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PREFACE

The present master thesis constitutes 30 ECTS and is presented to DTU Byg and DTU Asdlgkrajeetfi
for the completion of a MSc in Environmental Engineering at the Technical Univedstyradrk

The project was carried on in collaboration with the University Center in SvalbardaiuNig)s funded

by the Arctic Field Grant (AFG), Grgnlaadken and the Society for Arctic Research and Technology
(SAFT). The Svalbard fieldwork campaigns were funded by the AFG meanwhile the Greenland fieldwork
campaigns where funded by Grgnlandsbanken and SAE&Xpress my deepest gratitude to these
institutions for lending me the opportunitp work on such a fascinating project thatrbnglyaspiredto

carry on.

This study constitutes@mponentof a wider project carried on in collaboration with Marco Marcer and
Baptiste Vandecrux under the supervisadrCarl Egededjgild from DTU Artek and Fred Sigernes from
UNIS.

Knowing that sow coveris the dominant surfacén the Arctic and hasxtremely important influence in
the livelihoodand weltbeing ofits residents, ltis wider projectvas born with the ida of providing new
and efficient tools fomonitoring snovthroughthe use othe recently emerging Unmanned Aerial Vehicles
(UAVSs) platforms.

Overall the project is divided in three components that are enlisted as follows.

x  Designing and testingreew ard affordablemethod for determining snow deptlistribution using
UAVs and digital photogrammetry.

x  Usingsnow depthUAV data for calibrating models that can estimatensdepth distribution over
largescale areas.

x Using the UAV acquired imagery for obtagriurther information of snow optical proprieties and
link them with the physical proprieties.

The present raster thesis covers the first component of the project and focus on the use oftAbised
with digital photogrammetry for estimating snow deihatial distribution.

The second and third part of the project are covered by Marco Marcer and Baptiste Vandecrux on their
master thesis workSince this project was carried on simultaneously with Marco and Baptiste project, the
UAV data for snow distriian modeling was not yet available for the second component. Howtieer
overall project is still in progress and further studiesaise followed.
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0Sic Parvis Magia
("Thus greathings from small thinggome")

-Sir Francis Drake mott
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ABSTRACT

Determining snow depth spatial distributies cruciahot only for serving civil purposes related to drinking
water supply or hydropower generation, but also for several applications in snow, hydrology and
environmental research. Howety snow depth results to be extremely variabtgh in space and time
Consequentlytraditional and stateof-the-art snow monitoringmethodologiesare not alwaysable to
capture such a high spatial variability over time without highly expensive salitiadhs present work a

new methodology is presented that aims to propose a solttidhe problemby taking advantagef two
low-cost and emerging technologies in a geoscience research cdatextture fom Motion (SfM) digital
photogrammetry and Unmamed Aerial Vehicles (UAVS). The asset of the combinagioyeen these
technologies is that they can provide accurate anl fégolution Digital Elevationddels(DEMSs) of large
areas,at low-running costs andta reducedeffort. The proposed method watilprofit of this asset and
perform a subtraction between georeferenced snow surfaces (snow DEMs) and their corresponding
underlying topographies (topography DEM®)s providig snow depth distribution mapkn order to test

the feasibility ancefficiencyof the presentedmethod on a small scale levebix differentsnowcovered
areaswere surveyed ithe mentioned above contextThe areas ranged fro800to 51,0000 and wo

were locatednear Longyearbyen, Svalbard and four near Andenfjorden, Wesnl@aneeThe surveys
differed in terms ofsnow surface type, underlying topography complexity, luminance conditions and
equipment used in order tassesan applicability rangtor the method.The results are presented as six
show depth distribution maps arate validated by comparing estimated snow depthgrobed snow
depths over a seqjuality control points. Depending on the arghe average difference between probed

and estimated snow depth varied from O1@ifor the best case to 0.1% for the worstcase meanwhile

the spatial resolution ranged from 0.06 to Gri The error sources for each case @nmeroughly
investigated and was assessed that the error can be further mitigated by georeferencing the DEMs using
common ground control points visibla both the snow surface and the corresponding underlying
topography.In the tests performedhe method did not resulparticularlylimited by any specific surface
characterization of the area or any survey conditieven though it was tested over smablecareas, by
considering these preliminary results the metlpwdsents the potential to ba simplified procedure that
allows repeatmapping of snow dynamics while mitigating running castisvithout resigning at obtaining

high accuracieand resolutions
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1 INTRODUCTION

Snow coveisan extremely dynamic surfatieat is continuouslyaryingover spacandtime (Robinson, et

al., 1993; Dery & Braw 2007; Scipion, et al., 2013)nd this variability has a critical role inclimate,
ecological and hydrological systebwgh on a local andn a global scal@Vinther, et al., 2003; Callaghan,
et al., 2011 UNEPR2007) Fom an hydrological point of vietine volume of water in the snowr Snow
Water Equivalent (SWHS the most important propriety of the snow cover and is directly related to the
show depth 9. In this contextis extremely desirable to estimate snalepthdistributionand variability
sinceit resultsa key componenin snowmelt-runoff modeling(e.g.Butt & Bilal, 2011)n river runoff and
groundwater rechargee(g.! 1 @ NNB{ 3 ; AINMt af,22008amdasi a fundamentadlirect
resource indicator for fresh water supply or hydropower genergdBamnett, et al., 2005})-or society the
snow depth variability is also important, when estimating hazards in te@tasalanches and floo¢sg.
Schweizer, et al., 2008amieson & Stethem, 200@) for examplet has been observethat it has an
impact on vegetation growth on certain types of laoder(Wanga, et al., 2013Feng, et al., 20}0it is
foreseenthe need to efficiently and accurately estimate snow distributieer timefor improving several
environmentalresearch sectordyut also for increasing the efficiency of water resources management
systemsFurthermore, ti is here noted that thisneedis accatuatedin Arctic and Nordicregions, where
snow is the dominant surface covering both its land and frozen water bodied fom®&nths each year
andthe use of snow as hydropower owatersupply resource is particuladyerted(Winther, et al., 2003;
Callaghan, et al., 2011; Vikhamar & Solberg, 2003)

However despite its relevanceaditionaland stateof-the-art methods for estimatingnow depth present
someseriousdrawbacksndlimitations.Manual snow probing isi¢ simplest technique availabl®jt this

method is time consumingpresent very low spatial coveragand cannot be practiced in hazardous
environmentslike avalancheisk zones(Prokop, et al., 2008Yime consuming issues are solvedthg
implementation of automated snow depth poineasurements like snow pillows or sonic rangers but the
spatialcoverageof these methods stilemains very poofe.g.Liston & Sturm, 2005erreze, et al., 1999

Slater & Clark, 2006)he Ground Penetrating Radar (GPR) pr@ddeaccuratextra spatiatoveragebut

it remainsverydiscretein terms of spatial variabilityy R OF y QG 0 S LINI dieédsvib&R 2 @S NJ
expensive airborne approach@dachguth, et al., 2006)

Remote sensing methodsr determiningsnow deph usually fills the gap iregardsof spatial coverage
compared to the other methodologieSeveral comparisons among them have been performed and an
extensivereview on the topic haslready been donfietz, et al., 2011)Among thesenethodsone can
mention the use of satelliteplatforms and microwaveemissivity(e.g. Rott, et al., 2008; Clifford, 2010;
Rittger, et al., 2013 arajka & Bloschl, 2008)rborne or terrestriaLight Detection and RangifgDAR)
(e.g.Deems, et al., 201 Blopkinson, et al 2004;Prokop, 2008andtraditional airborne photogrammetry
(Ko6nig & Sturm, 1998Vorby, et al., 2008)Eventhough these are established techniquéeey often
presentsome limitations in accuracy and resolution, in the ease of application or thidgyerome at high
costs Clifford, 2010; Rittger, et al., 2013; Rott, et al., 26@8ajka & Bloschl, 2008cKay, 1968; ANassai

& Kalyankar, 201Xhardé, et al., 2006)

