Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2018-3 Earth Surface
Manuscript under review for journal Earth Surf. Dynam. Dyn amics
Discussion started: 16 March 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

Discussions

A low-cost technique to measure bank erosion processes along
middle-sizeriver reaches

Gonzalo Durd, Alessandra Crosalt8 Maarten G. Kleinhariswim S. J. Uijttewaal

! Department of Hydraulic Engineering, Delft Univieyof Technology, PO Box 5048, 2600 G2elft, the Netherlands
2Department of Water Engineering, IHE-Delft, PO Bf}5, 2601 DA Delft, the Netherlands
®Department of Physical Geography, Utrecht Univer$tO Box 80115, 3508 TC Utrecht, the Netherlands

Correspondence to: Gonzalo Duré (G.Duro@tudelt.nl)

Diverse methods are currently available to measues bank erosion at broad-ranging temporal aratiapscales. Yet, no
technique provides low-cost and high-resolutiosuovey small-scale bank processes along a rivehrée investigate the
capabilities of Structure-from-Motion photogramnyeaipplied with imagery from an Unmanned Aerial \@&i(UAV) to
describe the evolution of riverbank profiles in diigtsize rivers. The bank erosion cycle is used eference to assess the
applicability of different techniques. We surveyke@ km of a restored bank of the Meuse River eigh¢s within a year,
combining different photograph perspectives andrlaps to identify an efficient UAV flight to monitobanks. The
accuracy of the Digital Surface Models (DSMs) wasleated compared with RTK GPS points and an Ambokaser
Scanning (ALS) of the whole reach. An oblique pectjve with eight photo overlaps was sufficieniatthieve the highest
relative precision to observation distance of ~0@,4with 10 cm error range. A complementary nadiialw increased
coverage behind bank toe vegetation. The DSM an8 Akd comparable accuracies except on banks, vtherkatter
overestimates elevationSequential DSMs captured signatures of the erosyate such as mass failures, slump-block
deposition, and bank undermining. Although thisteque requires low water levels and banks wittdmrtse vegetation, it
is a low-cost method to survey reach-scale rivekbaim sufficient resolution to quantify bank retreend identify

morphological features of the bank failure and imgprocesses.

Keywords:  Riverbank erosion monitoring, erosiomley restoration, Unmanned Aerial Vehicles (UAVjtuSture from
Motion (SfM).

1 Introduction

Bank erosion is a fundamental process in morphotdlyi active river systems, and much research lees lwevoted to
understanding, quantifying and modelling it fronsaplines such as engineering, geomorphology, ggoémd ecology.
River bank erosion involves interconnected physichémical and biological processes (e.g., HookR&Z91 ASCE, 1998;
Rinaldi and Darby, 2008), resulting in a complexepbmenon that is difficult to thoroughly understamal predict (e.g.,
Siviglia and Crosato, 2016). Predicting and momiibank erosion is necessary for sound river mamagt strategies and
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also important for both socio-economic problemschsas preventing material losses (e.g., Nardi et 2013), and
environmental challenges, for instance, promotialitat diversity through river restoration (e.dgrBheim et al., 2008) and
improving water quality (e.g., Reneau et al., 2004)
Bank erosion can be monitored with different spagaolutions, time frequencies and accuracies. t€bbniques
5 that identify the temporal change in vertical bakfiles detect and quantify the different phaséshe erosion cycle
(Thorne and Tovey, 1981). This characteristic heignguishing the factors influencing bank erasimd their relative role
in the whole process (e.g., Henshaw et al., 20Q8)the other hand, a simple record of sequentiaisnfalure events (see
Fukuoka, 1994, for a graph of failure-driven retyes sufficient to track rates of local banklingtreat and estimate eroded
volumes, but does not provide further informatiam tbe role of single factors governing the bankskno process. In
10 navigable rivers, for instance, it is importantdifferentiate the effects of vessel-induced wawesnfthe effects of river
flow, as well as those of high flows and water Idigctuations. This requires high spatial resalatand relatively frequent
measurements that usually involve expensive equipraad field logistics when monitoring large extens. Still no
proven low-cost technique is capable of measuravikkerosion processes along extensive distances.
We investigate whether the resolution, precisiod &nequency of acquisition of Structure-from-Motig8fM)
15 photogrammetry applied with imagery from a low-casulti-rotor Unmanned Aerial Vehicle (UAV) is capabof
monitoring banks at the process scale along a etisidk river reach. In order to do that, we complaeeSfM-based Digital
Surface Model (DSM) with Real-Time Kinematic (RTKJPS measurements and Airborne Laser Scanning (A4S8),
analyse erosion features in bank profiles congidetfie erosion cycle as a referetmealistinguish approaches that measure
bank erosionThe study site is a 1.2 km reach of the Meuse Riesr the city of Gennep, the Netherlands, which ha
20 recently undergone a large bank-restoration projelseé Meuse is a heavily regulated river used aggaton route to
connect the eastern part of Belgium and the Nethdd to the industrial area in the West and thé goRotterdam. The
restoration aims to re-naturalize the previoushit@eted banks, which are now allowed to erode. Mer¢éake advantage of

knowledge of the original bank and of a rare ewdrxtremely low water level.

