur, and eye pupil, which makes the detection of
similar areas easier. Thus, in these regions, correct results were obtained with high probability values. The offsets in this part of the
image were detected within 1 pxl accuracy.

In the next step, the proposed methodology was tested on image of the Daugaard-Jensen glacier from 03.02.2024, collected as a
GRD product, which was shifted 3 pixels along X axis and 8 pixels along Y axis in raster coordinates. The aim of this test was to check
the effectiveness of the algorithm if the input dataset consists of only one amplitude layer with single polarization (HH), instead of a
traditional 3-channel RGB image. The analysis was carried out for an area of 1450x1950 pxl, which was divided into 266 smaller image
patches for which the offsets were detected. After filtering the results with the approach presented in subsection 3.3., 19 patches were
removed due to low quality. Amongst 247 patches, which were further evaluated, 223 matches were ideal matches, which stand for
90.3% of all answers. Incorrect matches were observed for 24 patches. Twenty of them were classified as + 1 pxl error, which represent
8.1% of all samples. The last 4 patches were classified as errors exceeding 1 pxl, representing 1.6% of all indications. The directions of
detected offsets (Fig. 6A) are consistent with the vector defined at the beginning. Directions that significantly differ from the expected
vector are observed for 2 of 247 analysed image patches. Analysis of the offsets detected along X (Fig. 6C) and Y (Fix. 6D) axes revealed
that more correct matches were registered along Y than X axis. The probability map (Fig. 6B) indicated that for most of the tiles, the
confidence of the output values is higher than 80%. Outside the main glacier flow, probability values were at a very high level, ranging
from 95% to 100%. The lowest probabilities are observed on the main axis of the glacier, where image patches do not have dis-
tinguishing features that might help the pattern recognition process. Results obtained using the SAR testing dataset indicate that the
proposed methodology works correctly and might be useful for displacement monitoring. In the next stage of the research, the designed
methodology was tested in real-world application over the same glacier area.

4.2. Real-world case study: Daugaard-Jensen glacier

For the Daugaard-Jensen glacier case study, S-1 GRD products with a 12-day temporal baseline were used as an input dataset to
generate three velocity maps. Those acquisitions were firstly stacked in remote sensing software using DEM-assisted coregistration to
ensure the correct position of both images. The coregistered amplitude images with horizontal polarization served as reference and
secondary images in the proposed method. As a result of the CNN-based calculations, displacement information along the X-axis and
along the Y-axis expressed in pixels was obtained. These values were converted into average velocities for each tile based on the time
baseline (Fig. 7B, D, 7F), and the direction of displacement was determined (Fig. 7A, C, 7E).

Both the vector and velocity maps for all three periods indicate a very clear division into relatively stable regions and fast-moving
glacier tongue, where significant movements up to 12-13 m/day are observed. Outside the main glacier flow, detected values do not
exceed 1 m/day, and the vectors show no movement or negligible values. Average velocities in main glacier flow range between 6 and
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8 m/day. The upper left corner of the analysed region lacks data because it is an area of floating ice, which is not a subject to this
research. In the main glacier flow area, most of the tiles with low probabilities were observed, and they were removed from the analysis
at the stage of data filtration. Very low probabilities suggest that the complexity of the problem is too high for implemented CNN and
might be caused by, e.g., significant deformation of the surface layer of the glacier in time. It leads to changes in properties and the
general look of the ice; thus, the radar signal reflectance differs significantly between subsequent SAR acquisitions. The effects of this
problem are mainly noticed as lack of data in the upper part of the image, close to the terminus, where the material is cracked and
deformed and numerous fissures appear, which significantly reduced the quality of the results obtained with the CNN. On all three
velocity maps, some single peaks are observed in the background with velocities reaching 3 m/day, which might be considered as
potential unfiltered outliers. For all periods, the maximum velocities are located near the terminus and usually do not exceed the value
of 11 m/day. Throughout the main glacier flow, the average values remain similar over time; however, some patches with very low
values (e.g., 3 m/day) are observed, and some further outlier detection should be considered. The vector maps presented in Fig. 7A, C,
7E generally show a proper glacier flow, assuming that the natural glacier movement should occur in the direction of a bay. Maps
presented in Fig. 7C and E shows reliable values and directions even near the glacier terminus, where the highest speed is observed and
material forms into linear shapes. However, some vectors showing non-linear flow appear, especially in the middle and lower part of
the glacier, which might be considered as an error.