Likewisevariouscurrent modeling approache®ither statistical or physically bakeareable to provide
snow depth and SWE owanalllocalareas or catchment scalareas (e.g.Bruland, et al., 2004 riinewald,

11



ARTETU Civil Engineering M.Sc. Thesis August 2015
Emiliano Cimoli

etal., 2010Grinewald, et al., 2013Yet, these tools not always provide the neededuracy andequire
a significant amaut of input data together withlevated computational cos(8avera, et al., 2014)

This thesisinvestigatesa new alternative method for estimatingsnow depth spatial distribution by
combining twaemergingechnologies in the geosciences reseamttorsvhichare Structure from Motion
(SfM) digital photogrammetignd theuse of Umanned Aerial Vehicles (UA\&M is able to reconstruct
3D models of terrain surfaces from a set of overlapping pictfrédse terrain itself. These pictureare
afterwards gereferencedusing points of known global coordinates visible in the overlapping intages
providing Digital Elevation Mod¢DEM) of the terraintopography(Westoby, et al., 2012; Fonstad, et al.,
2013; Cimoli & Marcer, 20L4JAVsare small remotelycontrolled flying platforms capable of carrying
limited payloads e.g. camerakheyhavealready beersuccessfully applietogether with Sfivfor this
purposedue to the optimal camera perspective perpendicular to the grabhay can provideThese are
chamacterized by beingble to cover large areagith the minimum effort involvedLucieer, et al., 2012)
Their combination not only has been shown todurce very accurateesults butthe equipmentneeded

to apply these techniqueis purchasable at a conswn grade levekince only a camera and an UAV
platform are requiredDowling & Gallant, 201 8larwin & Lucieer, 2012€olomina & Molina, 2014)

The new proposed methddkes advantage of SfM using UAV acquired imagery andithplysultract
the georefeenced snow surfasgdsnow DEM) and the underlyigsnow freegeoreferencedopographies
(terrain DEN). Even tough similar approaches have been very redentigtigatedBunhler, et al., in press
Nolan, et al., 2005they involve the usef expensivesannersandmanned airborne solutiongnsteadhe
present methodwould provide a cheajr, easily adoptabland accurate alternativior estimatng snow
depthswithout giving up on spatial resolution

Howeverreconstructing snow surfaces using $$Mnpecedented ands considered problematic due to
the nonrheterogenidexture andhe lack of features that thphotogrammetric tootequiresfor generating
the 3D moded (Westoby, et al., 201Fonstad, et al., 2013 hisissue coulde accentuated in som&rctic
regiors where several dayseacharacterized by frequent owast daysThese conditiongauseslow
luminancewhichis the element thatlefines the amount of highlightshadowsand contraspresent in a
photographwith no lumnance, there would beo shadows ando contrast,andthusthere would be no
patternsand detailsn a photgraph which arenandatoryfor the SfMreconstruction(Jacobson, et al.,
2000;Ballabeni, et al., 2015)

In order to verify thdeasibilityand efficiencyf the propose methodin theabove mentionedontext a
total of sixdifferentrelatively smalsnow covered areas where mappauating April 2015n two different
Arctic regionsTwo areas ere mapped in Breinosa near Longyearby@entralSvalbard and four near
Andenforden close to Sisimiut, West Greenladdpping of the samsixareaswasafterwardsperformed
during July 201%vhen almost allthe terrains werecompletelysnow free.During the course of these
campaigns various kinds of snewfaces andopographieswhere mapped under different luminance
conditions and camera settingBhese tests were dore order totry to push this new method to its limits
over small scale areasd thusbeing able to assesa applicabilityangefor future realisticcasescenaria.

In this work the word mapping isterchangeablyised to identify the process of DEM generation from an
UAYV survey. However, the term still differs from the more specific snow depth mapping.
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1.1 PROJECTGOAL AND MOTIVATION
The objectie of this projectan be stated in onsentence as follows

dTo designyalidateand reporta new methodology fastimating highaccuracyand highresolutionsnow
depth distribution maps by utilizing modern and more accessibléechnologiescompared toother
conventional ad stateof the-art methodsé

Besides, considering tlukfficulties of using SfM for mapping featureless surflikessnow, the present
work intends to overcome this issiwy testing its feasibilitysingthe UAV platforms and to improve the
reconstructionperformances by means of easily applicable batch image processing.

Considering the rapid variability of the snowpaek time, is clearthe importance of having a leeost

method that still provide precise results. previously mentioned in the introdtion, this methodology
couldresult usefufor avariety of research fieldsnd civil purposesHowever it could result particularly
usefulfor hydropowercompanies irrctic or Nordic countridike Norwaywhere 99% of the electricity is
produced from hgiropower or Switzerland with a 6@ikhamar & Solberg, 200Bpr example, in Norway,

the value of the snow storage is approximately 4 billion US dollars in an average year, and hiénce sma
errors in the estimation of thistorage represent large valu@@ruland, et al., 2015For Arctic and Alpine
regions it couldilso beextremelyhelpfulfor estimating snow depth in avalanche risk areas and eventually
predictits possibleoccurrence by remotely maneuvering the UAV over the hazardous area from a safe
location.

It has to be mentionethat the currentthesis projecteststhe proposed method on significangynall
areascompared tocatchmentscale areasvithin the rangeof 900to 51,0004 . Neverthelessthe work
aimsto scientifically testhe feasibility of thgghotogrammetrianethod asafirst stepfor future commercial
solutions.

1.2 THESIS OUTLINE

After having provided the background of thesisresearch areghe thesis provide amsight on thebasic
conceptsbehind the application of the method @hapter 2In Chapter3 all the six studiedreasare
enlisted and described in terms of surveying conditions and terrain characte@$tapter 4describes
step-by-step the design andpplication of the fieldwork component of the method.dmapter 5the
procedures applied for processmthe acquired fieldwork data adescribed Chapter 6hows the results
obtained in this first iteration of the method and points out the main disees:@Chapter 7takes a
particular and unusual form; it summarizes what was done and inquires about tdoenest of this work
and addressinthe weaknesses of the method for a future real applicability. FiGdiapter &utlines the
direction of future wok and researchAll chapters end with a conclusion note pointing out the key points
and findings.

13|



ARTETU Civil Engineering M.Sc. Thesis August 2015
Emiliano Cimoli

2 BACKGROUND THEORY

In the following chapter the basic theory and concepts behind this new method are briefly covered. The
chapter starts by illustrating tHeasic snow proprietiedosely related to the method focasd is followed
byillustrating thefundamentabprinciplesnvolvedfor understanding itBackground theory of SfM and UAV
mapping is given with a geosciences focus due to the vast range ohtigmpdi¢hese technologies have.
Elementsf digital image processindwereomittedin order to avoidverloadngthe report, however main
concepts are explained along the vediythe thesis

2.1 SNow PROPRIETIES: DEPTH, DENSITY AND SNOwW WATER EQUIVALENT
(SWE)

As mentioned in the introductiorseasonal snow covés the most transient element of the whatarth
surfacedue to its extremeariability in space and tim&pproximately 30 milliof2a are covered with 0.1

to 4 meters of snow each war in the Nathern HemisphergFohn, 1989Lemke, et al., 2007; Déry &
Brown, 2007Robinson, et al., 1998nd snow can persist on one specific location from the short time of

a few dayso amajor portion of the yeaiStreet & Melnikov, 1990)hese spatial and teropal fluctuations

arise in response to the different microclimates and terrains topographies of the specific area experiencing
seasonal snow covéstreet & Melnikov, 1990)

The snow deposited on the ground or the commonly called snowpack is charactgnmadybparticular
features. Among them we have textural and stratigraphic characteristics, crystal morphology like snow
grain size and shape, snow density and hardness, snow temperatures and liquid water content or SWE. A
description of all these featurg®es out of the scope of the thesis, however it is provided by international
standards in The International ClassificatmmSeasonal Snow on the Groundether with the standard
scientific measurement proceduréSierz, et al., 2009 he current chapt will focus on the description

of the snow depth, density and water equivalent since are central snow proprieties in the context of the
new method presented in this thesis work

Snow depth (HS) Refared as the vertical distance from a relatiegrainbase 'O to the snow surface
'O (cm) asdepictedin . 1. Is related to a single locati@t a given time and is traditionally measured
with a snow probe or snow stakes.

