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ANOTATION 

The Fagradalsf jal l vo lcanic system i n Iceland erupted i n M a r c h 2021 m a r k i n g the end of 
a long dormancy per iod i n the Reykjanes Pen insu la . Mapp ing , ana lys ing , a n d v i sua l i s ing 
vo lcanic hazards s u c h as l ava flows p lay a n essent ia l role i n disaster r i sk management 
a n d increases general awareness of their possible danger. T h i s research elaborated a 
t ime-series ana lys i s to delineate the extent of the l ava flows generated du r ing the 2021 
Fagradalsf jal l e rupt ion u s i n g Synthet ic Aper ture Radar a n d Object-based Image Ana lys is , 
va l idated a n d compared the de l ineat ion of the resu l t ing l ava flow out l ines w i t h exist ing 
reference data, a n d interactively v i sua l i sed the l ava flow field evolut ion. The ca lculated 
area of the l ava flow p a t h resul ted i n 4,3 k m 2 , t en percent less t h a n the area reported for 
prev ious del ineations. The va l idat ion of the resu l ts ind ica ted h i g h corre lat ion and 
coincidence w i th the reference da ta a n d d isplayed accurac ies above 8 0 % . The resu l ts of 
the app l i ca t ion of the OB IA method o n Sentinel-1 backscat ter da ta revealed cer ta in 
potent ia l for l ava flow mapp ing as they showed agreement w i t h exist ing reference data, 
however, the outcomes s h o u l d be evaluated carefully s ince factors s u c h as spat ia l 
reso lut ion, Synthet ic Aperture Radar (SAR) geometr ical d istort ions, a n d the OBIA 
segmentat ion scheme c a n inf luence the c lassi f icat ion. The web appl icat ion provides a n 
interactive framework to communica te the resu l ts of the research. Fur ther s tud ies cou ld 
make use of the l ava flow de l ineat ion as i n p u t s for l ava mode l l ing or as g r ound da ta for 
future erupt ions of the Fagradalsf jal l volcano. Fur thermore , the cont r ibut ion c a n suppor t 
loca l author i t ies to prompt ly respond to l ava flow potent ia l danger. 
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INTRODUCTION 
Unders tand ing a n d identi fying vo lcanic hazards p lays a n essent ia l role i n disaster r i sk 

management. Vo lcan ic erupt ions a n d their associated processes c a n drast ica l ly impact 
h u m a n lives a n d cause socioeconomic d i s rupt ion . Space-based technologies provide a 
comprehensive a n d method ica l frame of reference for a better unde rs tand ing of vo lcanic 
processes leading to disasters. Assessments of vo lcanic parameters a n d related r i s k s are 
increas ing ly incorporat ing remote sens ing da ta a n d techniques. T h i s i s because of the 
capabi l i ty of E a r t h observat ion (EO) da ta to capture the rma l anomal ies , g r ound 
deformation, a n d a s h d ispersa l w i t h i n different por t ions of the electromagnetic spec t rum 
(Cigna et a l . , 2020). Moreover, to moni tor the development a n d progress of vo lcanic 
processes, it i s necessary to ut i l i se h igh- tempora l reso lut ion da ta that regular ly document 
a n d t rack s u c h events. T h u s , the integrat ion of E O da ta w i t h vo lcanic deposits mapp ing 
a n d ana lys is a l lows for the improvement of r i sk assessment models, near-real-t ime 
moni tor ing , a n d dec i s ion-mak ing processes. 

Iceland is frequently subject to vo lcanic activity due to i t s locat ion i n a divergent plate 
boundary . The most c o m m o n volcanic hazards i n Iceland are l ava flows, pyroclast ic 
density currents , t ephra fallout, l ight ing, a n d po l lu t i on ( G u d m u n d s s o n et a l . , 2008). Lava 
flows are usua l l y loca l ised a n d s low-mot ion volcanic events that c a n be hazardous 
because of their extreme temperatures a n d capacity to s u r r o u n d , bury , or create 
s t ruc tu ra l fa i lures (Harris, 2015). Large effusive erupt ions are frequently diff icult to 
unde r s t and on the g round , especial ly w h e n they are conf ined to remote or hard ly 
accessible areas, represent ing a l im i ta t i on for field da ta col lect ion a n d frequent aer ia l 
surveying. Compared to field measurements , l ava flow mapp ing u s i n g free satell ite 
imagery is less t ime-consuming , cost-effective, a n d does not impose danger to h u m a n 
lives. 

A l though rel iable l ava flow mapp ing is also possible by the use of mul t i spec t ra l 
images, c l oud cover frequently prevents their use. Besides, l a va flow boundar ies c a n be 
h a r d to d i s t ingu i sh w i t h opt ica l imagery w h e n l a va flow over lapping occurs (Smets et a l . , 
2010). SAR da ta have been extensively used for vo lcanic moni tor ing , deformation, and 
lava flow mapp ing of different vo lcanic erupt ions i n Iceland (Dierking & Haack, 1998; 
D i r scher l & Ross i , 2018 ; D u m o n t et a l . , 2018). Due to SAR weather independence and 
day-and-night capabi l i t ies, th i s sens ing system c a n provide da ta o n a con t inuous basis , 
m a k i n g it extremely use fu l for mon i to r ing a n d t rack ing l ava flow progress (Pinel et a l . , 
2014). Moreover, Object-based image ana lys i s (OBIA) h a s the potent ia l for ana lys ing the 
evolut ion of dynamic processes o n E a r t h a n d has been widely used i n geomorphological 
mapp ing . The m a i n advantage of OB IA is that it uses add i t i ona l d imens ions of in format ion 
about geographic entities, s u c h as spectra l , spat ia l , or t ex tura l propert ies compared to 
p ixe l -based approaches (Blaschke, 2005). However, l ava flow mapp ing integrat ing OBIA 
a n d S A R backscat ter in format ion i s scarce a n d only a few studies have been conducted 
(Aufar is tama et a l . , 2017 ; Ho lb l ing et a l . , 2019). T h u s , further research i n th i s d irect ion 
is needed. 

The a i m of th i s s tudy is to determine the evolut ion of the l a va flow extent for the 2021 
Fagradalsf jal l e rupt ion i n Iceland u s i n g OB IA a n d Sentinel-1 data, to v isual ise the freely 
avai lable da ta a n d the obta ined l ava out l ines i n a n interactive way, a n d to evaluate the 
potent ia l of freely avai lable S A R da ta for semi-automated l ava flow mapping . 
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1 OBJECTIVES 
Th i s d i p l oma thes is a ims to determine the evolut ion of the l ava flow extent for the 

2021 Fagradalsf jal l e rup t i on i n Iceland u s i n g OB IA a n d Sentinel-1 data, to evaluate the 
potent ia l of freely avai lable SAR da ta for semi-automated l ava flow mapp ing , a n d to 
v isual ise the l ava flow fields interactively. The specific goals of the s tudy are: 

1) Elaborate a t ime-series ana lys i s to delineate the extent of the l ava flows generated 
d u r i n g the vo lcanic e rupt ion ( -March to September 2021) u s i n g Sentinel-1 da ta 
a n d OBIA. 

2) Val idate a n d compare the resu l t ing de l ineat ion w i t h exist ing del ineat ions of the 
l ava flows (Pedersen et a l . , 2022) to evaluate the potent ia l of SAR da ta for lava 
flow mapping . 

3) V i sua l i ze the l ava field out l ines th rough the e laborat ion of a pub l i c 3 D web map 
app l i ca t ion as a user- fr iendly a n d communicat ive interface. 
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2 STATE OF ART 
Th i s chapter revises past a n d current invest igat ions on the use of SAR a n d OB IA for lava 
flow a n d geomorphological mapp ing , w h i c h provide the most fundamenta l backg round 
for the development of the research a im. In th i s s tudy, we explore the appl icabi l i ty of 
Sentinel-1 (C-band) S A R backscat ter in format ion together w i th OBIA to map the lava 
flows of the 2021 Fagradalsf jal l erupt ion. 

The 2021 eruption at Fagradalsjfall 

The Fagradals ja l l volcano i s located i n the Reykjanes P en insu l a (RP), Iceland. The RP 
al locates the Reykjanes Ridge a n d funct ions as a h igh ly obl ique divergent plate boundary 
pu l l i n g the Nor th Amer i c an a n d the E u r a s i a n tectonic plates apart (Hóskuldsson et a l . , 
2007 ; S i gmundsson et a l . , 2022). The vo lcanic systems i n the RP consist of ne tworks of 
N E - S W t rend ing f issure vents en-echelon act ing as effusive basa l t ic l a va founta ins that 
expose geothermal areas a n d plume-r idge interact ion (Clifton & Kat tenhorn , 2006; 
Hóskuldsson et a l . , 2007 ; Sasmundsson et a l . , 2020) ; however, the Fagradalsf jal l system 
varies f rom other vo lcanic systems i n the P en insu l a as it does not exhibit geothermal 
fields or well-def ined N E - S W t rend ing swarms, a n d instead, it shows N-S t rend ing faults 
that served as l ava founta ins (Global V o l c a n i s m Program, 2021 ; Sasmundsson et a l . , 
2020). The v u l c a n i s m i n the Pen insu l a for the past - 3 0 0 0 years has s h o w n eruptive 
episodes w i t h i n a range of h u n d r e d s of years followed by dormancy per iods of 800 to 1000 
years (Sasmundsson et a l . , 2020). T h i s e rupt ion started o n 19 M a r c h 2021 after a 
quiescence per iod of 6000 years i n the Fagradalsf jal l vo lcanic system a n d 781 years i n 
the RP, a n d lasted for a per iod of 6 months , ending on 19 September 2021 . Pre-emptive 
se ismic i ty a n d deformation along w i th in f lat ion episodes preceded the vo lcanic activity, 
be ing the most representative a n earthquake of magni tude M W 5.7 on 24 February 2021 
(Lamb et a l . , 2022 ; S i gmundsson et a l . , 2022). F igure 1, e laborated by the Icelandic 
Meteorological Office, shows a Sent inel-1 image interferogram from 19 to 25 February 
2021 . The M W 5.7 earthquake pos i t ion (24 February 2021) i s given by the red star and 
the b lack arrows i n the bottom-right corner represent the head ing a n d look ing direct ion 
of the satellite. The earthquake activity i n the RP a n d the movement of the faul t ing 
systems along the plate boundary expose g round deformation i n the area. 

Four to five eruptive phases have been descr ibed for the Fagradalsf jal l 2021 volcanic 
e rupt ion by different authors cons ider ing tempora l var ia t ions i n l ava outpour ing , repose 
periods, heights reached by the lava, a n d changes i n the l ava time-average discharge rate. 
The fol lowing phases of the e rupt ion have been documented by Pedersen et a l . (2022) a n d 
Barso t t i et a l . (2023): The first phase of the e rupt ion in i t ia ted w i t h the opening of a 180 
meters length f issure that rap id ly became two different vents w i t h founta in ing activity 
f i l l ing the Ge ld ingadal l i r valley. The second phase started o n 05 A p r i l 2021 w i t h the 
aperture of five add i t iona l vents a n d the active vent migrat ion, extending the e rupt ion to 
the northeast. The activity i n c luded bubb l e -burs t ing a n d outpour ing of lava i n variable 
amounts al ternated between vents. The t h i r d phase began on 27 A p r i l 2021 a n d was 
character ized by a n increase i n the l ava time-average discharge rate w i t h l ava founta ins 
a long w i t h different intensi t ies a n d periodic i ty f rom a single vent, w h i c h rema ined active 
for the rest of the erupt ion. Intermittent vo lcanic activity f rom 28 J u n e 2021 m a r k e d the 
beg inning of the four th phase exposing non - con t inuous founta in ing a n d episodes of 
s trong l ava emplacement al ternated w i t h repose intervals. Phase 5 was establ ished on 02 
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September 2 0 2 1 , s tar t ing w i t h a week-long pause i n the vo lcanic activity followed by a 
week-long l ava outpour ing episode. B y the end of the e rupt ion on 18 September 2021 , 
the est imated area covered by the l ava flow was 4.8 k m 2 , the average l ava discharge rate 
for most of the e rupt ion was 9.5 m 3 / s , a n d the m e a n lava th i ckness was est imated above 
30 meters accord ing to Pedersen et a l . (2022). 