2 Framework of analysis
25 2.1 Bank erosion cycle

Bank erosion may consist of three phases (ThordeTawey, 1981): fluvial entrainment of near-barmkeribed and bank
material, mass failure, and disintegration and nexhof slump blocks. These three phases are phatigumportant for
cohesive banks since their retreat is typicallyagetl by the protection offered by slump blocksheirttoe (Thorne, 1982;
Lawler, 1992; Parker et al., 2011). The waste nlteettles at the bank toe where it remains fome depending on its
30 resistance to fluvial erosion and on the flow céiyaio transport the blocks. In contrast, loose twasaterial from non-
cohesive banks is generally transported away velgtiquicker by the river flow, leaving the bankoser unprotected.

Entrainment of near-bank bed material and the irtack face occurs once the bank toe is exposeid éga., see Clark
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and Wynn, 2007), which continues until the collapf¢he upper bank. Mass failure occurs due toeggutical instability,
which can be triggered by different factors, suslilavial bank-toe erosion (e.g., Darby et al., 206r a rapid drawdown of
the river stage (e.g., Thorne and Tovey, 1981; IRire al., 2004).

Not only the river flow triggers the bank erosigytle but other drivers can contribute to it as webr instance,
subaerial processes may weaken the bank and aateelater fluvial erosion (Lawler, 1992; Kimiaghaat al., 2015) or
also act as direct agent of erosion (Couper andddeld 2001). These effects are included in theagmtrent phase for the
former example and in the mass failure phase fidtter, which respectively promote entrainmerdeiver material to the
bank toe. Figure 1 illustrates the three phase®rosion in schematic cohesive banks. This repratent shows a

homogeneous soil which undergoes a continuous oj@eosion with varying water levels.

S

EROSION
- CYCLE .
Slumg-block remove Entrainmer

Mass failur

Figure 1: Schematic bank erosion phases: Slump-block ren{®f8l, entrainment of bare bank (right) and ineipti mass failure (centre)

Bank erosion can be analysed and measured at fifevedit scales, i.e., the fluvial process and tierrcross
section. The measurement at the process scaledeosighe bank face disintegration over time witidence of erosion
phases (Fig. 1): the mechanisms of erosion de\atdpare captured at the vertical dimension of #iekbThe measurement
of bank erosion at the cross-sectional scale, wbéchbe referred to as bankline retreat, consfstsacking banklines over
time. In this case, the focus is on the planimeathanges of the bank edge and estimations of eredleches and sediment
yield. The former approach deals with processesmechanisms (e.g., Rinaldi and Darby, 2008), wietka latter with
landscape development at larger spatial and terhpoades. Bank-erosion studies determine the sumethod based on
their aims and scales of interest, whereas in augiven methodology constraints the scope of theirigs (Massey, 2001;
Couper, 2004). Thus, it is important to identifypahilities and limitations of each survey techniguehe context of river

banks, which are inherently steep features withlisssale irregularities independent of the scal¢hefriver.
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2.2 Techniquesto measure bank erosion

Measuring techniques have four essential charatiteri the extent, resolution, precision and fremye of
measurements. Extent refers to the area or distoog the river covered by each survey; resolutiiicates the distance
between surveyed points; precision is the accusdgposition of each surveyed point; and frequenesives from the time

5 interval between consecutive surveys of the saraadpextent or point. The scale of interest magy\eamong disciplines
(e.g., geomorphology, engineering, ecology), sd thaliversity of techniques is available with vawyispatio-temporal
windows of inquiry (Lawler, 1993). Even though timethods currently adopted to measure river bangi@maange from
photo-electric erosion pins to terrestrial lasearnsing, they have high resolution in either timespace (Couper, 2004;
Rinaldi and Darby, 2008).

10 The methods to determine bankline retreat and tonate eroded volumes are typical of remote sensiog
instance, ALS and aerial photography. The formehitigque has typical resolutions of 1 and 0.5 metes covers up to
hundreds of square kilometres per day. Bailly gt(@012) indicate decimetre vertical precisionjcihdepends on several
factors including beam footprint size, aircraft rifed measuring system, on-board GPS, vegetatiorercand filtering
technique. ALS has been successfully applied tatifyeriver morphological features, such as barst¢@harlton et al.,

15 2003) and riffle—pool and step—pool sequences (Cataal., 2008). In addition, sequential ALSs warsed to quantify
volumes of eroded banks to subsequently estimdlet@at loads, achieving reasonable results fos¢haims (Thoma et al.,
2005). However, banks are particularly steep avdse this technique tends to increase the elavaticertainty (Bangen
et al., 2014). Therefore banks are regions whewver@®\LS accuracies are expected compared to hdekand flat areas.