0Y 0 0O (1)

Is extremely variable in space and this spatial heterogeneity is ruled by several factbesdlkgation
that defines the snowain transition(e.g.Griinewald, et al., 2014vanzi, et al., 201Klos, et al., 2014)
the terrain topographye.g.Lehning, et al., 2008he shadows and aspedsthe local terrairinfluencing
the snow melting rates (e.llarsh, et al., 2012 the wind edistribution causing snow dri.g.Lehning,
et al., 2008mnd thesurfacevegetation typgElder, et al., 199Ellis, et al., 2010)

Snow density (zy Defined as the mass of snow per unit volu@é { ) and considered as a bulk
propriety for the majority of applications. Is normally measured by weighting snow of a known volume and
its estimation requires significant more effort than estimgitsnow depth. Densification of the snowpack

is mainly caused by wind erosion, rrelfreeze events, compaction and snow metamorpl{8aommerfeld

& Lachapelle, 1970; Colbeck, 1982)
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Snow Water Equivalent (SWE The SWE is the depth of water that worddult if the mass of snow
melted completely (cmObtainingSWE is the main goal due to its relevaforehydrological purposes.
SWE is the product of the HS and the vertigatgrated density. At a given pois calculated with EQ.

YOO O — C

Where” is the bulldensity CA I ),” the density of the water(CA [ ) andHS the snow depttein).

Measuring’ on one point involves much more effort when compared to a measure éf3aethe same
point (LépezMoreno, et al., 2013)therefore dueto their importanceseveral studies and investigations
have been proposed #t are able to efficiently estimate spatially distributedrom HS data in order to
calculate the SWE thus minimizing the eff@@sirm, et al., 20L@onas, etlg 2009; Bormann, et al., 2013;
Bruland, et al., 2015McCreight & Small, 2014Nonegheless, since the spatial variability &f is
considerably smallghan the oneof HS(Sturm, et al., 2010a simplerand usually practiced technique is
to measure density over one specific point and considepiesentative of the whole arel can be aid
that considering the tools availabler estimating” , the main interestayson accuratelyacquiringsnow
depth withhigh spatial resolution.

2.2 ELEMENTS OF DIGITAL ELEVATION MODELS (DEMS) AND GLOBAL

NAVIGATION SATELLITE SYSTEMS(GNSS)
A dgital elevation model (DEMan bedefined as "any digital representation of the continuousatian
of relief over space(Burrough & McDonnell, 1998\ DEM usually consists of a gridded madtrat
NBLINSASyGa St SgFGA2ya ce These datsdtshillvery2valuatileki@ re®iwdeli K Q &
related Geographic Information Systems (GigJrological modelling purposes or environmental change
applications to mention a few.

Various methodologies exists for extracting DEMithey can provide wide range of resolutions, from
centimeter to the order of dozens of metefEheir quality is usually measured from their resolufmm
cellsiz¢ and their vertical accuracygventhoughthey canresult veryaccurate andare accepted as true
representatbns of the earth surface they are always subjeartors(Wechsler & Kroll, 200&Yechsler,
2007) One way to quantify the accuracyiristhe form ofRoot Mean Square Error (RMSE) stasiftyc
comparing theDEMwith somespecific pointghat are consideed as true representative of the actual
positionin a geographicoordinate systemThe RMSExpressions shown in EQ..3

YO YO g yQ o

WhereY'Qis the difference in positiod NJ St S@I A2y 06SG6SSy GKS & NHzS¢
corregponding point in the DEM amds the numbeiof comparisortest points.

The RMSE is baslga standard deviation and is therefore grounded on the assumption that these errors
present in the DEM are random and normally distribuidte RMSE is widely used to establish DEMs

accuracy (Wechsler, 2007), but to ensure the RMSE to representatiZd/lasrior GCPs needs to be well
distributed over the study are®Vhen utilizing DEMs for a particular applicatemorsrooted in the DEM
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might affect the application itself. Thus, other methods #more accurate evaluation dhese
uncertainties have éen proposedWechsler & Kroll, 2008Yechsler, 2007)

CGeographic coordinate systems or geographic reference systems (CSR) are systems for precisely specifying
any location on earth with a set of numbersletters (Uren & Price, 2010Every DEM is refareed

according toeal world coordinates specified b£&RSeveratechniquesxists for obtaininghe elevation

dataand for assigning it to real world coordinates et al., 2005Most modern technigues involves the
generation ofaccurate digitatrepresentatiors of the earth surface through the use of different kinds
sensorsor photogrammetry and the assignation of knowpointsin the digital representation witreal

world coordinates that are acquired via Global Navigation Satellite SYGNSS).

These systems consists of Eaothiting satellites that broadcast their locations in space and, tohe
networks of groundeferencestations and of receivers that calculgiesitions of ground pointdy
trilateration (U.N. Office for Outer Space Affai912) TheGlobal Positioning System (GPS)spegific
fully operational GNS&mongothers like the GLONASS or Galileod is the mostommonly used
Depending on the precision desired, the time investedtandase of data processinistinct device and
survey typeegxists for determining coordinates of the desired ground positlopsofessional GN88vice
consists of an antenna for receiving satellite data and a receiver for storing thé/dlataan antenna and
a receiver are being positionaetbund acquiring points thdevice is also termeaver.

An important concepthat plays a major role in this thegDifferential GNS$DANS$ positioring which
enhances theused GNSSystem by correcting he pseudoranges of the receivéFigure 1) Tre
pseudorangesare thepseudadistances from the receiver to the satelli{€&hilani & Wolf, 2012)

B W

GNSS Satellites

Reference Station Rover antenna and.
. . —— leceiver
F:xec.z’ and with - Used for measuring
precisely known . ) )
e GNSS correction data desired points
position

Figurel: The DGNSS concept illustrated. Calculated correction data from a reference station is used
the pseudo distance error and provide a better positioning estimate.

Theseerrors in the distancestimationare caused bthe satellite atomic clogarecision, bysatellite drifts

from itsorbit and also from the signal dgl when it passes through the atmosphere. The DGNSS process
corrects thes@seudorangethrough the use of nearby reference statiavisose position is almost exactly
known By knowing the almost exact position of a nearby reference stations (or bastiatesje
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continuously observing possible to calculate the error on the measured distahiais error igfterwards
subtrackd to the nearby acquired pointGNSProcess can be done in pgatocessing after having
acquired the desired points and camiwe very high accuracies in the order of centimeters or millimeters
depending on the time invested in the survey

2.3 STRUCTURE FROM MOTION (SFM) DIGITAL PHOTOGRAMMETRY APPLIED TO

GEOSCIENCES
The SfM methodology ibasicallyable to reconstruct 3D modelsf objects or scenefrom a set of
overlappingpicturesof the featureitselftaken from a normal camer&he method has several uses across
various disciplines, however the focus will be given in the context of the thesfmedintroductionand
pipelineto the method has already beeéonein previous workCimoli & Marcer, 2014)he process differs
from traditional photogrammetrgince the geometry of the scene, the camera positions respective to the
object and the orientation are solved automaticalithaut needing a network of targets with known local
3D positiongFigure 2)

SfMinstead solves the problesimultaneouslyhrougha highly redundant, iterative bundle adjustment
procedure based on a database of features automatically extracted framnad sultiple overlapping
imageqSnavely, 2008)

—-e---@

3D-Model*, / "\

corresponding
feature points

Figure2: The SfM concept; 3D models are reconstructed from a set of overla
pictures by using feature recognition.