-22*40' -22*30' -22*20' -22*10' -22*00' 

-22*40' -22*30' -22*20' -22*10' -22*00' 

Figure 1: InSAR interferogram showing the Line of Sight (LOS) deformation in the area 
(source: https://www.vedur.is/um-vi/frettir/ekkert-hraunflaedi-i-thrja-manudi-vid-
fagradalsfjall). 

SAR data applications in lava flow monitoring 

SAR is a n active remote sens ing technology that operates i n the microwave region of 
the electromagnetic spec t rum. S A R weather independence a n d day-and-night capabi l i t ies 
a l low con t inuous da ta col lect ion, m a k i n g th i s sens ing system sui table for imag ing large 
areas a n d for mon i to r ing a n d t rack ing the course of l ava flows (Pinel et a l . , 2014). The 
use of SAR da ta h a s been extensively appl ied i n volcanic moni tor ing , surface deformation 
measur ing , a n d l ava flow mapp ing of different vo lcanic erupt ions. 

Interferometric S A R (InSAR) refers to a n imag ing technique that exploits the phase 
in format ion of the coherent radar s i gna l for measur ing electr ical a n d geometr ical 
propert ies of the surface a n d i ts changes over t ime (Rosen et a l . , 2000). The extended 
usage of InSAR i n volcanology i s due to the capabi l i ty of th i s technique to image the 
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spat ia l a n d tempora l extent of vo lcanic surface mot ion , offering ins ights into the eruptive 
behavior a n d stabi l i ty of the volcanic s t ruc ture (Rosen et a l . , 2000). Because vo lcanic 
s t ructures s u c h as d ikes a n d s i l l s exhibi t i nd i v i dua l deformation pat terns w h e n the 
m a g m a int rudes , the deformation measurements extracted from InSAR c a n be used to 
mode l the m a g m a chamber i n depth, size, a n d shape (Zhou et a l . , 2009). Therefore, InSAR 
has been appl ied i n l ava flow moni to r ing to measure surface deformation at several 
volcanoes a r o u n d the wor ld (e.g., Ad i t i ya et a l . , 2018 ; Ky r i ou 8& Niko lakopoulos , 2022; 
Richter 8s Froger, 2020 ; Romero et a l . , 2002 ; Samsonov 8s d'Oreye, 2012). Addi t ional ly , 
InSAR phase delays c a n be used to create mul t i - t empora l D E M s to estimate l ava flow 
changes i n height a n d vo lume a n d ex t rus ion rates between different acquis i t ions (e.g., 
A lb ino et a l . , 2015 ; Dumon t et a l . , 2018 ; Ebmeier et a l . , 2012 ; Kubánek et a l . , 2015). 

Longitude (°W) 
22.6 22.5 22.4 22.3 22.2 22.1 22.0 22.6 22.5 22.4 22.3 22.2 22.1 22.0 

22.6 22.5 22.4 22.3 22.2 22.1 22.0 23 Feb 1 Mar 7 Mar 13 Mar 19 Mar 25 Mar 

Figure 2: Spatial and temporal evolution of deformation before the 2021 Fagradalsfjall 
eruption. (Sigmudsson et al., 2022). 
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S i gmundsson et a l . (2022) model led the surface deformation i n the Fagradalsf jal l area 
before the start of the 2021 erupt ion u s i n g InSAR ana lys is a n d G l oba l Navigat ion Satell ite 
Sys tem (GNSS) geodesy. Interferograms were created from Sentinel-1 da ta to observe the 
d isplacement a long the L O S f rom 24 February 2021 w h e n the M W 5.7 earthquake 
occurred u n t i l 19 M a r c h 2021 w h e n the e rupt ion started. The mode l showed that the 
deformation rate decreased over t ime along w i th systematic tectonic stress release a n d 
reached i ts lowest po int at the e rupt ion onset. F igure 2 shows the L O S change i n Sent ine l -
1 InSAR interferograms obta ined by S i gmudsson et a l . (2022). The pos i t i on of the e rupt ion 
site i s g iven by the white dot a n d the b lack arrows represent the head ing a n d look ing 
d i rect ion of the satellite. O n the other h a n d , InSAR ana lys is u s i n g dai ly I C E Y E X - b a n d 
satellite imagery was carr ied out by D r o u i n et a l . , 2022 for measur ing g r o u n d deformation 
dur ing the 2021 Fagradalsf jal l e rupt ion. The measurements al lowed the observat ion of 
the opening of eruptive f issures throughout the e rupt ion a n d prov ided ins ights for 
mode l ing the subsur face m a g m a path . 

Lava flow mapping with OBIA 

OBIA h a s been widely u s e d i n geomorphological mapp ing as it has the potent ia l to analyse 
the evolut ion of dynamic processes o n Ea r th . Change detect ion integrated w i t h object-
based image ana lys is (OBIA) has the potent ia l for ana lys ing the evolut ion of dynamic 
processes o n E a r t h (Chen et a l . , 2012). The t rad i t i ona l p ixe l -based change detection 
method uses single p ixe ls as the m a i n u n i t for analys is . Conversely, the OB IA approach 
groups pixe ls as image objects that represent meaning fu l features by u s i n g add i t i ona l 
d imens ions of in format ion about the geographic entit ies s u c h as spectra l , spat ia l , 
geographical , a n d t ex tura l in format ion of the geographic entit ies (Blaschke, 2005). 
Fur thermore , t rad i t i ona l mapp ing methods s u c h as m a n u a l de l ineat ion of l a va flows can 
be costly a n d t ime-consuming w h e n compared to OBIA, m a k i n g it a very efficient a n d 
appropriate technique for the ident i f icat ion a n d c lass i f icat ion of vo lcanic deposits, 
i n c lud ing l ava flows (Feizizadeh et a l . , 2021 ; Pedersen, 2016). 

Different s tudies have demonstrated the sui tab i l i ty of OB IA for l ava flow mapp ing and 
lava morphology c lass i f icat ion (e.g., Au fa r i s t ama et a l . , 2017 ; Feiz izadeh et a l . , 2021 ; 
Hölbling et a l . , 2019 ; Pedersen, 2016 ; Rösch & P lank, 2022). However, the methodology 
has been appl ied most ly to opt ica l imagery or t e r ra in mode l derivatives, ind i ca t ing that 
the add i t iona l d imens ions of SAR backscat ter in format ion together w i th OB IA have not 
been thoroughly exploited. For instance, Pedersen (2016) ut i l i sed a n object-based 
mapp ing approach to semi-automat ica l ly classify g laciovolcanic land forms from the 
Reykjanes P en insu l a i n Iceland. The methodology tested OB IA o n geomorphometr ic 
features s u c h as slope a n d profile curvature that were extracted from a h igh-reso lut ion 
dig i ta l elevation mode l of the area. The resu l ts of the c lassi f icat ion were tested against a 
geological map u s i n g a n error mat r i x a n d compared to the classi f ied area for l ava p la ins 
a n d hyaloclast i te w i t h i n the vo lcanic zone. The overal l accuracy exceeded 9 0 % evidencing 
a great performance of the procedure for g laciovolcanic land forms classi f icat ion. 
Addi t ional ly , the author conc luded that i n compar i son to OBIA c lass i f icat ion schemes 
based o n spectra l features, the approach deals proper ly w i th complex volcanic edifices 
conf igurat ions, solves potent ia l i ssues associated w i t h vegetation cover, a n d al lows a 
better integrat ion w i t h GIS env i ronments w h i c h makes it more transferrable. 
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Claciovolcanic edifice Data 

OBIA-based classification 

Results 

BdUke base: Cuulivc objccis (Umvuuu >o.2) 

Figure 3: Workflow for glaciovolcanic landform and landform element classification 
(Pedersen, 2016) 

Another s tudy by Hôlbling et a l . (2019) classi f ied the lava flow morphology of the Kraf la 
volcano l ava field i n Iceland u s i n g OB IA a n d Sentinel-1 a n d 2 imageries. The methodology 
inc luded a mul t i r eso lu t i on segmentat ion a n d a superv ised c lass i f icat ion u s i n g the 
r a n d o m forest mach ine l earn ing a lgor i thm. W h e n compared to a reference dataset, the 
c lass i f icat ion resul ted i n accurac ies f rom 2 8 % u p to 9 0 % depending on the type of lava, 
suggesting the h i gh potent ia l of automated c lassi f icat ion on opt ica l a n d S A R da ta for 
differentiating l ava flow morphologies. 

Fe iz izadeh et a l . (2021) developed a semi-automated approach for del ineat ing volcanic 
landforms i n the S a h a n d M o u n t a i n i n Iran u s i n g OBIA. The procedure compr ised a 
mul t i r eso lu t i on segmentat ion appl ied on Sent inel-2 da ta followed by a fuzzy-based 
nearest ne ighbour c lass i f icat ion a lgor i thm that u t i l i sed spectra l , geometric, a n d tex tura l 
in format ion prov ided by the opt ica l imagery, a long w i t h spat ia l in format ion derived from 
a D E M s u c h as al t i tude, slope, a n d flow accumula t i on . The overal l accurac ies for the lava 
flow c lasses resul ted i n more t h a n 9 0 % demonstrat ing the efficiency of the methodology 
for detecting a n d classi fy ing vo lcanic landforms. 

Web mapping applications in volcanic contexts 

Over the past few decades, web mapp ing a n d the use of geospatial da ta on the web 
have increased (Veenendaal et a l . , 2017). Interactive web map appl icat ions i n the context 
of n a t u r a l sciences provide meaning fu l geographic in format ion to users i n a n effective 
a n d engaging way. Th roug h interactive a n d 3 D v isua l i za t ion , immers i on into the story 
a n d the presented da ta i s faci l i tated (Thôny et a l . , 2018). Besides, storytel l ing i n 
cartography a n d geography provides a method for document ing , communica t ing , a n d 
shar ing spat ia l in format ion, a n d improves map readabi l i ty for a diverse group of users , 
i n c lud ing non-experts (Roth, 2021). Some authors have created interactive web map 
appl icat ions s u c h as Story M a p s to d isplay par t i cu lar aspects of vo lcanic areas a n d have 
conc luded that these tools are sui table for del ivering adequate scientif ic knowledge on 
topics related to volcanoes (e.g., Antóniou et a l . , 2018 , 2021). 
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3 METHODOLOGY 

3.1 Study Area 

The Reykjanes P en insu l a i n Iceland cons is ts of five major volcanic systems i n c lud ing the 
Brenniste insf jo i l , the Krysuv ik , the Fagradalsf jal l , the Reykjanes, a n d the Eldey. The 
Fagradalsf jal l vo lcanic complex is located - 4 0 k m southwest of Reykjavik a n d covers a n 
area of - 8 0 k m 2 (Figure 4). The complex was named after the Fagradalsf jal l subg lac ia l 
t u y a volcano located i n the volcanic sys tem w i t h the same name, morphological ly 
character ized by a flat-top s t ruc ture a n d steep-slope h i l ls ides . It has been the least active 
vo lcanic system i n the Pen insu la , a n d the last recorded e rupt ion was about 6,000 years 
ago. The 2021 Fagradalsf jal l effusive e rupt ion lasted f rom M a r c h to September and 
m a r k e d the end of a long dormancy per iod i n the RP (Global V o l c a n i s m Program, 2021 ; 
Saemundsson et a l . , 2020). The low- intensi ty vo lcanic activity produced pahoehoe a n d a'a 
basal t ic l ava flows a n d minor sco r i a deposits that emerged from f issure vents w i t h i n the 
vo lcanic system (Figure 5), f i l l ing the complex topography cut by nested val leys (Barsott i 
et a l . , 2023 ; Pedersen et a l . , 2022). 