The calculated velocity maps were based on four consecutive SAR images; thus, the glacier speed should not vary significantly in
time. Therefore, the stability of the method was assessed by differencing delivered velocity maps and analysing changes between them.
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The discrepancies between periods were presented in the form of maps showing spatial distribution (Fig. 8A and B) and histograms
with mean difference and standard deviation (Fig. 8C and D). Presented maps show that outside of glacier tongue the method is
consistent, and most of the tiles have differences close to 0 or within the range of +£1 m/day. Higher variability is observed over the
main flow, especially in the lower part of Daugaard-Jensen located more inland. Probably these areas lack distinguishing features that
make the problem of finding corresponding matches more challenging. Nevertheless, the statistical analysis of discrepancies between
following periods in the form of a histogram shows that the mean difference in velocity is —0.4 m/day between the first and second
periods and +0.1 m/day between the second and third maps. Standard deviation in both cases was established at the level of +2.2 m/
day and +1.7 m/day, which corresponds to the accuracy of the method analysed further in section 5.

5. Discussion

Accuracy and quality of the results obtained by the ML approach were assessed by comparison with velocities retrieved with the OT
method for the same SAR images that were used in CNN calculations. For the Daugaard-Jensen glacier, the velocities varied from 0 to
10 m/day (Fig. 9A, B, 9C) for all three periods. After masking floating ice areas, maximum velocity near glacier terminus reaches
approx. 9 m/day. Outside the glaciers tongue, a stable area with velocities of almost 0 m/day is observed. Along the main glacier flow,
most of the areas reach velocities in the range of 5-8 m/day. In order to unambiguously compare velocities obtained with different
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Fig. 9. Velocities of the Daugaard-Jensen glacier calculated by the OT algorithm (A-C), differences between OT and CNN velocities (D-F) and
histograms of those differences (G-I).
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methods, values from the OT methods were averaged in 100 x 100 pxl boxes in areas corresponding to image patches from the CNN-
based method. Velocities from both methods were compared for each tile and for each period independently. The maps (Fig. 9D, E, 9F)
and histograms (Fig. 9G, H, 91) of differences between average velocities from both methods were created for each period Analysing
the spatial distribution of discrepancies between both methods, it is visible that over stable regions, both techniques are consistent.
There are only single points where the movement was detected, despite the expected velocity being close to 0 m/day. The largest
deviations are located in the central part of the glacial tongue and at the boundaries of detectable movements. In the central part, it is
likely that the near-surface ice layer has been significantly deformed during the analysed interval due to rapid glacial movement or
melting of the top layer. The observed top layer of the glacier by satellite has probably changed strongly, thus preventing the proposed
method from working correctly. The edge of the glacier is a particularly difficult area for correct detection. Because rectangular
sections of the images are analysed, the part of the tile located in the glacier’s main flow is displaced, while the rest of the tile is stable.
Classifying such a region remains a challenge for this method, as some of the pixels show zero displacement and some show several-
pixel displacements. Due to the difficulty of such regions, the differences in average velocities with respect to the OT method can be
significant. The OT method largely averages and smooths the acquired results; hence, any outliers can be removed and supplemented
with averages during processing, which also affects the quality of the compared results. The calculated statistics show that the mean
difference between both methods for analysed periods is 1.0 = 2 m/day, 0.7 + 1.7 m/day, and 0.8 + 1.6 m/day. The differences
detected for all three periods shows similar accuracy of the proposed method compared to the OT results, The CNN-based method tends
to overestimate the glacier velocity. It is worth noting that considering the pixel size of used images and their time baseline, an error in
offset estimation equal to 1 pxl corresponds to a velocity change of 0.8 m/day. It can be concluded that the mean discrepancy between
the OT method and the proposed algorithm is approximately 1 pxl. Considering the scale of the movements reaching 10 m/day near the
terminus, the achieved accuracy is satisfactory. It is worth noticing on the histogram plots that the number of samples where the
differences are almost equal to 0 is represented by the highest bar. Further analysis reveals that for analysed three periods 49%, 62%
and 58% of all samples are within the range of —0.8 to 0.8 m/day error, which corresponds to maximum of +1 pxl mismatch.
Moreover, with a +2 pxl accuracy, which stands for +1.6 m/day error, 76%, 79% and 77% of all samples were classified for subse-
quence periods. Considering the errors calculated during the comparison with the OT method and the stability analysis from section
4.2, it can be concluded that the accuracy of the CNN-based method in this case is +2 pxl. The same variability was observed compared
to traditional remote sensing methods and between the following velocity maps delivered by the proposed method.