Indeed, theoverall STM process goeshrough a set of computewisionalgorithmsthat are very briefly
commentedn the followingfour stepsinitiallya feature tracking algorithm like the Scale IrararFeature
Transformation (SIF@i¢tectoris used to identify patterrd NJ & R S daCrdskhiel$ePoNdcttiresLowe,
2004)

Thisfirst stepis extremely importansince the object reconstruction heavily rel@s the presence
identifiable featuresapresented by aet of pixels among the picturethis is why highlyextureless
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surfaces like snow or sand present reconstruction difficuMi&sstoby, et al., 2012; Fonstad, et al., 2013;
Furukawa, et al., 2004Afterwards the camera external and irmat parameters are solvda a bundle
adjustmentalgorithm (Triggs, et al., 1999)rovidinga sparse point cloud representing the scenbe
density of this point cloud teen highly augmentedy implementing Clustering View for Muliew Stereo
(CMVS) ad PatchBased Multview Stereo (PMVS®2frurukawa & Ponce, 200Furukawa, et al., 2010
Finally,a fit 3D mesh is produced from the dense point clasohg traditional interpolation methods
usually triangulatiorisnoticedthis last stefnow the amounof matchedand cloudpointsarean indicator

of how wellthe object is being reconstructdderforming aleeperoverview of the computational methods
of SfM goes out of thecope of the thesis. However, matetailed investigatiosiand reviewsn the topc
are available in literatur@Vestoby, et al., 201Remondino & BHakim, 2006)

SfM hasalreadybeen addressed as an efficieatcurateand low cost tool for geoscience applicatibys
being able to generathigh precisiorDEMscompared to other estblishedmethods like terrestrial or
airborne LiDAR and Interferometric Synthetic Aperture Radar (I668%B)gWestoby, et al., 2012; James

& Robson, 201Zimoli & Marcer, 2014; Micheletti, et al., 20THhe DEMs are obtained by georeferencing
the remnstructed 3D modelhrougha set of Ground Control Points (GGRsLh are artificial or natural
noticeable featurepresent in thetopography that are recognizable in the imadgisice the3D models
generated with SfM are set onlacal reference systenthe georeferenciation process assigeal world
coordinates to thee GCPsand thus addressing all the model to real world coordinates consequently
generating a DEMDverall theSfMworkflowapplied to earth surfaces reconsttion can be seen in Figure

3.

| Execute SIFT (= T
Manual GCP

) location in point
c "
) =] Bundle adjustment |
. | Establish GPS 2 ‘ a i
x o and 3D scene =
5 ¢ target network = . [
25 £ = recanstruction a -
o4 E & (Bundler) | Transformation/ |
o E . < = oy Georeferencing
a4 9 i
Acquire photoset | 5 = é
g}
S| ExecuteCMVS
= ]

Mesh generation
and rendering

| Execute PMVS2

Figure3: SfM workflow applied in a geosciences cor{iédstoby, et al., 2012)

Various SfMoftwareare availabléncluding open sourcgolutionslike the Bundler techniquer MicMac.
Among the commercial programs we have Photostarby Agisoftor Pix4D. The present thesis uses
Agisoft PhotoscaRrowhich is one of the most udeéy professionalim geosciences research concurring
with the literature investigatednd hadeen proved to be the begerformer(Turner, et al., 2014)

The internal algorithmic details used by the Photoscan software package are considered prapktary
are not published by Agisptiowever he softwareclaims improveand optimizedalgorithms from the
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generalcommon publishedstandardsaiming atfavoring highemreconstructionaccuracies over faster
approaches in terms of calculation times

2.4 UNMANNED AERIAL VEHICLES(UAV S) MAPPING APPLIED TO GEOSCIENCES
Unmanned Aerial Vehicl@gAVs)or the commonly calledrones are relatively small flyingehiclesthat
are remote controlledviamanualor automated modeRecentlythese platformdhavebeen extensiely
used to serve remote sensiagd photogrammetry pynroses Thisis because comparetb other methods
they canprovidelarge andaccurate datasetseverapossibilities of customizabdettings using consumer
grade equipmentelatively ease afleploynment andlow running costsAn extensivaeview on the stad-
of-the-art uses has already been dai@olomina & Molina, 2014)

In the field of environmental monitoring they haaleeadybeen used for mapping purposksg applying
digital photogrammetry methods like S{Mackney & Clayton, 201Fhey present the advantagelmding
able to access and photograph areas that are inaccessible due to hazardous envirgrohdigmg
remotely controlled foflying over large distancesndto capture almost perfectlgrthogonal imagery of
land surfaces which noticeable improves the SfM performance using Agis@fEM reconstruction
(Agisoft, 2013)Several studies kabeen done in this field by using WAddmbined with SfM methodology
providing centimeter resolution DEM$ variouskinds of surfaceéRyan, et al., 2012015; Dowling &
Gallant, 2013Mancini, et al., 20L,3Harwin & Lucieer, 2012)

In thecontext mentioned aboyean UAV survey is carried on by flying over the intetlesstea acquiring a

set of overlapping picturésken from a camerdJAV mission planning is a critical phase for a successful
DEM generatiorisoptimal tohavea degree of forward overlap (along tlght ling of 6670 % and side
overlapof 2540%between the images acquired through the flight ro(gayisoft, 2013)Fgure 4. It has

to be considered that the UAY amoving platformthus each frame from the camera has to be acquired
on an adequate time interval to guarantee the image overlap.

e

: 1 60% overlap
4— -% between photos

' (forward overlap)

N
J -é- 20—40% overlap
N -
7 \ between flight lines
2 |a [ |2 8 x\k\\ \ bt

4" (lateral overlap)

parallel |

Figure4: Optimal overlap conditions for aerial photogrammetry surveys.
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The image footprint represents the grouledel area covered by the image aadn important factor to
consider in order to estimate thantire areaintended to covethroughthe planned flight path and regulate
it based orthe personaimapping needgFigure 3.

Altitude
Hy

Ground

Footprint

Figures: lllustration of the photographic footprint in an UAV aerie
surveys.

The height and width of thehotographidootprint can be calculateflom the camera Field of View (FOV)
and orientation as seen Figure5 byusingthe set ofEq. 4
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Where is the width of the camera sendonm], w the height of the camera sensonm], "“the camera
focal lengtimm], "O the UAV flying altitudpm] and| andf are the gimbal angles frothe wandwaxis
respectiveljjdegreeg

The reslution and accuracy of a DEM generated through SfM methodb&sgyly relies on the ability of
the image to detect the smallest teiae possible, in other words on the spatial resolution of the imaging
system used. If a centimeter precision DEM is deghledpatial resolution should be of the same order.
A good way to measure the spatial resolution is the Ground Sampling Dig&Wxewhich is the distance
between pixel centers measured on the groutite smallerthe GSD, thdetter the spatial resolution
achievedwhich leads t@n increased amount afisible detailsGiven a defined camera setting forage
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acquisitiorthe GSDsdirectly related to theJAVilight height and it can be calculated fr@g. 5Lisein, et
al., 2013)

Where GSD is the ground sample distdoogpixel], 0 "Qa is pixel sizum/pixel], "O the flying altitude
[m] and"Qhe camera focal lenggmm].

It can be seen the relation betweall the elements that have to be residered for a photogrammetric
survey;the groundareato be covered by the mapping, the GSD (resolutibthe mapping, the platform
flying speed the time interval between each frame acquisitiche camera internal and external
parametersand theflying altitude has to be calilatedbased on each scenario.