-22"1S' -22'15' 

-22S18' -22'15' -22*12' 

Figure 4: Overview map of the study area, a) Optical image from the 2021 Fagradalsfjall 
volcanic eruption as for 4 October 2021, Image source: © 2023 Planet Labs, Projection: WGS 
84 / UTM zone 27N. b) Overview map of the RP. 
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Figure 5: Field pictures. A) Eruptive vent and sulphur alteration in the area. B) Different lava 
flow textures (pahoehoe and a'a). C) Lava flow path and eruptive vent. D) Lava texture and 
structures. E) Student in the field (source: author). 

3.2 Methods 

E O da ta have been use fu l for l ava flow mapp ing a n d ana lys is w h e n apply ing different 
remote sens ing methodologies. OBIA is among one of the techniques used for 
geomorphological mapp ing of vo lcanic areas, a n d it h a s been combined w i th several types 
of datasets for the same purpose. Car tography al lows the mode l l ing of real ity th rough 
g raph ica l representat ions of the spat ia l d imens ion of the wor ld ; therefore, it i s one of the 
most effective ways to communica te spat ia l in format ion. Th i s s tudy develops two m a i n 
research: the first one is the de l ineat ion of l ava flows from the 2021 Fagradalsf jal l 
e rupt ion u s i n g OB IA o n Sentinel-1 data, a n d the second one i s the v i sua l i sa t i on of the 
resu l ts u s i n g cartographic products . The methodological detai ls w i l l be descr ibed i n 
subchapters 4 a n d 5. 
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3.3 Data 

Sentinel 1 data 

Sentinel-1 i s a n active sensor operated by the European Space Agency (ESA) cons is t ing 
of two po lar -orb i t ing satel l i tes that operate at a wavelength of approximate ly 5 c m or C -
b a n d SAR. S ix dua l -po lar i za t ion images of the Sentinel-1 Interferometric Wide Swath 
(IWS) Level-1 h igh-reso lut ion G r o u n d Range Detected (GRD) were u s e d for the analys is . 
A l l of the products were acquired i n descending flight direct ion. The da ta were retrieved 
from the A l a s k a Satell ite Faci l i ty D a t a Search plat form. 

Elevation data 

The Copern i cus D E M G L O - 3 0 is a dig i ta l surface mode l of the surface of the E a r t h 
avai lable for free a n d w i th g lobal coverage provided by the E S A . The da ta were acquired 
between 2011 a n d 2015 w i t h i n the scope of the T a n D E M - X m iss i on . The dataset was 
retrieved as a n embedded source i n the SNAP plat form a n d was used for the pre
process ing of the Sentinel-1 data. Addi t ional ly , the pre a n d post -erupt ion D E M s prov ided 
by Pedersen et a l . (2022) were used for v i sua l i sa t i on purposes a n d were retrieved from a n 
open Zenodo repository i n GeoTIFF format: 
ht tps : / /zenodo.org/record/6598466#.ZFO2VnbP02w. 
Table 1 summar i s e s the D E M datasets a n d the corresponding source. 

Table 1: DEMs used during the pre-processing and visualization stages of the study. 

Dataset Source 

Copern i cus D E M G L O - 3 0 E S A 

Pre-erupt ion Fagradalsf jal l D E M Pedersen et a l . , 2022 

Post -erupt ion Fagradalsf jal l D E M Pedersen et a l . , 2022 

Vector data 

Different vector files d isp lay ing the l a va pa ths created as par t of the near-real-t ime 
moni to r ing of the 2021 Fagradalsf jal l e rupt ion from the work of Pedersen et a l . (2022) 
were retrieved from a n open Zenodo repository avai lable onl ine at: 
ht tps :/ /zenodo.org/record/6598466#.ZFO2VnbP02w. The datasets were avai lable i n 
GeoPackage format. 

Optical imagery 

Sentinel-2 i s a n active sensor operated by the E S A cons is t ing of two opt ica l satel l i tes that 
provide mul t i - spec t ra l imagery w i t h i n the visible, near- infrared, a n d short-wave infrared 
por t ions of the electromagnetic spec t rum. The da ta were accessed for free th rough the 
Copern i cus Open Access H u b at: ht tps : / /sc ihub.copern icus .eu/dhus/#/home. 
Moreover, PlanetScope 3 -band imagery was accessed a n d retrieved from the Planet 
Explorer p lat form at: ht tps: //www.planet.com/explorer w i th a l icense prov ided by the 
Planet 's E d u c a t i o n a n d Research Program that sponsors s tudents w i t h access to the 
imagery for research purposes only. The opt ica l datasets were used a n d processed for the 
v i sua l i sa t i on a n d storytel l ing part of th i s research. 
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3.4 Software 

SNAP 

The Sent ine l App l i ca t i on Plat form i s a software d is t r ibuted by the E S A that provides the 
archi tecture for process ing a n d ana lys ing E O data, especial ly Sent ine l products . It i s a n 
open-source desktop appl icat ion. 

eCognition Developer 

eCogni t ion software is one of the most powerful env ironments for image feature extract ion 
or change detect ion developed by Tr imble . The tool a l lows to per form advanced image 
ana lys is for different geospatial appl icat ions. It i s a commerc ia l product , therefore, the 
eCogni t ion l icense for th i s thes is has been prov ided w i t h i n the Tr imble Innovat ion 
Programme (a co l laborat ion between Tr imble Geospat ia l a n d the Department of 
Geoinformat ics - Z_GIS f rom the Univers i ty of Salzburg). 

GitHub 

G i t H u b is a n open web-based hos t ing service that a l lows vers ion contro l of G i t , w h i c h is 
a cod ing contro l system that t r acks code changes a n d col laborative coding. 

QGIS 

QGIS i s a GIS desktop software that a l lows edit ing, analys is , v i sua l i sa t ion , a n d pub l i sh ing 
of geospat ia l in format ion. The app l i ca t ion is free a n d open source. 

Qgis2threejs 

Qgis2threejs i s a QGIS p lug in that a l lows v i sua l i za t i on a n d web p u b l i s h i n g of geospat ia l 
da ta i n 3D . The 3 D v i sua l i za t i on i s powered by W e b G L a n d three.js JavaSc r i p t 
technologies. 

ArcGIS Pro 

ArcGIS Pro is a GIS desktop software developed by ESRI that al lows exploring, v i sua l i s ing , 
analys ing , a n d shar ing geospat ia l data. It i s a commerc ia l software; therefore, the l icense 
was obta ined th rough the Univers i ty of Sa lzburg . 

Table 2: Used software with corresponding version and summarised usage. 

Software Ve r s i on Usage 

S N A P 9 . 0 . 0 
P r e - p r o c e s s i n g of t h e 
S e n t i n e l - 1 i m a g e r y 

e C o g n i t i o n D e v e l o p e r 10 . 3 
Image s e g m e n t a t i o n a n d 
l a v a f l ows c l a s s i f i c a t i o n 

A r c G I S P r o 3 .0 .2 
V e c t o r d a t a p r o c e s s i n g , 
v a l i d a t i o n , v i s u a l i s a t i o n 

Q G I S 3 . 2 2 . 2 
V e c t o r d a t a p r o c e s s i n g , 
v i s u a l i s a t i o n 

Q g i s 2 t h r e e j s 2 .7 .1 
C r e a t i o n o f t h e 3 D w e b 
m a p a p p l i c a t i o n 
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3.5 Processing procedure 

Figure 6 exp la ins the key steps performed for the development of the present study. 
Init ial ly, the da ta col lect ion of Sent ine l -1 , Sent inel-2, PlanetScope imagery, D E M s of the 
area, a n d their corresponding pre-process ing was conducted u s i n g A rcG IS Pro, QGIS, 
a n d SNAP software. After process ing the datasets, the OB IA methodology w h i c h inc ludes 
three m a i n steps (mult i reso lut ion segmentat ion, knowledge-based ruleset c lassi f icat ion, 
a n d refinement) c a n be appl ied to the Sent inel-1 da ta to delineate the l ava flows from the 
2021 Fagradalsf jal l e rupt ion over t ime. The resu l ts are then compared w i t h the reference 
da ta avai lable i n the l i terature by per forming a n accuracy assessment. The outputs , the 
models, a n d the opt ica l imagery processed for the s tudy area are used to create static 
m a p s a n d a 3 D web map app l i ca t ion that inc ludes a n an imat i on to v isua l ise the resul ts 
interactively, a l lowing experts a n d enthus ias ts to explore the l ava flow out l ines obtained 
for the volcanic e rupt ion a n d the story b eh ind it. 

Data col lect ion and pre-processing 

SNAP 

r 
Data analysis 

• JBeCognition 

M u l t i r e s o l u t i o n 
s e gmen ta t i on 

O B I A 

Know l edge -based 
ru l ese t c l a ss i f i c a t i on 

Re f inement 

Validation 

Visualisation 

@1Q 
Sta t i c m a p s 3 D web m a p 

a p p l i c a t i o n 

Figure 6: Summarised research workflow and processing steps. 
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4 LAVA FLOW MAPPING 

In th i s chapter, the methodology a n d process ing steps associated w i t h the l ava flow 
mapp ing of the 2021 Fagradalsf jal l e rupt ion are documented a n d d i scussed i n detai l . It 
has been div ided into three subchapters that describe the m a i n stages followed dur ing 
the development of the analys is . A step-by-step exp lanat ion for the pre-processing, 
del ineat ion, a n d va l idat ion phases i s provided, a long w i t h t echn ica l speci f icat ions a n d a 
d i s cuss i on of the dec i s ion-mak ing process. 

4.1 Data collection and pre-processing 

Pre, s y n a n d post-event Sentinel-1 da ta of the 2021 Fagradalsf jal l volcano were retrieved 
from the A l a s k a Satell ite Fac i l i ty D a t a Search Platform. Sen t ine l - IB w i t h C -band 
penetrat ion a n d d u a l po lar isat ion IWS G D R products were used for the ana lys i s and 
del ineat ion. Table 3 summar i s e s the date a n d the corresponding phase of the e rupt ion 
associated w i th each image. Once the da ta were identi f ied a n d collected, they h a d to be 
processed for the in format ion of interest to be extracted. Figure 7 shows the resu l t ing 
images after app ly ing the pre-process ing steps to the Sentinel-1 data. D a t a pre
process ing of Sentinel-1 da ta i n SNAP software inc luded different steps a n d followed the 
workf low suggested by (Fi l ipponi , 2019): 

• Orb i t file appl icat ion: The orbit file conta ins relevant in format ion related to the 
metadata of the image product that provides a n accurate satell ite pos i t i on a n d 
ensures that spat ia l co-registrat ion processes are success ful . The orbit file was 
automat ica l ly downloaded from SNAP software a n d then it was appl ied to the SAR 
image. 