Aerial photography has also been applied to mealBark migration, which is a useful source of infation,

20 especially if historical imagery is available owtended periods of time. Yet, it provides onlyited information on bank
heights. Thus, this planform survey technique nexpuiother methods to estimate eroded volumes. Kemgle,
photogrammetry can serve to quantify volumetricneies from overlapping photographs (Lane et al. 020dr ALS may
provide recent topographic elevations to reconstpast morphologies (Rhoades et al., 2009). Banbleat can also be
estimated through other approaches, such as thesailbed by Lawler (1993), that include planimetrésurveys for

25 intermediate timescales (years) and sedimentolbgi@hbotanical evidence for long timescales (caégsito millennia).

Measuring bank erosion at the process scale ingatweasuring the evolution of the vertical bank ipgafver time
and several techniques are currently availableh& €nd. Traditional methods include erosion pind eepeated cross-
profiling, which provide two-dimensional informatiovith resolutions that respectively depend onrtamber of pins and
points across the profile (Lawler, 1993). Erosiamspare simple and effective, but their accuracy b affected by several

30 factors, such as subaerial processes (Couper, &082). More advanced versions are the photoféegetosion pins that
automatically track the bank face during differemsion phases (Lawler, 2005). Cross-profiling bardone with GPS or
total stations with point accuracies of a few ametires or millimetres, yet with spatial and tempoeaolutions that may not

be sensitive to very localized or intermittent évaqe.g., Brasington et al., 2000).
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Bank geometries can currently be surveyed withrthieiee-dimensional complexity through a number of
techniqgues whose geomorphic applications are broéde bank erosion studies: terrestrial photogratmyn Terrestrial
Laser Scanning (TLS), boat-based laser scanningsévidphotogrammetry. Terrestrial photogrammetry slaswn detailed
bank representations, with approximate resolutmin® cm and precision within 3 cm, covering up t réetres of banks
(Barker et al., 1997; Pyle et al., 1997). Yet, thisthod can be labour-intensive and requires aesadde bank (Bird et al.,
2010), known camera positions and sensor charstitsti ground-control points, among other constitemna (Lane, 2000).
TLS has shown detailed erosion patterns from sd@leurveys, with millimetre resolutions, which pmactice are usually
reduced to 2-5 centimetres, and approximate finaliracies of 2 cm (Resop and Hession, 2010; Leyktnal., 2015).
O'Neal and Pizzuto (2011) proved the advantages3dfTLS in capturing patterns (e.g., overhangingckd) and
quantifying eroded volumes over 2D cross-profilityen though TLS could cover thousands of metergractice the
extents are generally smaller due to accuracy deerdlarge incidence angles, occlusion, etc. fielét al., 2017), so
several scans are necessary to measure long distafaor instance, Brasington et al. (2012) surveyddkm river reach
scanning every 200 m along the channel. An altermatoat-based laser scanning can continually subanks with
comparable resolutions and accuracies to thoselL&, With great time reduction but involving otheeld logistics,
resources and post-processing (Alho et al., 2009).

SfM photogrammetry has been applied to measuresh@anghow its potential use as survey techniqule aifferent
sensors and processing systems (Micheletti e2@L15; Prosdocimi et al., 2015). Micheletti et 2015) indicated root mean
square errors (RMSE) within 7 cm, when combinirgVP smartphone or a 16MP reflex camera with eiBfestoModeler
or 123D Catch processing systems. Prosdocimi ¢R2@lL5) identified eroded areas of a collapsedrii@ek and computed
eroded and deposited volumes with a precision coayato that of TLS. Bangen et al., (2014) matctedresolution and
practical extent of this technique to those of TlBen SfM photogrammetry is used to survey rivgrotgraphy through
aerial platforms (e.g., Fonstad et al., 2013). fiHatively recent and fast development of UAV tealogy to take airborne
photographs has greatly expanded the applicatibi®\ photogrammetry (Eltner et al., 2016). Recgn8fM has been
applied to quantify bank retreat at streams andlsivars with a fixed-wing UAV along several kilogtres with 12 cm
resolution (Hamshaw et al., 2017). This study shibthe UAV-SfM capabilities to produce extensive2.BSM from a
100 m high nadiral view, which achieved 0.11 m meamr and 0.33 m RMSE compared to TLS. Howeves #ork
generated DSMs similar to those of ALS, which allimwvvolume computations and bankline retreat,didtnot use the full
3D capacities to investigate undermined banks emtify erosion processes.