The proposed method, despite using well-known data augmentation techniques and CNN architecture, presents for the first time
how they can be used for glacier motion monitoring. The literature lacks studies where only SAR datasets are used for ML-derived
displacement monitoring. Presented results confirm the possibility of using CNN and SAR data for delivering reliable velocity
maps. Moreover, results from the testing dataset highlight that the proposed workflow is correct and might achieve high accuracies.
There are only a few studies applying ML tools to provide glacier velocity fields. One of the approaches is based on velocimetry, which
is widely used for various flow visualisations and speed analyses. It can also be used for glacier motion estimation and driven by deep
learning algorithms (Tlhomole et al., 2023; Van Wyk De Vries and Wickert, 2021). However, those studies are limited to the usage of
optical imagery, especially Sentinel-2 data, and none of them utilise SAR datasets. Another approach utilising computer vision al-
gorithms is related to optical flow application, which was also investigated in terms of suitability for horizontal displacement
determination (Altena and Kaab, 2017; Lenzano et al., 2018; Vogel et al., 2012b), but these studies also investigated mainly usage of
optical datasets. Fu et al. (2022) applied the optical flow methodology on SAR data on one of the mountain glaciers; nevertheless, the
study did not utilise the deep learning methods. The most similar problem of using SAR and ML algorithms for velocity mapping was
tackled by Kim et al. (2025) and Shen et al. (2022). The former approach utilised a combination of residual and Siamese networks for
horizontal displacement estimation in various areas, based on SAR datasets. The presented approach, nevertheless, is based on learning
on initial offset fields, which require additional processing, and this study’s aim was to utilise only coregistered intensity images
without additional preprocessing steps. The study presented by Shen et al. (2022) uses the Siamese network approach for delivering
velocity maps of two glaciers in Alaska and the Himalayas. The authors used high-resolution SAR imagery and S-1 data to provide a
velocity field in these two cases. The authors highlighted the problem of SAR data quality and resolution influencing velocity maps.
Thus, this study aims to focus on open-source S-1 satellite and finding alternative CNN-based solutions to deliver reliable velocity maps
despite medium resolution. Presented research shows a workflow for satisfactory displacement map delivery with ML tools and focuses
on method development and first real-world results. Applying ML techniques for glacier velocity estimation might be particularly
useful in terms of the limited number of parameters that need to be determined compared to traditional offset-based algorithms.
Moreover, successful deployment of such a model might deliver results for any sensor type and could also be applied not only to SAR
datasets but also to optical or multispectral. The testing datasets show that the method can be easily generalised and used not only for
glacier displacement measurement but also for measuring offsets between any input images. However, the real-world study shows that
the present approach has some drawbacks, and several areas remain a challenge. Despite applying post-processing filtering based on
results significance, some outliers are still visible that make glacier flow not linear. Especially in areas with no distinguishing features
or where the glacier’s surface is changing significantly, the algorithm struggles to find corresponding areas. Moreover, the current
approach to find the same areas on both images is time-consuming and requires resolving the multi-class classification problem
multiple times. Thus, the optimisation of this part or adjusting the current approach to speed up calculations is needed to make the tool
more efficient.