These photogrammetrielements of the survey have to meet the technical capabilities of the UAYV itself.
For exampleni the case of muliotors UAVs (used in this thesi#)e maximumflying time isheavily
dependent on the payloathe vehicle is carryingon the type of batteries used and the mutitor
specifications.Going into detail of the technicalities @fing UAVs goes of the scope of testing a
photogrammetric method, still @an be conclugdthat mission planning is critical for these kinds of s@wvey
both on a photogrammetric and technical level

2.5 ADVANCES IN IMAGE PRE-PROCESSING TO ENHANCE AUTOMATED 3D

RECONSTRUCTIONS
The quality of the image and its characteristics are extremely impantéme featuretracking algorithms
used in the SfM methodology. Motion blur, sensor noise, erroneous depth of field or textureless images
are some of the problems that these algorithms struggles to overcome. Due to the recent extensive use of
these algothms increasing importance is being given on the possible procedures that can be applied for
enhancing SfM reconstruction performance by-precessing and correcting the input imagBallabeni,
et al., 2015)

Some tudies have been carried on regardihg use of polarizing filters or High Dynamic Range (HDR)
photography for optimizing photogrammetry reconstruction performances mostly on cultural heritage
objects and terraingGuidi, et al., 2014; Kontogianni, et al., 20T®sting these techniques imetcurrent
thesis workwould not have resulted feasible for the followimgasons. Polarizing filters significantly
increases the amount dight needed in the photograpsince some light is discarded in the polarizing
effect. Thus it would have requiretb at least double the exposure times in the UAV survey consequently
risking blurred or overexposed imagkes to the UAVs movemeand extremely reflective nature of snow
Polarization effect is also dependent on the angle of the incoming light in regaldscamera line of
sight. On the other hand, HDR photography requires muftigeesof the same scene taken at different
exposuredo provide highemmagedynamic rangéhan the one allowed by the sensdhis process cannot

be applied for a continusly moving platform like an UAMurther recenstudies shows that systematic
errors in topographic models derived from SfMV surveys might arise in the photogrammetric
reconstruction due to the lens radial distortiGfames & Robson, 2014)

HoweverSFa ol a8 Ff 32NAGKY A& Yz2adte dzaSR Fa | aofl O]
in a DEM generation conteX@®me of these image pyprocessing studies usually requires advanced skills
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together with time consumingperations and are aimeat differentspecific kinds of surfaces and scenes.
It is foreseen that theresentedmethod could benefit from an image ppeocessing workflow addressed
at reconstructing snow surfaces acquired from UAV imageoyder to boost theSfM reconstruction
performancebut keeping the methodwiftly applicable.

Chapter Key Points

x HSis extremely variable ovepace and timand is directly related to the SWE which is the
most important snowpack propriety from a hydrological point of view. In order to calculg
the SWE, is also required. However, the spatial variability a6 much lower and sevar
models are available that determihefrom HSdata. Therefore, the crucial matter is to be
able to accurately estimatdS

x  SfMdigital photogrammetry combined with UAVs can provide a powerful, cheap and mg
accessible tool for surveying in a rémeensing and geosciences context.

x  SfMhas weHlknown problems to reconstruct textureless surfaces like snow; issue that is
accentuated under low luminance conditions. Its reconstruction with SfM is unpreceden

x Increasing importance has been givemtadie preprocessing since can positively affect St
performances. It is foreseen that the current proposed method could benefit from a sno
image preprocessing workflow to enhance snow surfaces reconstruction.

22



ARTEOTU Civil Engineering M.Sc. Thesis August 2015
Emiliano Cimoli

3 STUDY AREASAND SURVEYING CONDITIONS

In order toput into practiceand testthe feasibility of the methodwo fieldwork campaignahere carried

onin two different Arctic regionsThisconsisted on a totadf four fieldwork campaigns. In each campaign
somesnow coveredareas of different sizes and kinds of snewvfacewhere mappedduring winter
conditionsin April 2015. The same process was regetat summer during July 2015 for therea areas
when the snowhad completely oralmost completelynelted From now orcampaigns carriedn during

on during April 2015 are referred as winter campaigns (W) and in July 2015 as summer campaigns (S).

Somewinter weather conditionslike cloud cover ad wind speedare considered limiting factors for the
UAVand photogrammetrgurvey and therefore those are pointed astsurveying condition€loud cover
conditions defines the amount of light reaching the snow surface and consequently its luminance
luminanceenhances the ability to discriminate fine detail by augmenting the cortrés¢ photographs
(Jacobson, et al., 2000)his is particularly important for snow surfaces which have already a deficit in
details. Nonethelesswind conditions affectite UAV flaying capabilitiesnd stability Cloud cover is
provided in a qualitative way which even tougihot very specific it can be forecasted all over the world
and is very simpldhe data wasbtainedfrom the nearest available weather statidnsach regiorand

from weather notesaken during fieldwork

3.1 SVALBARD

Two small snow coveredareas where selected in Breinpsgproximately 12 knfrom Longyearbyen,
SvalbardFigure § with an averge elevation of 480n a.s.| Thesnowmelting of theseareasdrains to
Adventdalenvalley

Figure6: Location of Svall and Sval2 study areas in Breinosa, Central Svalbard.

The method could result useful fdmi$ regiorsincemost ofthe fresh water supplgf Longyearbyenomes
from snav melting andhe catchmentareais situated around 7 km from the test site. It is also particularly
interesting to test the method in this regidecauseof the high occurrence advalanche which makes
snow depth measurementmfeasibleoy normal meandHckerstorfer, 2013)
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Show research is highly relevant in this region, and several stedjasling itsnow characterizatioare
avalable (e.g.Winther, et al., 2003Edkerstorfer & Christiansen, 201Thetwo study areas mappedre
namedand summarizedn Table lin order to be able to reference them during the course of the thesis
report.

Tablel: Svdbard study areas summary tablhe survegate is provided both for the Winter (W) and then®er (S).

Approx._ Cente Delimited UAV Survey Date Winter Weather
Area Coordinates Snow Area (dd/mm/ ) Conditions
Name (Lat/Lon) (i) yyyy

w S
] Overcast/Fair

78A 09N
Svall 16A 01 Nj 6,700 5/4/2015 6/7/2015 4.1 m/s

78A 09N
Sval2 | 16A 02N 900 9/4/2015 |  8/7/2015 Quercest

No noticeableintensesnowfall preceded in the days before the winter mapping misdiosiefore it has

to be mentionedthat the snow surface was generally very packed and sculpted by strong winds which
entailed several sharp irreguladges and grooves by the name safstrugi This plenomena is very
characteristic on this region were winds are very strong and the climate(Bcterstorfer & Christiansen,
2011)

A small snowfall and moderaténds preceded mapping of Sval@vidinga snowdusted surface on top
of the wind packed snovivallarea is particularly interestirgince the entire mapping was penfioed
under very diverséuminanceconditions whictprovided an interesting study casgval2is a very small
area but was charserized by being vergteep with mosthybare soil underngé the snowpack. Svalgé
relatively flatbut defined by the presencef smallbumps reliefdn the terrainthat generated aomplex
andirregular surface

3.2 GREENLAND

In Greenland four areas whersappedapproximately30 km North-East ofSisimiut, Westreenland
(Figure J. One area was located at the endAndenfjorden (? fiord) and the other thre®n the right
orographic side of a valley that drains towatusTasersuadiake.

It was considemrinteresting to investigate the method in this area since the Sisimiut hydropower plant is
locatednearby andcharnesses the outflow of thEasersuadiakefor its energyproduction Thus the method
couldbe considered aesourceful tool for future appliti@ans and testingin case of a positive outcome.

Little literature can be found on snow classification for the area, however snowmelt and hydrological
studies have been performed in the vicini{iBgggild, et al., 1999)he four sectionmapped are enlisd

in Table 2In contrast with the Svalbard campaign, an intense snowfall of 15 mm in water equivalent over
two consecutive days together with the presence of low speed winds of around 2 to 3 m/s resulted in a
YdzOK Y2NB FSIF (idz2NBt Swisufaced 32F ¢ YR avYz22iK ay?2
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For area Green4 some stronger wind speeds preceded the mapping mission which marked some very small
and lightersastrugifeaturesalso calledipples

-

Googleearth

Figure7: Location of the four Greenland study areas aroundTthsersuadake

Greenl is a moderately steep relief and during summer it was characterized by a vegetatiead
topography. Since vegetation reconstruction is a-krewn problem for Sf\NWestoby, et al., 2012The
rest of the areas did not present any thick vegetation, the areas were covered by-lgreeirftbra only.