Applications of this combined technology span ialscand complexity, covering glacial dynamics (Imreel et
al., 2014), landslides (Turner et al., 2015), agtical watersheds (Ouédraogo et al., 2014), fluapography (Woodget et
al., 2015), etc. The accuracy achieved relativehi® camera-object distance for the mentioned divesettings was
approximately 1:1000, with distances ranging frodrnt@ 300 m and different cameras, lighting condii@nd surface types.
Interestingly, this precision was also found foréstrial SfM photogrammetry at different scales James and Robson

(2012). However, other experiences showed loweuracies, e.g., ~1:200 for moraine-mound topograffonkin et al.,
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2014), and on the other hand higher ones, suci 2460 for fluvial changes after a flood event (Teimga et al., 2015).
Although it is not possible to generalize a prewuisfor all settings, ~1:1000 seems an encouragaierence (RMSE of
10 cm for 100 m camera-object distance) to condteunexplored conditions.

Every combination of field site, camera sensor, &@RAd SfM package in principle requires differehbtp
overlaps, resolutions and perspectives (image m&tgeometry) to achieve certain model accuracy r@sdlution through
UAV-SfM (Elter et al., 2016). This is caused byfeitnt surface textures (Cook, 2017), lighting dbods (Gémez-
Gutierrez et al., 2014), camera characteristicsg@cimi et al., 2015), GCP characteristics (Haravid Lucieer, 2012), and
SfM algorithms (Eltner and Schneider, 2015). Knaigle to improve the quality of SfM digital surfaceodels keeps
expanding by investigating isolated variables, égample, assessing the influences of number andbdison of GCPs
(Clapuyt et al., 2016; James et al., 2017) or aptirg camera calibration procedures to manage wit@CPs (Carbonneau
and Dietrich, 2017). The flexibility, range, higasolution and accuracy that UAV-SfM proved in othenditions shows
promising for analysing bank erosion processeatjtiout the scale of a middle-size river.

3 Methodology

We used the flexibility of a multi-rotor UAV platfm to capture photographs from different perspestiof a
1200 m long riverbank and through SfM photogramsndarived several DSMs over one year period. Weries the study
location in Sect. 3.1, the UAV paths for photo asijion in Sect. 3.2, and the SfM imagery procegsmSect. 3.3. In order
to assess the capabilities of this survey methagoto measure bank erosion at the process scalpraeeeded in three
steps. First, we verified the elevation precisigaiast 129 RTK GPS points of several DSMs obtainid diverse number
of photographs and camera orientations. In this, wes identified an effective number of images tguie the bank
topography with high accuracy. Second, we compé#nedchosen DSM with airborne LIDAR points to analydevation
precision over the whole river reach, differentigtbetween areas of bare ground, grassland andbahkd, we searched
for bank features in SfM-based profiles and analsgones from ALS, and for signatures of erosioncgsees along
sequential SfM surveys.

For the first step, the analysis of the minimum bemof photographs needed to achieve the highesfl DS
precision, we compared the DSMs with RTK GPS measants to quantify vertical accuracy. We took 188{s across
eight profiles on 18-01-2017 (see Fig. 4) with ackeGS14 RTK GPS, whose root mean square precisicearding to the
manufacturer specifications are 8 mm + 0.5 ppnoirizontal and 15 mm + 0.5 ppm in vertical direcio®n the same date,
we flew the UAV along the bank four times with @ifént camera angles and perspectives. Eight plagtbggombinations
were considered to derive 8 DSMs. Then, the corapas were done with the elevation differences betwibe GPS points
and the corresponding closest ones of the DSM mbintds (e.g., Westoby et al, 2012; Micheletti et 2015). We used
CloudCompare software (Girardeau-Montaut, 2017}Hese computations.
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In the second step, we compared the selected D&l thhe previous analysis with a reach-scale sut@elynique,
ALS, to analyse elevation differences over the whaler reach. The ALS was carried out on 17-01726@m an airplane
at 300 meters above the ground level. The lasemsraaRiegl LMS-Q680i, measured a minimum of 10 points per square
metre with an effective pulse rate of 266 kHz amtbmatically generated a 0.5 m grid. We tested Ah& elevation
precision against the 129 RTK GPS points using auwmy triangulation of the ALS grid, due to théfetient resolutions
between both datasets. Then, we compared the iele\atthe ALS grid points with the correspondinganest ones of the
DSM point cloud. We did both computations with Gl@ompare, distinguishing between surfaces of gaadsbare ground
and bank.