Considering the above, other ML algorithms and data augmentation techniques should be further investigated to obtain high-
quality and reliable results. In terms of ML improvements, the alternative approach for finding corresponding patches should be
considered. One of them could rely on Siamese neural network (Bromley et al., 1993) architecture that would be beneficial in terms of
reducing time efficiency and improving the generalisability of the model. With such architecture, the final output of the model can
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determine whether the image patches are similar or not, instead of performing multi-class classification as presented in this study.
Special attention should also be paid to existing image matching tools that are used in different fields of study and can be tested for
adjusting the usage of satellite images in glacier studies. Such tools, like LightGlue (Local Feature Matching at Light Speed)
(Lindenberger et al., 2023), are usually faster and already optimized, thus they should be further investigated whether they can be
applied into remote sensing tasks. In terms of data augmentation and preparation improvements, their might be added colour space
transformation, like adjusting brightness, contrast or changing colour scale. These additional operations might improve ability of the
model to distinguish visual pattern on image patches. Furthermore, different input layers and multi-layer input images should be also
considered and tested. Presented results are based only on one amplitude layer with horizontal polarization (HH), but layers with other
polarizations might be also tested. Moreover, different colour scales for intensity layer representation might be used, as well as am-
plitudes ratios to create false colour composite RGB images. Despite described limitations, this study presents the alternative approach
for glacier velocity mapping with ML models, which shows the promising results on both testing and real-world datasets.

6. Conclusions

This study investigated the potential of using CNN to detect the horizontal movement of the glacier between two SAR acquisitions.
The tests were carried out on two test datasets, which were manually shifted, including a cat photo and a single SAR amplitude image,
and in real-world conditions on the Daugaard-Jensen glacier in eastern Greenland. This research reveals that such a combination of
machine learning algorithms and EO data might deliver reliable results in detecting offsets between two images and was not inves-
tigated earlier in the studies. The testing datasets show that with distinguishing features visible in input images, the offset detection can
be done ideally. In areas where the surface is more complex and ambiguous, the errors increase, but only a few percent of all image
patches are matched incorrectly. Most of the incorrect matches are within +1 pxl error. Moreover, the real-world case study from
Greenland glaciers shows that compared to the OT algorithm, the mean deviation between those two methods is ranges from 1.0 & 2.0
m/day to 0.8 & 1.6 m/day. Considering the pixel size of the input image of 10 m, the 1 pxl mismatch corresponds to approx. 0.8 m/day
error, which means that the overall accuracy of the algorithm is at the level of +2 pixels. The in-depth analysis shows that the
movement area is well-detected and stable zones are mostly correctly detected. More significant discrepancies are observed over the
main flow of the glacier. Lower accuracies are probably caused by an ambiguous and changing amplitude image of surface layers,
which might change in time due to speed changes and the thawing-freezing cycle of ice.

The presented study shows a huge potential for detection of horizontal movements based on EO products and machine learning
algorithms. Such a solution might serve as an alternative source of displacement and velocity maps, which gives the opportunity to, e.
g., spot and confirm areas with unusual behaviour like rapid changes that might be indicators of ongoing subsurface processes.
Moreover, successful deployment of such an algorithm might improve delivering horizontal displacement maps using not only SAR
images as input but also optical or multispectral satellite and aerial images, relaying on machine learning ability to recognise similar
signal patterns. Nevertheless, the presented workflow should be further improved in terms of optimisation and velocity map quality.
The results from the Daugaard-Jensen glacier show that the delivered displacement field lacks linearity and some outliers are still
visible. Lack of distinguishing features in the main flow of the glacier lowers the accuracy and performance of the presented approach,
thus further investigation in this field is needed.
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