Table2: Summary table for the Greenland study areas. The survey date is provided both for the Winter (W) and the Summer (S)

Approx._ Centen  Delimited UAV Survey Date Winter Weather
Area Coordinates Snow Area (dd/mm/ ) Conditions
Name (Lat/Lon) (i) yyyy
W S
67A 10N Fair
Greenl 53A 14N 3,000 24/4/2015 28/7/2015 1.6m/s
. Clear Sky
67°0 6 Npj 51
Green2 53°1 9 Npj 1\ 2,500 25/4/2015 27/7/2015 3.7m/s
. Clear Sky
67A 10N
Green3 53A 14 N| 51,000 25/4/2015 28/7/2015 1.6 m/s
. Fair/Clear Sky
67A 10N
Green4 53°1 4 Nj 2 31,800 26/4/2015 28/7/2015 5.8 m/s
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Green2 is soilterrain ridge that facea glacier torrent lying on rock debris. Green3 and Green4 are two
relatively big areasextto each other on the side of a glacier valley \aithighy heterogenidopography
made of soil, boulders and groutelel flora.

Chapter Key Points

x A total of 6 areas are subject of study with the purposes of testing the method over a w
range of different conditions. 2 near Longyearbyen, Central Svalbard and # close
Andenfjorden, West Greenland.

x  The areas differ in terms of snow surface characteristics, complexity of the underlying
topography and cloud cover conditions at the moment of the survey. The cloud cover i
relevant since defines the luminance conditiohthe survey.

x  Testing the method over the Svalbard areas is considered particularly relevant since th
located just 7 km away from the Longyearbyen water supply. In Greenland the areas d
the Tasersuad.ake which is part of the hydropower systthat supplies energy for the towr
of Sisimiut.
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4 FIELDWORK METHODOLOGY AND EQUIPMENT

As previously mentionedtatal of sixsnow covered areas atiteir corresponding underlying topographies
where mappedDfferent kinds of UAVlatforms camerasind mapping approachegere taken specifically
for each case based on seakplanningfactors and equipment availability. Some missions had to be
completely replanned with different equipmenbecauseof the technical diffialties encountered
performingscientificfieldworkin harsh environmerstlike the ArcticThe factthat some of the summer
surveys are carried on by means of Hyaded SfM is not considered relevant siteegain DEM is
GO2yaidlyidé Iy R bdidhl torgpeae8i@éternde snbvé depiy mapping the snow
surface.

This chaptegoes through the fieldwork methodology that was aphind the equipment used for testing
the method overthe sixdifferent areas. Eachf the sixUAV mapping missienvas carried on in three
stages:Allocation ofGCPs, UAV survey and GPS suFeeyeach arealsosnow height(HS and density

" are measured over selected strategic points for validation purposes and for beingcahbeitate the
SWE from the evenally estimatedsnowvolume.

4.1 ALLOCATION OF GCPs

In this first stage the perimeter of the area is visually seleatedartificial markers are placeds
identifiable GCPm strategic pointspread acrosg. These points have to be recognizable in the UAV
imagery since they will be used for the georeferencing process furthén tie winter campaignshée
GCPsvhere mostly artificial becaasof the lack of identifiable features on the snamadconsisted ofelf
madewood stakes or PVC tubes marked withsses fopreciselyidentifying one specific poiran the
surface During the summecampaigs natural features like particularly shapedks wheraised forthis
purpose, they werenarkedwith small dotsusing washableed spray paintThere is no spedifirule for
placing GCR=s long as the area coverage is witdmyever was consideredgmod practicdo place them
in a gridded wayor a more easyidentificationin the dataprocessing phas&he total amount of GCPs
placed for each area cée seen irthe fieldworksummary Table.During this phase it was paid attention
to avoidas much as possilieotprints caused by walking on the snaile placing the GCPs sinosrduld
attribute a nonnatural feature to thesnow coverthat could biasthe SfM recostruction process.The
allocation of GCPs for each apam be visualized in Appendiplaced ovethe areasn somegenerated
orthophotos

4.2 UAV SURVEY

Different UAV platforms and cameras where used for the aerial imaggngiion. This was dependent

onthe size of the area and on the equipment availabilig UAV platforms that were used for testing the
methodwere a Walkera X350 Pro quadcopter, a DJI Spreading Wings s900 hexacopter and a custom build
octocopterthat can be seen ifrigure 8 All modet are multirotors which where preferred over airplane

UAVs due to thehigher stability angase ofuse considering the relatively small areas intended to map.
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Figure8: Pictures of the used mufttors UAVs. The Walkera X350 Pro (botft), the DJI s900
Spreading Wings (tegenter) and the custom build octocopter (bottdght).

The cameras utilized were a Nikon D3BELRvith a NIKKOR 5 mmlensfor the DJI S90@nd the
custom octocopter For the Walkera X350 Pro a lightweight GoPro Hero 3 was @sederas where
attached to the UAVa nadir directioreither using professional gimbals for camera stabilization or custom
made attachments aimed at dampening the effef the multi-rotor vibrations on the image acquisition.

The GoPro Hero 3 has an integrated intervalometer for automated repeat imagery acquisition gver time
meanwhile for the Nikon D3200 a Polaroid shutter release timer was used for this puvplosiee
platforms setups had to take into account the UAV maximum payload that trades off with available flight
time. TheUAVplatformsused for each area mappade shown in the fieldwork summarable 3

These experiments aigd to mapas much apossibleof the selectedsnow coverediress and toachieve
centimeter resolutiorconsideing the amount of batteries anttight time permitted with the available
equipment.

Image acquisitiofis a critical step fathe proposed methodsince SfM heavily relies on theality of the
image especially when the subject lacks natural features for being reconstruliiedefore, camera
internal parametersiadto be setaccording to the desire@ SCand theactualluminance conditionshow

is a highly reflective surfatkerefore special attention is given to avoid overexposure of the images
clear skydays However, his snowproprietyis taken as an advantage and allows camera shutter speed to
be set very highwhich is extremely importartb prevent blurred images causéy the aerial vehicle
movement and vibrations.
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Lower apertures are preferrgds long as there is no riskwfderexposingnow free areas of the image
in overcast dayssincenot onlythey provide sharper images and reduggicalaberrationbut also hey
enlarge the field of depth which reduces the riskntdgesbeingout of focusdue to changes the UAV
elevation

In the current experimentghe Nikon D320@ocus of the lens is set to infinignd the bcal length was
generally searound 1820 mm which provided the widest footprint possildéa given altitudevith the
available lensAll images were shat RAW format which enables a wider range of processing possibilities
because acquires minimally processed and-cmnpressed data directly frothe camera sensoiThe
GoPro does not allow any customization of the settimgshasa fixedlens andaperture everythingelse

is set automatially, however he values usually ranged from 1/800 s t850's forthe shutter speed and
from 100 to 195 fothe ISO sensitivity settin@he intervalometem all casess set to acquire one picture
every second (1 hiz

Table3: Fieldwork summary table. Equipment used, camera settings and GCPs allocated for each area mapped fime enlisted
both winter (W) and summ¢g). Camera settings display the focal length, the aperture, the shutter speed and 1SO setting
respectively. *Automatic states that it was set according to the GoPro automatic shooting mode. *Variable states that was

continuaisly changing depending of the picture acquisition positiong theland-based SfiMprocedure.