Third, we made profiles across six sections ofidigar erosion rates to contrast the bank reprediemts of i) the
SfM DSM, ii) the triangulated ALS grid, and iii)¢hRTK GPS points. The profiles were computed witATMAB using i)
the Geometry Processing Toolbox (Jacobson et@l7)?adapted to slice triangle meshes, ii) a lime@rpolation across the
triangulated ALS grid, and iii) a projection of tHRTK GPS points onto the exact cross-section lonati Then, we
identified and analysed a cross section over wkituential SfIM-UAV surveys showed different stagéshe erosion
cycle, since the bank erosion cycle was used afeegence to distinguish between techniques capdbieeasuring at either

the process or the cross-sectional scale.

3.1 Study site

The study site is a restored reach of the MeuserRivhich used to be a single-thread freely meangeiver. The river was
canalized to a straight reach of 120 m width, thiekds were protected and the water levels regutatedprove navigability.
However, several kilometres of banks have beemticeestored through the removal of revetments gnaynes, following
the EU Water Framework Directive 2000/60/EC (htttafa.europa.eu/eli/dir/2000/60/0j). This reactxebérosion processes
to improve the natural value of the river. Impottguestions have then arisen regarding bank retegas and the new
equilibrium of the river width. Monitoring bank elation is necessary to answer these questionsaitntify the need, if
S0, to intervene and at which locations.

The study site is the left bank of a 1200 m lormgight reach (Fig. 2) located between the SambeekGrave
weirs in southeast Netherlands. Seven years afgtonation, this reach presents different banleattpatterns, with sub-
reaches of rather uniform erosion and others withayments of different lengths. Grassy fields usedyrazing cover the
riparian zone, followed by crop fields across tlwadplain. In the near-bank area there are popésstevery 100 m, some
of which have been dislodged during the erosiomssion, which is possible to appreciate in Figef) considering the

~200 m embayment between the foreground tree andekt in the background.
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Figure 2: Restored bank in the Meuse River, upstream viewrsf 800 m (left) and downstream view of middle 58Qright). Bank
erosion has caused a series of bays in the 1,289 restored reach. Note eroded bank sedimentsipesision.

The study site was surveyed eight times with a UAY017. An extraordinary low water level in Januprovided
5 the opportunity to compare the SfM photogrammetithwLS and RTK GPS not only for the banks and élpkin, but
also for the sub-aqueous terrace at the bank emegshematic cross sections in Fig. 2). This terveas composed of bare
soil, without vegetation or obstructions, which adah extra surface for the comparative analysiss Ektraordinary
exposure was the consequence of a ship accideinsag@ downstream weir of Grave (on 30 Decemiba6R

3.2UAV flightsfor image acquisition

10 We used the low-cost UAV DJI Phantom 4 to take iesagf the banks. It has a built-in camera with2a3l/12 megapixels
sensor and a 94° horizontal angle of view. Priotheimage acquisition, a network of Ground-ConRolnts (GCPs) was
distributed every approximately 50 metres on tbhedplain to georeference the DSMs (see Fig. 4). Go®s were black
ceramic tiles fixed to the ground with a circulaflector (12 cm CD) at its centre for their fastagnition in the
photographs. We measured the GCP coordinates tlsngeica GS14 RTK GPS unit, which was also demlofge the

15 cross-profiling.

An initial flight plan was designed to photograpte tbanks from four different perspectives, to lat@mpare the
results of diverse combinations and find a convenphoto set to survey the target topography irsegbent campaigns.
The UAV flew four times in straight parallel linedong the banks (Fig. 3). The first track took qbe photos from above
the river at a height of 25 metres and an averagkg(ie) distance to the bank of 40 metres (~2%amfthe least retreated

20 bankline). The second track had a top view fronmélres above the floodplain level along the tree (Fig. 2—4). The third
and fourth tracks followed the same path as therskone in respective upstream and downstreamtidins¢c but the
camera angle was 50 degrees forward inclined fiteenhiorizontal plane. These perspectives were thowgbapture the
tortuous and complex bank surface (Fig. 2 andri@juding undermined upstream- and downstream-fas@agps, with an
average ground resolution of 1.7 cm per pixel.

25 We tested five specific combinations of photografpbm the different UAV tracksTest 1 corresponds to the photo
set of the first track only, which has the sidewieith the optimal coverage of the barllest 2 stands for the nadir view

8
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alone, which is similar to the viewpoint of clasakrial photographylest 3 is a combination of the previous two sétsst 4
combines tracks 3 and 4, i.e. both paths from alibeebank with the oblique forward perspectivesupstream and
downstream direction, which allows views on alltpasf the irregular banks. Finalltest 5 utilizes the four tracks with all
photographs (Table 1).

5 We also used the first oblique track to evaluateriinimum longitudinal photo overlap to efficientgpture the
bank relief. The photo overlap along the river fsiaction of the UAV speed and distance to the bémka given maximum
photo sampling frequency, which in the case ofdbployed UAV is one every 2 seconds. Then, flyih@ an/s along
track 1 resulted in 20 photo overlaps for the mestated areas and 16 for those zones with least fetreat. Afterwards in
the processing phase, we successively selectedraadéng number of overlaps by twos that resultefdur DSMs. These

10 weretest 1a when using all photos from track 1 (which is thene set as the aforementioned testel),1b when using half
of them, and so forth fdest 1c andtest 1d (see Table 1).