• Radiometr ic ca l ibrat ion: T h i s process converts the dig i ta l p ixe l va lues of the SAR 
image so that they represent the rea l backscat ter ing of the surface, a l lowing the 
quanti tat ive use of the SAR data. The ca l ibra t ion was performed i n s i gma nought, 
gamma, a n d beta values. T h i s step i s impor tant w h e n compar ing images acquired 
from the same sensor at separate t imes or i n different modes. 

• Radiometr ic t e r ra in f lattening: T h i s process was appl ied to correct radiometr ic 
d istort ions i n the S A R image that are related to the topography of the scene. Th i s 
a lgor i thm required the be ta i npu t generated from the radiometr ic ca l ibrat ion. Th i s 
step was use fu l to reduce the effects of the s ide- looking nature of the SAR sensor 
w h i c h causes objects facing the sensor to appear unna tu ra l l y br ighter a n d objects 
facing away from the sensor to appear unna tu ra l l y darker. 

• Refined Lee speckle noise fi ltering: Speckle f i l tering was appl ied to reduce the "salt 
a n d pepper" effect or g ranu lar noise that appears i n S A R imagery due to wave 
interference caused by scatterers reflected by several features. The Refined Lee 
filter was selected because it increased the image qual i ty w i thout los ing spat ia l 
reso lut ion a n d because of i ts abi l i ty to preserve texture informat ion. 

• Range Doppler t e r ra in correct ion: The t e r ra in correct ion improves the geometric 
representat ion of the image by compensat ing the effects of the s ide- looking 
geometry of the S A R sensors i n c lud ing foreshortening a n d shadows. The a lgor i thm 
used the Copern i cus D E M G L O - 3 0 (Table 1) to correct the locat ion of each p ixe l 
a n d to orthorectify the image, resu l t ing i n precise geolocation in format ion of the 
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SAR scene. The images were resampled to m a t c h the gr id reference of the U T M 
2 7 N coordinate system for the s tud ied region i n Iceland. 

• Convers ion to decibel scale: Us ing a logar i thmic t ransformat ion, the backscatter 
coefficients were converted to decibel scale (dB) . 

Table 3: Sentinel-1 data used to semi-automatically delineate and map the lava flow from the 
Fagradalsfjall 2021 eruption. 

Date Event 

22 Augus t 2020 Pre-erupt ion 

31 M a r c h 2021 Syn-event (Phase 1) 

12 A p r i l 2021 Syn-event (Phase 2) 

18 May 2021 Syn-event (Phase 3) 

29 J u l y 2021 Syn-event (Phase 4) 

27 September 2021 Post -erupt ion 

Addi t ional ly , geometric d istort ions i n SAR images c a n cause misa l i gnments among 
satellite images acqu i red at consecutive t imes, w h i c h resul ts i n impa i r ed change detect ion 
analys is . To reduce the effects of misa l ignments , the images were co-registered i n 
tempora l s tacks u s i n g SNAP software. The purpose of the co-registrat ion process was to 
v isual ise the mot i on or the changes occur r ing f rom one image to another a n d then use 
the s tacks to apply the corresponding ana lys is for del ineat ing the l ava flows of the 2021 
Fagradalsf jal l volcano u s i n g OBIA. 

Pa i rs of consecutive images were selected to create co-registered s tacks for each eruptive 
phase as descr ibed i n Table 4. For each stack, the tota l amount of bands was 16, eight 
represent ing the first image date a n d eight represent ing the second image date. A l l of the 
bands were conserved to test w h i c h of them cou ld be use fu l for the segmentat ion a n d 
c lass i f icat ion of the images w h e n app ly ing the OB IA methodology. Table 5 briefly 
descr ibes the in format ion conta ined i n each b a n d of the co-registered stacks. 

Table 4: Dates of the co-registered stacks for each eruptive phase. 

Dates Stack 

22/08/2021 - 31/03/2021 Phase 1 

31/03/2021 - 12/04/2021 Phase 2 

12/04/2021 - 18/05/2021 Phase 3 

18/05/2021 - 29/07/2021 Phase 4 

29/07/2021 - 27/09/2021 Post -erupt ion 

Figure 8 d isp lays the resu l t ing co-registered s tacks for the pa i r s of consecutive images 
(Table 4) used for detecting the changes i n each eruptive phase of the Fagradalsf jal l 
volcano. The bands w i t h co-polar ised s igna l ( W , HH) show less contrast t h a n the bands 
w i th cross-polar ised s igna l (VH, HV); hence, the g a m m a ca l ibra t ion w i th d u a l po lar izat ion 
V H converted to d B was used for v i sua l i sa t i on purposes because it d isp layed the best 
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contrast. B o t h the g a m m a a n d the s i gma nought ca l ibrat ion a l low to easily recognize the 
changes between images. The Red Green B lue (RGB) b a n d combinat i on used for the 
s tacks follows: 

• Red: B a n d 13 or B a n d 14. 

• Green: B a n d 13 or B a n d 14. 
• B lue : B a n d 5 or B a n d 6. 

Table 5: Information contained on each band of the co-registered stacks. 

Band Desc r ip t ion 

B a n d 1 
L i n e a r G a m m a _ V H b a c k s c a t t e r v a l u e for the f i r s t da te 
i m a g e . 

B a n d 2 
L i n e a r S i g m a _ V H b a c k s c a t t e r v a l u e for the f i r s t da te 
i m a g e . 

B a n d 3 
L i n e a r G a m m a V V b a c k s c a t t e r v a l u e for the f i r s t da te 
i m a g e . 

B a n d 4 
L i n e a r S i g m a _ W b a c k s c a t t e r v a l u e for the f i r s t da te 
i m a g e . 

B a n d 5 
G a m m a _ V H _ d B b a c k s c a t t e r v a l u e for the f i r s t da te 
i m a g e i n d B . 

B a n d 6 
S i g m a _ V H _ d B b a c k s c a t t e r v a l u e for the f i r s t da t e i m a g e 
i n d B . 

B a n d 7 
G a m m a _ W _ d B b a c k s c a t t e r v a l u e for t h e f i r s t da t e i m a g e 
i n d B . 

B a n d 8 
S i g m a _ W _ d B b a c k s c a t t e r v a l u e for t h e f i r s t da t e i m a g e 
i n d B . 

B a n d 9 
L i n e a r G a m m a _ V H b a c k s c a t t e r v a l u e for the s e c o n d da te 
i m a g e . 

B a n d 10 
L i n e a r S i g m a _ V H b a c k s c a t t e r v a l u e for t h e s e c o n d da te 
i m a g e . 

B a n d 11 
L i n e a r G a m m a J W b a c k s c a t t e r v a l u e for t h e s e c o n d da te 
i m a g e . 

B a n d 12 
L i n e a r S i g m a V V b a c k s c a t t e r v a l u e for t h e s e c o n d da te 
i m a g e . 

B a n d 13 
G a m m a _ V H _ d B b a c k s c a t t e r v a l u e for the s e c o n d da te 
i m a g e i n d B . 

B a n d 14 
S i g m a _ V H _ d B b a c k s c a t t e r v a l u e for t h e s e c o n d da t e 
i m a g e i n d B . 

B a n d 15 
G a m m a _ W _ d B b a c k s c a t t e r v a l u e for t h e s e c o n d da te 
i m a g e i n d B . 

B a n d 16 
S i g m a _ W _ d B b a c k s c a t t e r v a l u e for t h e s e c o n d da te 
i m a g e i n d B . 
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4.2 Lava flow delineation 

OBIA was selected for the l ava flow del ineat ion because the image ana lys i s c a n be done 
not only cons ider ing the value of i nd i v i dua l pixels , w h i c h neglects spat ia l concepts bu t 
also accord ing to add i t iona l contextua l propert ies obta ined by g roup ing p ixe ls (Blaschke, 
2010). Addi t ional ly , p ixe l -based approaches appl ied on f ine-resolut ion da ta c a n be 
affected by noise (salt-and-pepper effect) caused due to disperse c lass i f icat ion of 
i nd i v i dua l cells a n d because of the h i gh spectra l var ia t ion w i t h i n classes, whi le object-
based ana lys i s appl ied on h i gh spat ia l reso lut ion da ta provides more homogeneous 
objects a n d c lass i f icat ion (Blaschke, 2010). 

The l ava flows of the 2021 Fagradalsf jal l e rupt ion were mapped u s i n g OB IA a n d the 
ana lys is was performed u s i n g eCogni t ion (©Trimble) software. OB IA cons is ts of two major 
steps: segmentat ion a n d classi f icat ion. Initial ly, a mul t i r eso lu t i on segmentat ion 
a lgor i thm was appl ied to create homogeneous objects by g roup ing pixels w i t h s imi lar 
character ist ics . For the subsequent c lassi f icat ion, some spat ia l , geometric, a n d tex tura l 
propert ies of the geographic objects were used as i n p u t s i n a knowledge-based 
c lass i f icat ion ruleset. Different segmentat ion parameters a n d bands were used for the 
segmentat ion of each eruptive phase a n d further ref inement of the c lass i f icat ion was 
performed th rough merg ing a lgor i thms a n d cons ider ing spat ia l re lat ions between objects, 
before va l idat ing the resul ts . V i s u a l assessment of the intermediate resu l ts a n d h u m a n -
dr iven t r i a l a n d error tests were used to determine the thresho ld va lues for the 
c lassi f icat ion. Then , the resu l ts were exported i n G e o J S O N format a n d post-processed i n 
QGIS a n d ArcG IS software. 

The mul t i - r eso lu t i on segmentat ion step i n eCogni t ion required the conf igurat ion of 
different parameters i n c lud ing scale parameter, shape, a n d compactness. The a lgor i thm 
c lusters ne ighbour p ixe ls into single image objects based on homogeneity cr i ter ia w h i c h 
considers spectra l a n d shape propert ies of the features. Therefore, the cr i ter ion 
determines how homogeneous or heterogeneous a n image is . Usua l l y , to f ind the opt ica l 
parametr i sa t ion it i s necessary to perform t r i a l a n d error test ing to achieve the best degree 
of object homogeneity. 

The shape parameter c a n vary from 0.1 to 0.9 a n d determines the inf luence of shape 
against co lour i n the segmentat ion. Therefore, i f the va lue is f ixed to 0.3, the weight of 
the shape w i l l take the same va lue a n d the colour weight w i l l be 0.7. The compactness 
cr i ter ion w i l l compare how compact or smooth a n object w i l l be, aga in vary ing from 0.1 
to 0.9. The s u m of shape a n d compactness cr i ter ia m u s t be one (Trimble Ge rmany G m b H , 
2022). The scale parameter contro ls the size of the image objects. The correct select ion of 
the scale parameter w i l l inf luence the c lass i f icat ion resu l ts a n d the accuracy of the 
analys is . Ass i gn ing a s m a l l scale parameter value w i l l create smal ler features a n d i s more 
suitable for extract ing sma l l features, whereas a h i gh scale parameter w i l l create larger 
segments a l lowing extract ion of bigger features. The more pixels enclosed w i t h i n each 
segment; the more in format ion i s avai lable for the c lass i f icat ion process. However, a n 
incorrect conf igurat ion of the scale parameter i n h igh-reso lut ion da ta c a n l imi t i ts 
effectiveness a n d c a n lead to over or under segmentat ion because of the level of detai l 
d isp layed by the image. Over-segmentat ion c a n make the c lass i f icat ion process more 
diff icult because the var ia t i on w i t h i n the same c lass increases a n d on the other hand , 
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under-segmentat ion c a n lead to loss of detai l m a k i n g the c lass i f icat ion more inaccurate 
(Robb et a l . , 2015). Ideally, the objects s h o u l d have the same size, or a smal ler size 
compared to the features to be classi f ied because over-segmentat ion c a n be f ixed by 
merg ing a lgor i thms u s i n g contextua l in format ion of ne ighbour ing objects. 