Area UAV Platform Camera Camera Settings GCPs
Name Allocated
W S W S w \ S R
Svalbard
18 mm
Custom fl4.5 12 | 11
Svall Octocopter Nikon 2.77 mm 1/3200 s
Walkera GoPro D3200 /2.8 200
X350 Pro Hero 3 18-55 mm | Automatic*
Landbased lens 18-34 mm
Sval2 StM Variable* 4 8
Greenland
Walkera 2ITmM | 92300
GoPro /2.8
Greenl X350 Hero 3 Automatic* mm 6 4
Pro Variale*
18 mm
Nikon /8.0 110-300
Green2 Landbased D3200 1/3200 s mm 12 | 10
. 1 *
DJI 900 SfM Nikon 55-300 mm 100 Variable
Spreadin D3200 lens
[\)Nin S 9 1855 mm 18 mm
Green3 9 lens f/18 59300 | 12
1/800 s mm 9
Green4 100 Variable* 11
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After having sethe camera parameterghe UAVplatform wasremotely controlled to flpver the selected
area witha similar pattern as shown Figured. The flight speed is maintained at a lower value than the
optimal in order to guarantee an abundant overlap of880%.To achievea centimeterGSD with lie
currentequipment the approximatélight altitudefor each casevas calculated usingg. 4 and Eq. but

the vehicle wasnaintainedat lower altitudesdue to practicalflying difficulties Thecamerasettings and
systens used for eacimapped areare shownin the fieldwork summary Table 3sually multiple flights
had to be performed in order to cevthe whole considered area.

For the topograhy mapping during summer, Svald all the Greenland areas are mapped by means of
landbased SfM due to thed# of an available multotor caused byechnical issues. This was done taking
a similar approach as in previous w¢@imoli & Marcer, 2014Forthe Greenland areas the highest
available point for picture acquisition was around 1 to 1.5 km away ofutig area therefore &NIKKOR
55-300 mm lens was used &m atthe winter mappingsSD

Froma practical point of vienwconsidering the working temperaturegperiencedn the Arctic of around
-10 to-25°Cit wascritical to maintain the LiPRmatteries(Lthium Polymer batteriesdf the UAConstantly
warmuntil prior to use otherwisetheir performance results heavily affected reducing the flight time near
to zero.

Figure9: Greenland winter mapping campaign; trying to repair UAV technical i

Furthermore the UAV LiPo batteries walsocovered using a minimum of insulating bkgduring flight
time. Another important practical @ect is the fixing of the lens. The muttor vibration and movement
changedhe lens settingfocus and focal lengtijhichcausedhe datasets of some flightto be completely
unusable A simplaevide tape attachedaround the lens provided a simple solution to the issue.

4.3 GNSSSURVEYAND SNOW PROBING
In thisstagethe objectiveis to obtain precis@ositioning of the points on thesnow surface(and the
underlying topographyor summej that were markedwith GCPs. These positions will be then used for
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georeferencing the acquired surface imagery. Forghipose astatic GNSS survey is performéthis
approachdiffers from other dynamic surveys applied in previous Gitoli & Marcer, 20143ince the
receiver and the antenna remains fixed during the periothefobservationand is set to acquire one
positioning measurevery secondTheoccupationtime of the receiver and antennaries depending of
the desired aaaracy; with higher acquisition timése accuracy increases due to the greatest sample set
aiding the posprocessing corrections.

The antenna and receiver used ar@a/AD Legacy receiamid aJAVAD RegAahtennaand can be seen
acquiring data foa specific GCP pointhigure10. The atenna is placed over the exact marked point and
since snow des not provide a solidnd flat surface on slopes, the distance fromah&nna measuring
pointto the snowsurfaceis measured four times arod the antennaAlso for the summer campaigns the
distancesfrom the groundbr rock surfaceto the antenna measuring poittre accurately measured.

Depending on the time availaldad the amount of GAR the areasatellitedataand geometry changes
for each point are acquired for a periodathrangesfrom 30 to 90 minutes depending on the time
availability. The aim was &b obtainingcentimeterprecisionor even in the order of a few millimetey
resolvingthe positioning systematic errorstiwia differential GNSS approadihis was afterwarddone
using nearby continuously operating reference stations as basd#fiae®s this caseoperated both in
Svalbard and Greenlantlis noted that foiGreen2 and Greenand-based topography mappirmmactical
difficulties did not allow for a wide and spreagtwiork of GCRPS his was mostijue tothe big scale of the
areas and the limited amount of tinawailableto perform the survey.

Center of antenna
measuring point

Figurel0: JAVAD RegAnt receiving GNSS satellite data showing the antenna measuring point axis and measured dist
snow surface (left). Snow probing procedure over a GCP location in Svall area (right).

FinallyHS is measureasing acentimeter scale avalanche probeer allithe GCP$or afurther validation
of the estimated sow deptts (Figure 1Q)For each point 4 measures around the antenna and a central
measure in then the measuring point axis.
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Chapter Key Points

X

The fieldwork procedure performed for testing the method consisted on 3 steps; allocat
GCPs, UAV survey and GNSS survey. This proceduppleasan all the 6 areas both in the
winter and summer season for respectively mapping the snow surface and its correspo
underlying topography.

Some of the mapping surveys are characterized by different equipment used, diverse G
settings and aarying number of GCPs allocated. Everything is enlisted in the fieldwork
summary Table 3. The decisions depended on the size of the area, the luminance cong
and the equipment availability.

Camera intrinsic and extrinsic settings are critical faoa gjuality photoset. Good quality
photosets are mandatory for accuré@@Mreconstructions.

During the winter campaigns snow probing over the GCPs positions is done for a furthe
validation of theHSmaps.
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5 DATA PROCESSINGMETHODS

This clapter goes through all the processing steps thate appliedn order toestimae the snow spatial
distributionfrom the data obtained during the fieldwagpkeviously described

Theprocedurebasicallyconsists on generatirntggo DEMdor each area, onef the snow surface anthe
other of itsunderlying topographysing Sfhand thensubtractthem. Thisvould providesnow distribution
maps and thus volume estimates of the mapped area.

Since UAV mapping on normal terrain is already an established techhejfoeus is given on describing
the processes for mapping the snow surfaeésy because a normal terrain has a much lower temporal
variability and forelevantareas good quality DEMs of terraare wuallyalready avdable.

5.1 FIELDWORK DATA ANALYSIS

In this section a preliminary analysis of the acquired imagenjigatade Al photoset are analyze@nd
a manual image selection is done. Sligblilyred images caused by fasbwements of the mukliotors
that wereinduced bywind gusts or other harsh maneuvearsre eliminated. Also images that resdtout
of focus becausef the UAV lossf altitude were deleted from the datasets

With a known reference measure on the grouhdt isvisible on a UAV picturis possible to calculate the
GSDof the pictureby comparing it to themountof pixelsit correspondsby knowing theGSD and the
focal lengthused to acquire the picturie possible to estimate the flight heighttioé UAVfrom Eqg. 5Here
Agisoft Photoscan Pro is used to estimh&eaverage GSD and flyaiitude for each areaThe procedure
also provides the degrax overlap of the imagg and thus the exact area that was/eredby eac survey.

5.2 GNSSPOST-PROCESSING

All the GNSS points acquiffed each area are processed in order to attain high accuracy positioning and
thus reduce the overall error in the futugeeoreferencing phase tfie snow and terrain surfaceBor this
purposedifferential GNSS peptrocessings appliedusingLeica Geomatic Office (LGOjtware

In the current workhe Svalbard Satellite Station (Svalatjsed as baseline for the Seatbareasthe
station is locatedpproximately &m from the studied aread-or Greenland the Sisimiut reference station
is used as a baseline and is located approximatdtyn¥Bom the studied areas.

The agencies in clge of the reference stations (Kgsberg Satellite Servicasd DTU Space) provided the
preciselocation oftheir referencestations andhe 24h positioning dataacquiredfor each of the surveyed
days The data for each of the surveyeathys isuncompressed usingdatanakacompression and
decompression program providitige RINEXiles @ata interchange format for raw satellite navigation
system data

The GCPs data downloaded from the receivers was also transformed to RINjpX2sipghgram Having
all the raw data in RINEX allotesperform the correction of the acquired point$he correctionsre
computed trough LG@r eachof the fieldworkdays that a GNSSurveywasperformed This is donasing
its correspondin@4huncompressed RINPXsitioning data file of the nearby referenstationstogether
with their highly preciséocation estimateSatellites from both the GPS and the GLONASS satellite system
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are used for the computing procedhe postprocessing workflow was mostly performed following the
LGO manudLeica Geosystems.d.)