Table 1. Number of photographs and overlaps for the tests

Testla Testlb Testlc Testld Test2 Jest Test4 Test5

Track 1 293 147 73 37 147 293
Track 2 232 232 232
Track 3 232 232
Track 4 232 232
Min. overlaps 16 8 4 2 7 15 26 49
Max. overlaps 20 10 5 2 7 17 26 53

3.3 SfM imagery processing

15 The principles of SfM photogrammetry are similar ttmse of digital photogrammetry, but the formeresiaot need
specifications on camera positions and lens cheriatits to reconstruct 3D structures. The came&tansic and intrinsic
parameters are automatically estimated via tracaimymatching pre-defined features in overlappimot@s and an iterative
bundle adjustment procedure, which results in asgppoint cloud (Hartley and Zisserman, 2003; Siyagé al., 2008;
Westoby et al., 2012). Afterwards, the (dense) tpwiatching is done at pixel scale to generate aildétpoint cloud of the

20 scene that has the final survey resolution. Thatpdoud can then be georeferenced with GCPs, wikictecessary when
monitoring bank erosion through sequential survellsernatively, GCPs can be incorporated for therative bundle
adjustment as additional matched points, duringctvttie georeferentiation takes place.

We used Agisoft PhotoScan software to processtagery. For a successful photo alignment from difie UAV
tracks (Table 1), the camera yaw, pitch and rabrded during the UAV flight were necessary inp&ist this step we used

25 three GCPs along the reach, two at the extreme®aadt the middle. These approximate orientatémba priori known

ground points helped obtaining a consistent sppoéet cloud of the bank along the entire reach. Témulting camera
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positions and orientations of the photo alignmeatusible in Fig. 3, evidencing the UAV tracks.ig figure also shows the
DSM textured with colours from the photographswimich the green area on the left side with whiteelpas corresponds to

the floodplain partially covered with snow and tight brownish area is the terrace at the bankwi, snow remains as
well.

Track 4

Flow direction
in main channe

Figure 3: Camera positions and orientations in perspective.vithe digital surface model shows the low-waterditon during January
2017, which exposed a terrace at the bank toe.

After obtaining the sparse point cloud, we markeel temaining 15 GCPs (Fig. 4). Then, we refineddlmera
parameters by minimizing the sum of GCP reprojecémd misalignment errors. This camera optimizagadjusts the
10 estimated point cloud by reducing non-linear defaiions. Once the dense point cloud was computediewmved the
points outside the area of interest, as well asetmoints at the water surface, tree canopies raididual bushes at the
floodplain. Finally, the point cloud was triangwdtand interpolated to generate a triangle mesis. mhsh consisted of a
non-monotonic surface that was later processedAifIM\B to plot 2D cross sections.
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15 Figure4: Study reach of the Meuse River with GCPs, RTK GPS ureagents and cross-section locations and numbers
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4 Results
4.1 DSM precision: identifying necessary photographs

The sequentially decreasing photo overlaps of Tdag¢Kable 1) produced four DSMs, testa—1d, whose elevation
differences with the 129 RTK GPS points are prexkmn the histograms of Fig. 5. The elevation ernmostly ranged
5 within 10 cm in all tests, but the mean and stashdiaviation (SD) presented some differences (Tatdad dot with bar in
Fig. 5). Testdla, 1b andlc presented mean values smaller than 1 cm and Sinvdt4 cm, while for testd these values
increased to 4 cm and 7 cm respectively (Tabl®@®srl-2). The mean errors on the bank area alonestla, 1b andl1c
were lower than 1 cm (Table 2, row 4), but theshad a higher SD of 7 cm compared to 4 and 3 cresifla and 1b
respectively (Table 2, row 7). Then, tesésand1b had the highest precisions and showed little edifferences between
10 them: less than 1 cm for all values in Table 2. seguiently, testb with eight photo overlaps was as effective as last
with 16 overlaps to achieve the highest DSM acgurtaddition, tesib fully covered the tortuous bank area in contrast t
test1c, especially at the perpendicular stretches of emieats (Fig. 3—4), which assured the choice of &genoverlaps
over 4, despite the general close performanceeofatiter in terms of accuracy (Table 2, all rovig)erefore, testb became

the reference for tesisand was used in combination with t8b generate te&

40 40 40 40

15

Test 1a
Tracks: 1

20

Frequency

10

Figure 5: Elevation error distributions for SfM tesis, 1b, 1c, and 1d, assuming that the RTK points are correct and withesror.