Phase 1 

The changes i n phase 1 of the e rupt ion were del ineated u s i n g the s tack of the p r e - empt i on 
a n d the syn-e rupt ion phase 1 (Table 4). The m a i n thresho ld va lues used for the 
c lass i f icat ion i n c lud ing m e a n va lue a n d s tandard deviat ion were extracted from a layer 
created u s i n g the layer ar i thmet ic tool i n eCognit ion, w h i c h was cal led the subt rac t i on 
layer (SL). The SL is the subt rac t i on between B a n d 14 a n d B a n d 6 (Table 5) a n d it 
conta ined the backscat ter ing va lues i n decibel scale of the corresponding dates of the 
stack, resu l t ing i n a difference value that d isp lays h o w m u c h the segment change from 
the pre-event to the phase 1. For the refinement, the relative border to lava defines how 
m u c h of a segment border i n the image i s shared w i t h a ne ighbour ing segment classi f ied 
as lava. The va lue was set to 0 mean ing that there i s no border length shared w i t h the 
other l ava segments, c lassi fy ing these objects as "NoLava". 

The parametr i sa t ion of the segmentat ion a n d the thresho ld va lues used for the 
c lass i f icat ion a n d the ref inement of phase 1 are summar i s ed i n Figure 9. Figure 10 shows 
a preview of the eCogni t ion resu l t ing segmentat ion a n d c lass i f icat ion for phase 1. 

Multiresolution segmentation: 
Pixel level 

Layer (weight): 

• B a n d 5 (2) 
• B a n d 6 (2) 
• B a n d 7 |1) 
• B a n d 8 (1) 
• B a n d 13 (2) 
• B a n d 14 (2) 
• B a n d 15 (1) 
• B a n d 16 (1) 

Parametrisation: 

Scale parameter : 12 
Shape : 0.1 
Compac tness : 0.8 

Classification Parameters 

Layer arithmetic for SL: 

B a n d 1 4 - B a n d 6 

Lava candidates: 

M e a n S L <= -1 
S t anda rd dev iat ion S L >= 2 
Ass i gned c lass : Lava 

Refinement Class 

Relative border to l ava = 0 
Ass i gned c lass : NoLava 

Figure 9: Detailed workflow used for the delineation of the Phase 1 of the eruption. 
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Figure 10: Preview of the segmentation and classification obtained for the Phase 1 in 
eCognition. The blue polygons represent the unclassified segments in the scene. 

Phase 2 

The changes i n phase 2 of the e rupt ion were del ineated u s i n g the s tack of the syn-
e rupt ion phase 1 a n d phase 2 images (Table 4). For the mul t i r eso lu t i on segmentat ion, a 
themat ic layer conta in ing the classi f ied area from phase 1 was considered to m a i n t a i n 
the integrity of the de l ineat ion th rough t ime. In the c lassi f icat ion, the m i n i m u m overlap 
percentage feature was used to create a n over lapping value w i t h the l ava flows that were 
detected i n phase 1, exc lud ing them for the c lassi f icat ion. The m a i n thresho ld va lues 
used for the c lass i f icat ion of the l ava were extracted from the S L w h i c h d isplayed the 
difference between B a n d 13 a n d B a n d 5 (Table 5), a n d it conta ined the backscat ter ing 
va lues i n decibel scale of the corresponding dates of the stack. Therefore, the SL is a 
difference value that d isp lays how m u c h the segment changed f rom phase 1 to phase 2. 
The m e a n va lue of B a n d 13 was also u s e d for the c lass i f icat ion because the 
backscat ter ing va lues of the l ava were very strong compared to the s u r r o u n d i n g areas, 
m a k i n g it use fu l for the extract ion. For the refinement, the eCogni t ion merg ing a lgor i thm 
was used to merge the segments w i t h very s m a l l area. Addi t ional ly , the relative border 
feature was u s e d to exclude large segments that d id not correspond to the l ava c lass. 

The parametr i sa t ion of the segmentat ion a n d the thresho ld va lues used for the 
c lass i f icat ion a n d the ref inement of phase 2 are s u m m a r i s e d i n Figure 11. Figure 12 
shows a preview of the eCogni t ion resu l t ing segmentat ion a n d c lass i f icat ion for phase 2. 
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Multi re solution segment ation; 
Pixel level 

Classification Parameters Refinement Class 

r 
Layer (weight); 

• B a n d 5 (1) 
• B a n d 7(1 ) 
• B a n d 13 (1) 

Thematic layer: 

Phase 1 l a va de l ineat ion 

Parametrisation: 

Scale parameter : 6 
Shape : 0.1 
Compac tness : 0.4 

Layer arithmetic for SL: 
B a n d 13 - B a n d 5 

Old lava segments: 

M i n i m u m overlap w i th 
themat ic layer > 8 0 % 
Ass igned c lass : Phase 1 Lava 

Lava candidates: 

F i rs t ru le : M e a n S L <= -4 
Second ru le : S t anda rd 
deviat ion SL >= 1 and 
M e a n B a n d 13 >= -18 
Ass igned c lass : Lava 

Relative border to lava = 0 
Relative border to Phase 1 
Lava = 0 
Ass i gned c lass : NoLava 

Lava 

Figure 11: Detailed workflow used for the delineation of the Phase 2 of the eruption. 

Figure 12: Preview of the segmentation and classification obtained for the Phase 2 in 
eCognition. The blue polygons represent the unclassified segments in the scene. 
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Phase 3 

The changes i n phase 3 of the e rupt ion were del ineated u s i n g the s tack of the syn-eruptive 
phase 2 a n d phase 3 images (Table 4). For the mul t i r eso lu t i on segmentat ion, the themat ic 
layers conta in ing the c lassi f ied area from phase 1 a n d phase 2 were considered to 
m a i n t a i n the integrity of the de l ineat ion th rough t ime. In the c lassi f icat ion, the m i n i m u m 
overlap percentage feature was used to create a n over lapping value w i th the l ava flows 
that were detected i n phase 1 a n d phase 2, exc lud ing them for the c lass i f icat ion of the 
phase 3 lavas. The m a i n thresho ld va lues used for the c lass i f icat ion of the l ava were 
extracted from two different SL, one d isp lay ing the difference between B a n d 13 a n d B a n d 
5, a n d the other one showing the difference between B a n d 14 a n d B a n d 6 (Table 5). B o t h 
of the SL conta ined the backscat ter ing va lues i n decibel scale for the corresponding dates 
of the stack a n d represent ho w m u c h the segments changed f rom phase 2 to phase 3. 
The m e a n va lues of B a n d 5 a n d B a n d 6 were also used for the c lass i f icat ion because they 
d isp layed the s trong backscat ter ing va lues of the l ava d u r i n g the phase 3 compared to 
the s u r r o u n d i n g areas. For the refinement, the eCogni t ion merg ing a lgor i thm was used 
to merge segments w i t h very sma l l areas that prevented their correct c lassi f icat ion due 
to the var iabi l i ty of the va lues i n few pixels. The merg ing a lgor i thms u s e d combinat ions 
of condi t ions that i nc luded the area of the segments a n d the m e a n SL values. F ina l ly , the 
relative border feature was used for ref inement as it al lowed to exclude large segments 
that d id not correspond to the l ava class. 

The parametr i sa t ion of the segmentat ion a n d the thresho ld va lues used for the 
c lass i f icat ion a n d the ref inement of phase 3 are s u m m a r i s e d i n Figure 13. Figure 14 
shows a preview of the eCogni t ion resu l t ing segmentat ion a n d c lass i f icat ion for phase 3. 

Multiresolution segmentation: 
Pixel level 

Layer (weight): 

B a n d 1 (1) 
B a n d 2 (1) 
B a n d 5 (1) 
B a n d 6 (1) 
Hand 9 (2) 
B a n d 10 (2) 
B a n d 13 (1) 
B a n d 14 (1] 

Thematic layer: 

Phase 1 l ava de l ineat ion 
Phase 2 l ava de l ineat ion 

Parametrisation: 

Sta l e parameter ; 6 
Shape : 0.1 
Compac tness : 0.8 

Classification Parameters 

Layer arithmetic For SL: 
S L 1 : B a n d 1 3 - B a n d 5 
SL2 : B a n d 14 - B a n d 6 

Old lava segments: 

M i n i m u m overlap w i t h themat ic layer 1 and 
2 > 8 0 % 

Ass igned c lass : Previous lava 

Exclusion rule; 

M e a n B a n d 5 <= -19 & M e a n B a n d 6 <= -20 
Ass i gned c lass : NoLava 

Lava candidates: 

Firs t ruleset : 
M e a n SL ] <= -0.7 
Ass i gned c lass : In i t ia l 

Second ruleset : 
Merge In i t ia l wiLti Area >= 200 P x l &. M e a n 
SL1 <= -5 
In i t ia l w i t h M e a n S L 1 & M e a n SL2 <= -2.5 
In i t ia l w i t h Relative border Lo In i t ia l > 0 
Ass i gned c lass : Lava 

Refinement 

Merge Lava A r ea <= 2596 
Px l 

Figure 13: Detailed workflow used for the delineation of the Phase 3 of the eruption. 
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Figure 14: Preview of the segmentation and classification obtained for the Phase 3 in 
eCognition. The blue polygons represent the unclassified segments in the scene. 

Phase 4 

The changes i n phase 4 of the e rupt ion were del ineated u s i n g the s tack of the syn-eruptive 
phase 3 a n d phase 4 images (Table 4). For the mul t i r eso lu t i on segmentat ion, the themat ic 
layers conta in ing the classi f ied area from phase 1, phase 2, a n d phase 3 were considered 
to m a i n t a i n the integrity of the de l ineat ion th rough t ime. In the c lassi f icat ion, the 
m i n i m u m overlap percentage feature was used to create a n over lapping va lue w i t h the 
l ava flows that were detected i n phase 1, phase 2, a n d phase 3, exc lud ing them for the 
c lass i f icat ion of the phase 4 lavas. The m a i n thresho ld va lues u s e d for the c lass i f icat ion 
of the l ava were extracted from a S L w h i c h d isplayed the difference between B a n d 14 a n d 
B a n d 6 (Table 5). The SL conta ined the backscat ter ing va lues i n decibel scale for the 
corresponding dates of the stack a n d represent h o w m u c h the segments changed from 
phase 3 phase 4. For the refinement, the eCogni t ion merg ing a lgor i thm was used to merge 
segments w i t h very s m a l l areas. A geometry feature descr ib ing the symmetry of the object 
shape was u s e d du r ing the ref inement process to exclude objects f rom the l ava c lass. 
F ina l ly , the relative border feature was used for ref inement as it al lowed to exclude 
segments that d id not correspond to the l ava flow. 