After having obtainethe preciseaneasuredcoordinates of each GCP, th@enna heighitmeasured during

the GNSS survéyaveraged and subtractdtbm the computedrerticalheightof each GCPThis gives the
point height on thesnowsurface insteaaf the one in the slightly elevated antenidne coordinates for
each area in both seasons are finally export&af@S 84 / UTM zone 33N for Svalbard and WGS 84 / UTM
zone 22N for Greenland.

5.3 SNOW IMAGESPRE-PROCESSING

In this work the commercially availalAdobe Photoshop Lightroom was used for processing the images
which has already been pointed out as a useful todhfierkind ofphotogrammetric purpose&iuliano,
2014; Ballabeni, et al., 2015However, several other options are available for peifognthe same
operations.

Considering the approaches that were taken by the previous studies, it was paid attention at the effects
that these techniques where having on the processed images and the motivations behind them. Several
tests were performed orhe RAW snow imagery acquired considering these advancements on the image
pre-processing field. In this context, each test consisted on modifying relevant attributes of a set of
exemplar snow images and aligning them using Photoscan to count the numbetclédnpatterns (or

tie points) between them and observing the quality of the 3D point cloud in respect to the original surface;
the more matched points between image pairs and the less noise in the 3D point cloud, the more successful
the approach was coitkered. This testing was applied to severalsetis for different areas and cameras.

After performing the tests on the various image subsets a general protocol was developed for the current
snow imagery datasets which increased the number of correctspmnelences in relatively textureless
areas and produced slightly denser and hesisy3D point clouds. The protocol consisted in three steps
and was applied over all the imagery datasets after having swiped them from blurred and out of focus
images. Thehtree steps are briefly depicted in the following lines.

Image content enhancement It was noticed from previous studies that image contrast, defined as the
difference in luminance that defines an image ob{datobson, et al., 20), plays a fundamental role in
FSEFEGAzZNE NI Ol AYy3 FEIA2NROGKYad ¢KA& Aa 0SOldaAasS (KSa
in an imagearea and compares them with adjacent ones. An image histdgignaphical representation

of the toral distribution in a digital image and plots the number of pixels per tonal.Vuenages where

snow is the dominant element (around 95 % of the winter dataset), the histogram is usually thin and bell
shaped because of the relatively narrow range oélities. The aim is to set the histogram as centered as

possible with an initial proper exposure correction. This allows to apply a high local contrast enhancement

in the midtones of the image which increases the details in the snow textures while@nsed (G KS a3 € 2
contrast, thus safeguarding large scale shadows and highlights details.

In other terms, this process increases the contrast without reducing the image dynamic range, defined as
the range of light intensities from the darkest shadows ®lhightest highlights. This results in a wider
image histogram compared to the nprocessed one.

Optical correction Camera lenses always account for some degree of defect in the images, these defects
are commonly termed aberratiofg/olf, et al., 2014jacobson, et al., 200@ntering in the detail of such
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a discipline goes out the scope of this work. However, two aberrations where noticed to cause noise and
unnatural deformations in the 3D point clouds; radial lens distortion and vignetting whidh iresulages

thatlookedd OdzZNBSRé | yR 2038 0dz2NBR G4 GKS SR3ISad ¢KSasS OFy
available tools likagisoft Lens, Adobe Photoshop or MATioABention a few. In the present work Adobe

Lightroom was used for this gose. Specifications of the camera model and lens are provided to the
software that automatically corrects these two aberrations using its own internal correction model.

Noise reduction and sharpening Errorsin the acquired images not only arises from eearoptical

issues, but also from the camera sensor. Image noise is defif@aveented variationg the response of

anA Yl 3Ay3 aeadsSyé | yR JSONB73%2013K gobdDdef sArfimary &f thas€is SE A &
presented in a recent study rédal to the topigBallabeni, et al., 2015%harpening a digital photography
process that augments the edge definition in the images. The aim of the edistionand sharpening

to extract as much usable detail in the image whilediavgiany ovetsarpened artifactsHere, Adobe
Lightroom noise reduction and sharpening are used in order to improve the image quality in the mentioned
context. Depending on the characteristics of the area photoset, size of the smallest details to enhance,
image frequeng and noise tolerance the images are processed using digital photography sharpening and
denoising workflowgSchewe & Fraser, 201(0ince photographed snow usually pictures a smooth
monotone surface with some occasional small edged features that weredshgpthe wind and the
underlying topography, the aim was to sharpen these edges tiihg to avoid producingnwanted

noise in the smooth snow areas.

After applying these three simple post processing steps the images are converted into JPEG atiygl are re
to be used in Photoscan Pro. The RAW format acquisition allowed for a wide range of manipulation actions
without degrading the image quality as it would result when compressing the image to JPEG directly in the
camera at the acquisition moment. Imagesild have also been converted to TIFF format which was tested

to perform better by giving-83% more of matched points because of the higher bit depth. However, this
involves extremely long computing times when taking entire datasets and therefore ibtveasmsidered

a worthy tradeoff in this case.

Furthermore, in order to test if the proposed protocol had an impadhe final DEM generation outcome
area Sval was completely reconstructedth completely unprocessed images and with processed images
in parallel The reconstruction process will be described in the following chapter.

5.4 DEMSGENERATION

In the following chaptethe whole SfM processvorkflow using Agisoft Photoscan Peomed at
reconstructing snow surfacesth the acquired imagery depictel.

5.4.1 Sparse point cloud generation
After having processed each imagery datasgisoftPhotoscan Pro SfM pipeline is followfed each
surveyed areaThe procedure starts withe photo alignment which determines the camera position and
orientation for eat image and constructs 3Dmodel sparse pointloudon a local coordinate system
(Figure 1Q)This iswhere the feature matchingalgorithm of Photoscan Pro that scans through all the
imageryis executed. Slow bigh accuray alignment was preferred oviastcomputing timesbut these
times were noticeable reduced layimage pair preselection optiq@eneri¢ which prematched image
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pairs byusinglow accuracy first. This workegghrticularly well with highly overlapping addrderect
datasets like thermes provided through an UAV survey.

The sparse cloudsere then editedaiming at reducing reconstruction uncertainfyhis is ammportant
processsince the model optimization and dense cloud reconstrudii@t will be applied further on
depends on the qality of the initial sparse clou@gisoft, 2013)For this purpos¢he point clouds were
manually cleaned of evidentreneous and out of p&e points andvere then severelyfiltered of points
with noticeablereprojection errortargetingat obtainingaccuate final results

Figurell: Example o& sparse pointloud and UAV camera positionsasea Greenl.

In cases where photosets where to big and computing times too+@2d for around 800 Nikon D3200
image$, the pictures are divided in subsets (usually one set per UAV flight) and aligned separately. This
LINE A RS R | peadea that &rdsfayidrdsaligned by matching photos across all of them and
then merged togetheto form the completesparse cloud modebf the area This reduced overall
computing times of around 60%his was the cas#f Green 3 and Green4 that werévidled in 3 chunks

each.

5.4.2 Cloud georeferencing and model optimization
In order togeaeference the3D point clouds modelsgenerated for each area, thpexels correspondintp
eachGCPsnarkare manually identified in the UAV imagdatasets.The correspoding high precision
coordinates obtained from the GNSS pasicessing are used to assign real world positioning to these
identified known pixel points. With a minimum of 3 Gi@@stified, all the pointsn the 3Dmodel are then
georeferencedhroughaHdmert-like 7 parameter similarity transformation Photoscan Prim the same
CShf the exported GNSS GQ@R=asurements

Thistransformation only compensate for linear model misalignments between the generated surface and
the known reference@sCPs. Thisieans that the modeatan only translate, rotate and scale in order to
minimize its misalignmentith the known reference point3his process does not remove the Hmear

errors that carariseduring the photo alignment.
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