-0.1

Overlaps: 16
e

0 0.1
Elevation error (m)

Indicated overlaps are the minimum.

Test 1b
Tracks: 1

Test 1c
Tracks: 1
Overlaps: 4

Overlaps: 8
e

-0.1 0

Elevation error (m)

-0.2  -0.1

Elevation error (m)

0 0.1

0.2

-0.2

Table 2. Mean and standard deviation of elevation diffeemnbetween SfM DSMs and GPS points

| Tracks: 1

Test 1d

Overlaps: 2

n_d
-0.1 0
Elevation error (m)

Surface Error (m) Testla Testlb Testlc Testld Test2 Test 3 Test 4 Test5

All grounds Mean -0.01 0.00 0.00 0.04 0.03 -0.01 -0.05 0.00

Std. dev. 0.03 0.03 0.04 0.07 0.03 0.03 0.05 0.03
Grassland Mean 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.02
Bank 0.00 0.01 -0.01 -0.01 0.05 0.01 -0.03 0.01
Terrace -0.02 -0.02 0.00 0.06 0.03 -0.02 -0.09 -0.01
Grassland  Std. dev. 0.03 0.03 0.04 0.04 0.03 0.02 0.02 0.02
Bank 004 003 007 [0M8Y o003 003 004 003
Terrace 0.02 0.03 0.03 0.06 0.03 0.02 0.03 0.02
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Figure 6 shows the error distributions of the remimg four DSMs, i.e. test&-5, which also were mostly within
10 cm, except for Tegt This test had evident higher errors than the nesstly concentrated at the terrace (Table 2,5pw
Tests3 and5 had the lowest mean elevation errors, both loWantl cm, with the same SD at all surfaces thaée Wwexer
than 3 cm. TesR presented a similar SD, but the mean was biased. 3This test in combination with tekh slightly
5 reduced the SD errors of the latter (Table 2, rbvasd 7), but without significant overall improvemte All in all, testslb,
3 and5 had the best performances with average errorsritvee 1 cm and standard deviations within 3 cmyeneer with
increasing number of photographs (Table 1). Thetrafficient one was then tesb that used the lowest number of

photographs to achieve similar precision, espgcail banks.

40 40 40 40

Test 2 Test 3 Test 4 Test 5

30 Tracks: 2 10 Tracks: 1,2 10 Tracks: 3,4 30| Tracks: 1,2, 3,4
’ Overlaps: 7 ’ Overlaps: 15 Overlaps: 26 Overlaps: 49
e e —e—i o

20 20 20 20t

Frequency

10 10 10 10 |

0 - 0 0 = 0 =
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2

Elevation error (m) Elevation error (m) Elevation error (m) Elevation error (m)
10 Figure6: Elevation error distribution for tests 2, 3, 4, &drdinates indicate number of GPS points in ddch

Interestingly, if we consider all tests, the eléwaterrors on grassland were similar to each ofhable 2, rows 3
and 6), means between 1 and 2 cm and SD betweet 2 em, whereas the bank and terrace did not préisis behaviour.
Furthermore, while the bank values (Table 2, rovesid 7) did not correlate with those of all grouii@iable 2, rows 1-2),
the terrace mean elevation differences (Table® Splinearly correlated with those of all grour@able 2, row 1) with R

15 =0.97. Therefore, the error biases for all grouthadsughout the tests were most likely due to tlasds from the points over
the terrace.

To conclude, despite virtually doubling the numbéimages in comparison with test 1b, the Gsetup with a
nadir track and a side-looking track was choserstdrsequent UAV surveys on the basis of two finglirf§rst and most
important, growing vegetation at the bank toe adetliparts of the target surface from the obliquaesa perspective.

20 Second, the GCPs on the floodplain laid almostzenital, which made them easier to identify from tibye-view during an
initial phase of GCP recognition in the photograpMoreover, we found at later surveys that growgrgss on the
floodplain was sometimes blocking GCP plaques ftbenangle of vision of UAV track 1, for which usitlge nadir view of

track 2 was advantageous to locate the plaquesssmireventing the otherwise disuse of some GCPs.

4.2 DSM precision over the reach: comparison with ALS

25 Compared to the ALS grid, te3tpoint cloud showed a good agreement over mogieoféach. This is observable

from Fig. 7, corresponding to the blue areas thdicate elevation differences lower than 5 cm. Y regions surpassed
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this difference, notably the bank and the extreofeahe reach. The latter were zones beyond the G@Rere higher errors
in the DSM are expected when using parallel imagections due to inaccurate correction of radiaklelistortion (James
and Robson, 2014; Smith et al., 2014). Consequeihiyresults outside the GCP limits cannot be idensd representative
of the whole domain and they were discarded forstifesequent statistical comparisons. Within the ®G&hds, the bank

area presented relatively high elevation differeneeéhich makes the bankline visible in Fig. 7.