The parametr i sa t ion of the segmentat ion a n d the thresho ld va lues used for the 
c lass i f icat ion a n d the ref inement of phase 4 are s u m m a r i s e d i n Figure 15. Figure 16 
shows a preview of the eCogni t ion resu l t ing segmentat ion a n d c lass i f icat ion for phase 4. 
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Multiresolution segmentation: 
Pixel level 

Classification Parameters Refinement Class 

Layer (weight): 

• B a n d 1 (1) 
• B a n d 2 (1) 
• B a n d 5 (lj 
• B a n d 6 (1) 
• B a n d 13 (1) 
• B a n d 14 (1] 

Thematic layer: 

Phase 1 lava de l ineat ion 
Phase 2 lava de l ineat ion 
Phase 3 lava de l ineat ion 

Parametrisation: 

Scale parameter : 6 
Shape: 0.1 
Compactness : O.S 

Layer arithmetic for SL: 

SL: B a n d 1 4 - B a n d 6 

Old lava segments: 

M i n i m u m overlap w i th thematic layer 1 
or 2 or 3 > 8 0 % 
Ass igned c lass : Previous lava 

Lava candidates: 

Mean SI- <= -2 
Ass igned c lass : Lava 

Unclass i f ied wi th Rel. border to 
Previous lava >= 0.5 
Ass igned c lass : Lava 

Lava with Asymmetry <= 0.2 
Lava w i t h ReL border to 
Previous lava = 0 
Lava with. ReL border to Lava 
= 0 
Ass igned c lass : NoLava 

Merge Lava wi th A r ea < 15 Px l 
or M e a n S L <= -3 

Figure 15: Detailed workflow used for the delineation of the Phase 4 of the eruption. 

Figure 16: Preview of the segmentation and classification obtained for the Phase 4 in 
eCognition. The blue polygons represent the unclassified segments in the scene. 

Post-eruption 

The changes i n phase 5 of the e rupt ion were del ineated u s i n g the s tack of the syn-erupt ive 
phase 4 a n d the post -erupt ion images (Table 4). For the mul t i r eso lu t i on segmentat ion, 
the themat ic layers conta in ing the classi f ied a rea from phase 1, phase 2, phase 3, a n d 
phase 4 were considered to m a i n t a i n the integrity of the de l ineat ion th rough t ime. In the 
c lassi f icat ion, the m i n i m u m overlap percentage feature was used to create a n over lapping 
value w i t h the l ava flows that were detected i n phase 1, phase 2, phase 3, a n d phase 4 
exc lud ing them for the c lassi f icat ion of the post -erupt ion l ava field. The m a i n thresho ld 
va lues used for the c lassi f icat ion of the l ava were extracted f rom a SL w h i c h displayed 
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the difference between B a n d 14 a n d B a n d 6 (Table 5). The S L conta ined the 
backscat ter ing va lues i n decibel scale for the corresponding dates of the s tack and 
represent how m u c h the segments changed f rom phase 4 to the post -erupt ion. The mean 
va lues of B a n d 6 were also used for the c lass i f icat ion because i t d isp layed a strong 
backscat ter ing va lue of the l ava flow for the post -erupt ion image. For the refinement, the 
eCogni t ion merg ing a lgor i thm was used to merge segments w i t h sma l l areas, a n d the 
relative border feature was used for exc lud ing segments that d id not correspond to the 
l ava flow. The parametr i sa t ion of the segmentat ion a n d the thresho ld va lues used for the 
c lass i f icat ion a n d the ref inement of the post -erupt ion are s u m m a r i s e d i n Figure 17. 
Figure 18 shows a preview of the eCogni t ion resu l t ing segmentat ion a n d c lass i f icat ion for 
the post-erupt ion. 

Multiresolut ion segmentation; 
Pixel level 

Classification Parameters 

Layer (weight): 

• B a n d 1 (1] 
- B a n d 2 (1) 
• B a n d 5 (1] 
• B a n d 5 (1) 
• B a n d 13 [lj 
• B a n d 14 [1) 

Thematic layer: 

Phase l lava del ineation 
Phase 2 lava del ineat ion 
Phase 3 lava del ineat ion 
Phase 4 lava del ineat ion 

P a r a m e t r i s a t i o n : 

Scale parameter: 6 
Shape: 0.1 
Comp acmes a: 0.8 

Layer arithmetic for SL: 

SL: B a n d 14 - B a n d 6 

Old lava segments: 

M i n i m u m overlap w i th thematic Layer 1 or 
2 or 3 or 4 > 8 0 % 
Assigned c lass : Previous lava 
Lava candidates: 

M e a n S L <= -2 arid M e a n B a n d 6 >= -19 
Ass igned c lass : Ini t ia l 
Merge Initial with Area <= 300 Pxl 
Initial with Mean ST. <= -2.7 
Ass igned c lass : Lava 

Lava wi th Rel . border to Previous 
— lava <= 0.1 

Assigned c lass : NoLava 

Figure 17: Detailed workflow used for the delineation of the Post-eruption. 
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Figure 18: Preview of the segmentation and classification obtained for the post-eruption in 
eCognition. The blue polygons represent the unclassified segments in the scene. 
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4.3 Validation 

The accuracy assessment measured a n d compared the over lapping area between the 
resu l ts obta ined w i t h OB IA a n d the l ava out l ines ca lcu lated i n Pedersen et a l . (2022). 
Orthophotos , D E M s , a n d th i ckness m a p s were generated f rom aer ia l photogrammetr ic 
surveys a n d Pleiades stereo images to m a n u a l l y map the l ava flows a n d calculate the lava 
vo lume a n d effusion rates of the 2021 Fagradalsf jal l e rupt ion i n Pedersen et a l . (2022). 
Table 6 shows the datasets selected as g r ound da ta to compare w i t h the resu l ts obta ined 
w i th the OB IA technique appl ied to SAR data. Most of the selected reference dates exactly 
m a t c h the dates used for the l ava de l ineat ion w i th OB IA except for the post-erupt ion. 

Conga l ton (1991) d iscusses descriptive a n d ana ly t i ca l techniques for assess ing the 
accuracy of c lassi f icat ions o n remote sens ing imagery. A descriptive technique c a n assess 
the c lass i f icat ion by compar ing the tota l correct c lassi f ied area a n d the c lassi f icat ion 
resul ts . The over lapping area represents the area that was correctly classif ied. The 
producer 's accuracy i s the ratio between the over lapping area a n d the OB IA classi f icat ion, 
w h i c h represents errors of i nc lus i on . The user 's accuracy is the ratio between the 
over lapping area a n d the reference data , w h i c h represents errors of exc lus ion. Table 7 
summar i s es the obta ined areas for each method a n d each event, the corresponding 
over lapping area, a n d the accurac ies obtained. 

Table 6: Lava flow outlines used as reference for the accuracy assessment (source: Pedersen 
et al., 2022) 

Dataset Associated date Associated event 

Out l i n e _20210331_ 1210_A6D_ 
Pedersen_etal2022 .gpkg 31 M a r c h 2021 Phase 1 

Ou t l i n e _20210412_ 1210_A6 D_ 
Pedersen_etal2022 .gpkg 12 A p r i l 2021 Phase 2 

Out l i ne _20210518_ 1730_A6D_ 
Pedersen_etal2022 .gpkg 18 May 2021 Phase 3 

Ou t l i n e _20210727_1000_A6D_ 
Pedersen_etal2022 .gpkg 27 J u l y 2021 Phase 4 

Ou t l i n e _20210930_1420_A6D_ 
Pedersen_etal2022 .gpkg 30 September 2021 Post -erupt ion 

Table 7: OBIA and orthophotos (Pedersen et al., 2022) mapped area, difference in mapping 
results, area of overlapping, and accuracies calculated for each event. 

Event OBIA 
(km2) 

Orthophotos 
(km2) 

Difference 
(%) 

Overlap 
(km2) 

Producers 
Accuracy 

(%) 

User's 
Accuracy 

(%) 

Phase 1 0,32 0,30 6,74 0,26 81,62 87,12 

Phase 2 0,73 0,74 -2,12 0,64 88 ,45 86,58 

Phase 3 2,07 2,06 0,35 1,89 91,59 91,91 

Phase 4 4,10 4,28 -4,37 3,80 92 ,83 88,78 

Post -erupt ion 4,32 4,85 -10,82 4,15 96,01 85,61 
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5 LAVA FLOWS VISUALISATION 

In th i s chapter, the methodology a n d process ing steps associated w i t h the l ava flows 
v i sua l i sa t i on of the 2021 Fagradalsf jal l e rupt ion are descr ibed i n detai l . It has been 
div ided into two subchapters that describe the m a i n stages followed for v i sua l i s ing the 
resu l ts obta ined i n Chapter 4. A step-by-step exp lanat ion for the pre-process ing a n d web 
mapp ing processes i s provided. 

5.1 Pre-processing 

The pre- a n d post -erupt ion Fagradalsf jal l D E M s (Table 1) prov ided freely by Pedersen et 
al . (2022) were used as elevation surfaces for creat ing a 3 D stat ic map a n d a 3D 
interactive Web Map appl icat ion. The D E M s were c l ipped to the s tudy area extent, a n d 
the gaps were f i l led u s i n g QGIS tools. F igure 19 shows the pre- a n d post-event elevation 
models of the s tudy area retrieved from Pedersen et a l . (2022). 

-2218' -22*15' -2212' -22181 -22°15' -2212' 

Figure 19: Pre- and post-eruption DEMs retrieved from Pedersen et al. (2022). 

A post -erupt ion PlanetScope image as of 04.10.2021 was used to texture the elevation 
surfaces i n the v isua l isat ions . The symbology of the image was conf igured to be v isual ise 
u s i n g a s tandard deviat ion s t re tch of 2 a n d a g a m m a value of 1,5. 

The l ava flow pa ths obta ined i n Chapter 4 were processed i n QGIS software to merge a l l 
the features of each phase into single features for better management of the data. The 
features were then converted to mu l t i pa t ch u s i n g the "Interpolate Polygon to Mu l t i pa t ch " 
tool i n ArcGIS Pro to ass i gn the elevation va lues of the post -erupt ion Fagradalsf jal l D E M 
to the l ava flow polygons a n d project them correctly i n the 3 D models. 
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A l l of the layers were projected to W G S 84 / U T M zone 2 7 N to d isp lay the da ta w i t h as 
little d is tor t ion as possible a n d to m a i n t a i n the geographic reference system integrity of 
the v isual isat ions . 

5.2 Visualisation 

3D Web Map application 

The Qgis2threejs p lug in was ins ta l l ed i n QGIS, a n d it a l lowed the creat ion of a 3 D scene 
arrang ing the l ava flow mul t ipa tches on top of the elevation surfaces that cou ld be 
exported direct ly to the web. The f ina l export consisted of a HyperText M a r k u p Language 
(HTML) a n d several JavaSc r i p t (JS) a n d Cascad ing Style Sheets (CSS) files. Addi t ional ly , 
the p lug in al lowed the creat ion of a n an imat i on of the scene accompanied by mu l t imed i a 
elements a n d text that al lowed the v i sua l i sa t i on to be presented i n the form of a story. 
Besides, the design of the f ina l app l i ca t ion was cus tomised u s i n g the native files provided 
by the p l u g i n a n d i t was up loaded to G i t H u b a n d configured as a pub l i c website. The 
step-by-step procedure used to create the an imat i on follows: 

1. Load elevation surface, vector, a n d raster layers i n QGIS , per form pre-process ing 
a n d style them accordingly. 

2. Open the Qgis2threejs exporter f rom the QGIS toolbar. The "Layers" pane l to the 
left side of the w indow disp lays the map layers that are current ly opened w i t h the 
QGIS project a n d that are available to add i n the 3 D scene. Select the elevation 
layers to add them to the scene. Figure 20 shows the preview of the 3 D scene after 
add ing the D E M s . Addi t ional ly , the geometry, mater ia l , a n d t i les of the layers can 
be configured. 

A !:] •••," I" I - •. Exporte« 

Eile Scene View Window Help 

" ¥ DEM 
- <J DEM 30/09/2021 

map (canvas) 
DEM 08/08/2021 
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DEM 18/04/2021 
DEM 29/03/2021 

- <J DEM Pre-eruption 
map (canvas) 

' : ' Point 
Geldmtjjddlii 

V Lbt 
' PI Polygon 

Lava outlne 27/09/2021 
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AOI.Metutcx 

Vo Point Cloud 

Animation Layeis 

Figure 20: Qgis2threejs preview window displaying the elevation surfaces and their 
configuration in the 3D scene. 
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3. App ly texture to the elevation surfaces u s i n g the mater ia l conf igurat ion available 
i n the "Layer Properties" window. The post-event image from PlanetScope was 
used as the overlaying texture of the scene because of the h i gh reso lut ion of the 
da ta w h i c h al lows a better render ing. Addi t ional ly , the l ava out l ines were loaded 
into the scene a n d conf igured w i th a n ' A d d e n d " of 10 to be d isp layed correctly on 
top of the elevation surface (Figure 21). 

Figure 21: Qgis2threejs preview window displaying the raster and vector overlaying layers 
and their configuration in the 3D scene. 

4. A n i m a t i o n a n d narrat ives were added to the scene f rom the ' 'An imat ion" left-side 
pane l i n the p l u g i n exporter. Seven keyframes were created a n d the narrat ive 
content a n d m u l t i m e d i a suppor t were added to each of the keyframes to d isplay 
a story whi le the scene moves. The easing a n d dura t i on of the keyframes were 
conf igured i n the " C a m e r a Mot ion" window. 

A Qgis2threejs E x p o r t « 

Eile S e e n « View Window Help 
Animation B * 

Loop • 

* m Camera Motion 
» ^ Group 2  

keyname 2 
keyframe 3 
keyframe 4 
keyframe 6 
keyframe 7 

A Group 2 - Camera Motion X 

Name keyframe 5 

Narrative content =?, 

The Fagradalsfjail volcano is located on the 
Reykjanw Peninsula (RP) In Iceland. The 
highest point In the volcanic system reaches 
-390 m.a.s.l. 

u g M P m \ Z r \ \ ^ \ l _ 
Delay (msec) 0 Duration (msec) 3000 

Begin: 0:00.000 End: 0:05.000 

• Play al Total time: 0:45.000 | , 

Animation Layers 

Figure 22: Qgis2threejs animation panel and the keyframes configuration window. 
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5. The scene a n d the an ima t i on were exported to the web u s i n g the " 3 D Viewer w i th 
dat -gui pane l " template because i t al lows the user to interact w i t h layers by 
adjust ing their v is ib i l i ty a n d opacity i n the web scene. The sett ings for the camera 
were conf igured to display a perspective camera for w h i c h the closer the object, 
the bigger it renders a n d the farther the object, the smal ler it renders. 

A Export to Web X 

Setting? Log 

General 

Output directory D:/Iceland/TestVis Browse... 

HTML filename index.html 

Page title [index  

V Preserve the current viewpoint 

V Enable the viewer to run locally 

Template 

Template 3D Viewer with dat-gui panel • ] 

Custom plane Add a custom plane 

Animation and Narrative 

V Start animation once the scene has been loaded 

[ | | Cancel | 

| Export | | Close | 

Figure 23: Qgis2threejs export settings used for the 3D web application of the 2021 
Fagradalsfjall eruption. 

Static Map 

A 3 D stat ic map v i sua l i s ing the lava flows on top of the elevation surfaces was created 
u s i n g a n ArcG IS Pro local scene, w h i c h a l lows three-d imens iona l representat ions of 
spat ia l data. 

Figure 24: 3D static map visualising the delineated lava flows. 
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6 RESULTS 

The objectives of th i s project were to delineate the l ava flow of the 2021 Fagradalsf jal l 
e rupt ion, to compare the de l ineat ion w i t h exist ing reference data , a n d to v isual ise the 
resu l ts interactively. Two m a i n research sect ions descr ibed i n detai l the methodology 
used to achieve these goals, leading to relevant f indings. The resu l ts sect ion presents a 
s u m m a r y of the f indings. The l ava flow mapp ing resu l ts are compr ised i n the form of 
t ime-series m a p s a n d figures that showcase the changes detected d u r i n g the e rupt ion 
a n d the v i sua l i sa t i on resu l ts consist of the web app l i ca t ion itsel f a n d the 3 D stat ic map. 

6.1 Lava flow mapping results 

The resu l ts of the l ava flow mapp ing u s i n g OB IA on radar da ta are s h o w n i n Figure 25 . 
The pre -erupt ion image shows the s tudy area before the l ava flows started to in f i l l the 
Ge ld ingadal l i r valley, a n d it was used as a n in i t i a l reference for the ident i f icat ion of the 
changes throughout the erupt ion. The figure shows the l ava flow extent classi f ied for each 
phase after ref inement a n d post-processing. 

The resu l t ing area for the de l ineat ion of phase 1 was 0,32 k m 2 (Table 7). The extent of the 
lavas inf i l led ma in l y the nor th-western part of the Ge ld ingadal l i r valley a n d the range of 
elevations that it covered var ied from 245 u p to 317 meters above sea level (MASL). For 
phase 2, the l ava cont inued i ts course to the northeast , a c cumu la t ing a n area of 0,73 
k m 2 , a n d in f i l l ing a topographic range from 165 u p to 330 M A S L . D u r i n g phase 3, the 
l ava spread towards the northeast a n d the sou the rn region of the valley reach ing a n area 
of 2,07 k m 2 a n d covering elevations from 164 u p to 320 M A S L . The l ava flow pa th 
del ineated for phase 4 also exhib i ted movement to the east a n d the s ou th a n d inf i l led a 
topographic range f rom 110 to 347 M A S L ; besides, i t presented the largest extent among 
the eruptive phases resu l t ing i n a n area of 4,10 k m 2 . The post -erupt ion phase showed 
sma l l changes that covered elevations from 113 u p to 310 M A S L i n the no r the rn and 
south-western regions, reach ing a n area of 4,32 k m 2 . 

The difference i n del ineated area w h e n compar ing the OB IA resu l ts a n d the reference 
da ta is more signif icant for the post -erupt ion phase t h a n for the syn- event phases a n d is 
less notable for the syn-erupt ive phases 2 a n d 3 (Table 7). The negative va lues i n the 
difference indicate that the OB IA del ineat ion for the specific event resul ted i n less area 
compared to the reference data, a n d conversely, a posit ive va lue means that the OBIA 
out l ine resul ted i n more area t h a n the reference data. Negative va lues were obta ined for 
phases 2, 3 a n d the post -erupt ion, a n d positive va lues were obta ined for the syn-erupt ive 
phases 1 a n d 4 (Table 7). In general, the accuracy va lues are s imi la r for the OB IA a n d the 
orthophotos de l ineat ion created by Pedersen et a l . (2022). F igure 26 d isp lays the accuracy 
assessment resu l ts i n the form of a l ine char t a n d indicates how the accurac ies changed 
th rough t ime. The producer 's accuracy ranges f rom 82 to 96 percent, be ing the post-
e rupt ion the event w i t h the highest value, a n d the phase 1, the event w i t h the lowest 
value. O n the other h a n d , the user 's accuracy presents va lues vary ing from 86 to 92 , 85 
percent associated to the post -erupt ion event a n d 91 percent related to phase 3. For the 
overal l accuracy, the lowest value i s 84 percent, and the highest value is 92 percent. 
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Figure 25: Resulting lava flow delineations for each eruptive phase extracted with OBIA and 
visualised on top of the corresponding Sentinel-1 imagery. 
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Figure 26: Results of the accuracy assessment showing the obtained producer's accuracy 
(OBIA extraction) and the user's accuracy (reference data). 

6.2 Visualisation results 

3D Web Map Application 

The G i t H u b repository conta in ing a l l the files associated w i t h the web map app l i ca t ion is 
accessible at: h t tps :/ /g i thub . com/s l085496 /Fagradalsf jal lApp, 

Figure 27 shows a n overview of the web map app l i ca t ion w h i c h c a n also be f ound under 
the fol lowing l ink : Fagradalsf jai l App l i ca t ion . The app l i ca t ion cons is ts of several widgets, 
labels, a n d contro ls that suppor t the interact iv i ty of the interface. The components are 
enumerated as follows: 

1. Header labe l to the top-left corner of the web app l i ca t ion that d isp lays the title 
a n d footer labe l to the lower-left corner d isp lay ing the da ta sources a n d 
at t r ibut ion. 

2. Dynamic n o r t h arrow to the lower-left corner of the web appl icat ion. 
3. Navigat ion widget that d isp lays the or ientat ion a n d pos i t ion of the scene i n X ,Y , 

Z. 
4. The narrat ive screen shows the narrat ive a n d m u l t i m e d i a content assoc iated to 

the an ima t i on keyframes. The narrat ive content changes every t ime the an imat i on 
starts or manua l l y by c l i ck ing the next arrow but ton . 

41 



5. The m a i n web map frame d isp lay ing the 3 D scene w h i c h c a n be moved accord ing 
to the fol lowing orbit controls: 

Table 8: Orbit controls of the web map application. Taken and modified from qgis2threejs 
tutorial available at: 
https://buildmedia.readthedocs.org/media/pdf/qgis2threeis/docs/qgis2threeis.pdf 

Control Keys Control 
Mouse Touch 

Orbi t Left bu t t on One finger move 

Zoom Scro l l whee l Two-finger spread 

P a n Right bu t t on Two-finger move 

6. The "dat-gui " pane l on the top-right corner shows a l l the layers that are conta ined 
w i t h i n the map frame i n c lud ing the raster a n d vector data. The contro ls are 
d iv ided i n three m a i n sections: 

a. Layers: The layers sect ion inc ludes the raster a n d vector da ta that d isp lays 
a check box to toggle the layer v is ibi l i ty . A n d the opacity c a n be changed 
either by hover ing over the sl ider or by modi fy ing the n u m b e r next to the 
slider. 

b. An imat i on : A l lows to pause or play the an imat ion . 
c. Help: Redirects the user to the he lp page that descr ibes the website usage 

keys. 

The C S S file was modi f ied to customise the backg round colour of the web app l i ca t ion a n d 
the s ty l ing of the labels a n d widgets. 
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7 DISCUSSION 

Data suitability 

The S A R da ta u s e d for th i s research i s open source. Open-source datasets are easily 
accessible a n d the process of retr ieving the da ta is faster a n d more efficient especially 
when the da ta c a n be downloaded from user- fr iendly porta ls s u c h as A S F . The m a i n 
reasons considered to select SAR da ta to map the l a va flows of the 2021 Fagradalsf jal l 
e rupt ion were the weather independence capabi l i t ies, the stabi l i ty of the imag ing 
condi t ions, a n d the consistent imag ing modes of the SAR sens ing systems. The al l -day 
a n d n ight abi l i ty to provide imagery a l lows to t rack n a t u r a l dynamic processes s u c h as 
vo lcanic erupt ions i n near real-t ime. S A R sensors have their own i l l um ina t i on source 
w h i c h provides h igh ly stable imag ing condi t ions that are fundamenta l to thoroughly 
detect changes caused by the spread of l ava flows. Besides, SAR i s a mode rn sensor w i th 
consistent imag ing modes that a l low it to have bo th h igh-reso lut ion a n d wide spat ia l 
coverage at the same t ime, resu l t ing i n S A R harmon i zed da ta archives a n d better 
capabi l i t ies for change detection. Sentinel-1 satel l i tes provide g lobal coverage, have a 
spat ia l reso lut ion of 10 meters, a n d a rev is i t ing cycle of 6 days w i t h bo th of i ts satell ites 
for the entire orbit. Despite the h i g h spat ia l reso lut ion of the datasets u s e d for the 
extract ion of the l ava flows, it c ou ld represent a l im i t ing factor compared to the s m a l l 
spat ia l extent of the s tudy area. 

The m a i n chal lenges of u s i n g radar imagery for l a va flow mapp ing were the geometric 
d istort ions, the speckle noise i n the imagery, a n d the regular or backg round image 
content m a s k i n g subt le change s ignatures. The geometric d is tor t ions associated w i t h the 
s ide- looking geometry of S A R systems are foreshortening, layover, a n d shadow effects. 
Foreshortening c a n make the objects appear smal ler because it creates a projective 
contract ion of the image, layover c a n lead to ghost features, a n d shadow effects c a n hide 
image attr ibutes. The regular or backg round in format ion of the image c a n d i s rupt the 
recognit ion of potent ia l changes. Addi t iona l ly , the salt a n d pepper effect that comes 
in t r ins i ca l l y w i t h S A R imagery c a n make it harder to per form change detect ion ana lys is 
because it c a n alter the appearance of l ava flow shapes a n d s t ructures . The terra in 
correct ion appl ied du r ing the da ta pre-process ing cou ld have improved the geometric 
representat ion of the image, he lp ing to reduce the effects of the distort ions. Fur thermore , 
speckle f i l tering was appl ied to the datasets u s e d i n the ana lys i s w i t h the a i m of reduc ing 
the sal t -and-pepper effect i n the images. 

The 30 meters reso lut ion Cope rn i cus D E M was used for the radiometr ic t e r ra in correct ion 
a n d the t ime frame of da ta acquis i t i on of t h i s D E M ranges f rom 2011 to 2015 . T h i s layer 
was used for process ing the t e r ra in correct ion of a l l of the images, i n c lud ing the pre-, 
syn- , a n d post -erupt ion events, w h i c h means that the topographic changes at the t ime of 
each SAR image were not considered i n the analys is . Neglecting the differences i n 
topography caused that some par ts of the l ava flow pa th i n the syn-erupt ive phases a n d 
the post -erupt ion cou ld not be extracted, especial ly for the areas where the topography 
exhib i ted the greatest changes. T h i s i ssue cou ld have been better addressed i f the te r ra in 
correct ion was performed at least w i t h pre- a n d post -erupt ion D E M s or w i t h elevation 
models for w h i c h the date relatively matched w i t h the date of each ana lysed image. For 
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instance , interferometric techniques cou ld have been appl ied to the same Sentinel-1 da ta 
used for the ana lys i s i n order to generate mul t i - t empora l D E M s . 

Potential and limitations of the lava flow mapping methodology 

The ana lys i s of S A R backscat ter u s i n g OB IA showed great potent ia l to map the l ava flow 
deposits of the 2021 Fagradalsf jal l e rupt ion. The accuracy of the mapp ing out l ines 
generated w i t h OB IA was assessed by compar ing them to l ava out l ines del ineated 
m a n u a l l y u s i n g orthophotos by Pedersen et a l . (2022) (Table 7). The accuracy assessment 
ind icated h i gh coincidence w i t h the reference data , obta in ing overal l accurac ies above 80 
percent for a l l of the analysed phases. The tota l l ava flow p a t h area obta ined from O B I A 
was 4,3 k m 2 whi le the reference da ta covers 4,8 k m 2 . The difference i n area indicates 
underes t imat ion of the l ava flow deposits. T h i s c a n be related to the l imi ta t ions of the 
da ta u s e d for the ana lys is , the c lass i f icat ion scheme developed for the extract ion, a n d the 
sensit iv i ty of the approach to the image objects derived from the mul t i r eso lu t i on 
segmentation. For instance, segments enc los ing k n o w n areas of ex ist ing l ava d isp layed 
very different backscat ter ing intens i ty values, exc lud ing them from the l ava classi f icat ion. 
The differences i n the backscat ter ing propert ies presented by these segments cou ld be 
associated w i t h the elevation surface u s e d to apply the radiometr ic t e r ra in f lattening and 
the t e r ra in correct ion pre-processing steps on the radar images (see d i s cuss i on sect ion 
on da ta suitabi l i ty) . Fur thermore , the segmentat ion a n d the c lass i f icat ion schemes were 
developed based o n knowledge-based a n d tr ia l -and-error approaches w h i c h introduce a 
degree of subjectivity into the c lassi f icat ion. T h u s , objects d isp lay ing very low 
backscat ter ing change magni tudes , w i t h lower in t e rna l homogeneity, or w i t h diffuse 
borders were diff icult to integrate w i t h i n the c lass i f icat ion scheme a n d th i s cou ld also 
have led to the c lass i f icat ion of false-positive a n d true-negative l ava segments. 

The m a i n object-based feature used for the semi-automat ic c lass i f icat ion was a n 
ar i thmet ic layer that ca lcu lated the difference i n backscat ter ing between two consecutive 
pa i r s of images, represent ing the change from one phase to the next one (subtract ion 
layer). The SL proved to be use fu l for the l ava c lass i f icat ion among a l l the phases because 
of the contrast ing differences that i t d isp layed between the l ava c lass a n d the su r r ound ing 
objects. Addi t ional ly , u s i n g the already classi f ied l ava segments as themat ic layers every 
t ime the next segmentat ion was performed al lowed to m a i n t a i n the integrity of the t ime-
series analys is . T h i s was considered because w h e n app ly ing OB IA for t ime-series ana lys is 
it i s very un l ike l y to obta in the exact same segments f rom image to image, even w h e n the 
imag ing condi t ions a n d the c lass i f icat ion parameters are the same. The thresho lds a n d 
parametr i sa t ion va lues used for mapp ing the l ava flows were specif ical ly tested for the 
case of the 2021 Fagradalsf jal l e rupt ion ; however, further research cou ld test the 
transferabi l i ty of the approach a n d the appl icabi l i ty of SL va lues i n object-based 
c lass i f icat ion schemes for different volcanoes a r ound the wor ld . 

Insights from the lava flows visualisations 

The m a i n diff iculties faced du r ing the development of the 3 D web map an imat i on were 
the integrat ion of several E O datasets a n d the select ion of a sui table plat form or software 
that al lowed interact iv i ty a n d fast render ing. Over lay ing the resu l t ing l a va flow out l ines 
(2D vector data) on top of the elevation surfaces i n the qgis2threejs p lat form required the 
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convers ion of the vector datasets to mu l t i pa t ch because the project ion of the layers i n 3D 
was not automat ic . F i n d i n g the best ma t ch ing parameters to ass ign elevation va lues to 
the vector layers was t ime -consuming a n d the file format h a d to be changed several t imes 
to b r ing the layers from one GIS software to another. Several p lat forms were tested before 
qgis2threejs i n c lud ing A rcG IS Pro, C i ty Engine, Blender , a n d C e s i u m ion . The m a i n 
reasons to choose the QGIS p l u g i n were: it i s a n open-source product , a l lows fast 
render ing, interactivity, and an imat ions , a n d it i s easy to use. Compared to ArcGIS Onl ine 
a n d C i ty Engine, qgis2threejs does not require any l i cens ing or payment. Addi t ional ly , 
ArcGIS On l ine does not suppor t 3 D an imat i ons a n d the layers render ing i s very slow, a n d 
C i ty Eng ine is harder to manage, a n d depending o n the data, the render ing c a n be very 
s low s u c h as i n the case of very-high-reso lut ion D E M s . B lender required a n excessive 
amount of t ime a n d hardware resources to create elevation surfaces f rom the very-high 
reso lut ion pre- a n d post -erupt ion D E M s . C e s i u m i o n al lows fast render ing a n d i s a user -
fr iendly p lat form to b u i l d 3 D appl icat ions; however, cus tomisa t i on of vector layers i s not 
al lowed for the open vers ion, a n d it i s not possible to interact w i t h the layers w h e n the 
app l i ca t ion is pub l i shed . 

Some of the l imi ta t ions found i n the qgis2threejs p lug in were that once the vector layers 
are added to the 3 D scene, there i s only one layer conf igurat ion that c a n be d isp layed i n 
the different keyframes of the an imat ion . T h i s c a n affect the storytel l ing purpose of the 
app l i ca t ion because the scene i s not unders tood as a progressive story. Besides, the 
default s ty l ing of the webpage looks ant ique a n d because of the large archive that is 
generated after export ing the appl icat ion, it c a n be h a r d to edit the sty l ing i n the native 
files. Fu ture research cou ld evaluate qual i tat ively a n d quanti tat ive ly how effectively the 
3 D v i sua l i sa t ions are cont r ibut ing to c ommun i ca t ing the research resu l ts to the users. 
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8 CONCLUSION 

The a i m of th i s s tudy was to evaluate the potent ia l of S A R da ta i n semi-automated lava 
flow mapp ing u s i n g OB IA a n d to determine the extent of the l ava flow for the 2021 
Fagradalsf jal l e rupt ion. The objectives were to per form a t ime-series ana lys i s u s i n g 
Sentinel-1 da ta a n d OB IA to delineate the extent of the l ava flows, to assess the accuracy 
of the resu l ts by compar ing them to ex ist ing del ineat ions, a n d to v isual ise the l ava fields 
interactively by creat ing a 3 D an imated web map appl icat ion. 

To achieve the semi-automat ic l a va flows del ineat ion, the OB IA approach was appl ied to 
SAR data. The procedure required pre-process ing of the data, image segmentat ion and 
c lass i f icat ion for extract ing the l ava flows, a n d va l idat ion of the del ineated l ava flow 
out l ines. The accuracy assessment of the resu l ts showed a h i gh corre lat ion w i t h the 
reference da ta a n d overal l accurac ies above 80 percent were obtained. The l ava flow field 
covered 4,3 k m 2 , t en percent less t h a n the area reported for the reference data. Yet the 
use of OB IA i n semi-automated l a va flow mapp ing is relatively new, especial ly w h e n us ing 
Sentinel-1 as the bas i s for analys is , the outcomes exhib i ted p romis ing accuracy. 

A 3 D interactive v i sua l i sa t i on of the l ava flows was created a n d openly shared through 
the web to communica te the research resu l ts to the general pub l i c . The web map 
app l i ca t ion was hosted i n G i t H u b under the fol lowing l ink : Fagradals f ia i l App l i ca t ion . The 
v i sua l i sa t i on cons is ts of several interactive widgets a n d contro ls a n d inc ludes an imat i on 
a n d m u l t i m e d i a support . The app l i ca t ion provides meaning fu l in format ion associated 
w i th the l ava flow mapp ing a n d might improve the readabi l i ty of the resu l ts for diverse 
groups of users . 

In conc lus ion , th i s s tudy revealed the h i gh potent ia l of u s i n g OBIA o n Sentinel-1 
backscat ter da ta for mapp ing the l ava flows of the 2021 Fagradalsf jal l volcano and 
prov ided a n interactive web app l i ca t ion to communica te the resul ts . Nevertheless, 
l imi ta t ions associated w i t h the S A R da ta a n d the sensit iv i ty of the method to the chosen 
image objects' parametr i sa t ion a n d c lass i f icat ion scheme s h o u l d be considered to obta in 
h igh-qual i ty resul ts . Fu ture research ought to further explore the potent ia l of u s i n g OBIA 
a n d the intensi ty backscat ter ing in format ion recorded by S A R da ta for semi-automat ic 
mapp ing of wor ldwide l ava flows. The outcomes of the research cou ld be u s e d as g round 
da ta for upcom ing s tud ies i n the area. Addi t ional ly , the in format ion conta ined i n the lava 
flow m a p s c a n contr ibute to a better unders ta t ing of the l ava flow mode l a n d c a n suppor t 
loca l author i t ies to thoroughly respond against vo lcanic hazards. 
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