[T T T 1Meters

0m

Jl Elevation diffe
0.20m

= Ground Control Points

0 2550 100 150 200

Figure 7: Absolute elevation differences between SfM and Adlénhg the reach. Banks and areas beyond GCPs pmédbet highest
differences.

Figure 8 presents the relative frequency distrdngiof the elevation differences divided into thregions: the
grassy floodplain, the steep bank, and the barergtderrace. Over the grassland, both SfM and A&& tather similar
results (Fig. 8, centre left), with a zero mearfedénce and 3 cm of standard deviation (Table 8)tf@ contrary, the bank
had a bias between the techniques of 6 cm (Tabé@)a relatively high standard deviation of thexsasalue. Finally, the
terrace showed similar results to those over tlsgfand regarding the deviation (Fig. 8 and Tablbus with a bias of -
4 cm. The bank area together with the terrace dataithe overall bias in the elevation differendég.(8, left). The former

with a small contribution to the total number ofasarements and the latter with a greater numbea lawer magnitude.

0.25

0.25 0.25

All ground$ Grassland Bank Terrace

0.20 0.20 0.20

0.15 0.15 0.15 0.15

0.10 0.10 0.10 0.10

Relative frequency

0.05 0.05 0.05 0.05

A

0.00
-0.4 -0.2 0 0.2
Elevation difference (m)

0.00
-04  -02 0 0.2

Elevation difference (m)
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-0.4 0.4

0.00
04

0.4 -0.2 0 0.2 0.4 0.4

Elevation difference (m)

-0.2 0 0.2
Elevation difference (m)

Figure 8: Comparison of elevation differences between SfM ARS8 for distinct surface types

Table 3 also indicates the differences of SfM DSM #e ALS with the 129 RTK GPS points. Interediinghe
ALS presented a constant bias of 1 cm across gies, but the standard deviation did change fagmnitly among them:
the bank had a standard deviation of 9 cm, whialbtiml the deviation of the terrace and tripled tifahe grassland. While
the SFM DSM had comparable absolute biases thasetbd ALS, the standard deviations were all respelgt lower.
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Particularly at banks, the standard deviation ef #M DSM was only 3 cm in contrast to the 9 cmite ALS, which
makes the former approach considerably more aecuban the latter. This could explain the relagivieirge elevation
differences between the two methods in the bani @feg. 8, centre right), occurring due to a loweecision of the ALS

and not vice versa.

Table 3. Mean and standard deviation of elevation diffeemnbetween SfM, ALS and RTK GPS.

Subtraction Al Grassland Bank Terrace
grounds
Mean -0.02 0.00 -0.06 -0.04
SfM - ALS (m)
Std. dev. 0.04 0.03 0.06 0.03
Mean 0.01 0.01 0.01 0.01
ALS - GPS (m)
Std. dev. . 0.05 003 [009° o005
Mean -0.01 0.01 0.01 -0.02
SfM - GPS (m)
Std. dev.  0.03 0.02 0.03 0.02

4.3 Bank erosion features and processidentification

Six bank profiles were selected among those sudveyigh GPS on January 2017 (see Fig. 4) to complaeebank
10 representation with the different survey techniqugg. 9 shows the bank profiles at Sections 14,2, 7 and 8. These
sections presented distinct erosion magnitudesfeatdres after seven years of restoration, for ganSection 8 (Fig. 4
and 9) appeared close to the original conditiorthwai mild slope and nearly no erosion, whereasi@ecttt and 7 had
vertical scarps. The SfM DSM profiles are represerity continuous lines, the ALS profiles with dakliees, and GPS
points with circles. The SfM representation haddygiroximity to the GPS points than the ALS in afhall cases. What is
15 more, ALS generally overestimated the elevatiomasponding to the GPS points, which confirms tfees lmibserved in the
comparison of bank elevations shown in Fig. 7 and 8
SfM profiles showed detailed bank features, sucta a®llapsed upper bank laying at the toe (SecZpnan
overhang at the bank top (Section 1), small-saalgtness on scarps (Sections 6 and 7), and slumg-teposits (Section
4). These features appeared as simple shapes iprdfiles but they were confirmed with field obsatiens. The ALS
20 depicted simpler profiles, smoothed by coarserluéism, which made it difficult to identify charamistic features of the
erosion cycle in them. Yet, ALS profiles had enopglint spacing to capture gentle bank slopes vettsonable precision
(Section 8), but for steeper ones (Sections 1,®24nand specially at scarps (Sections 6 and ®,téthnique provides

lower accuracies.
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Figure 9: Banks measured with SfM (continuous lines), ALS keaklines) and GPS (circles) on-B January 2017. Cross-sections are
located from left to right, at river km. 153.4, 183153.5, 154.2, 154.1, and 154.3 (see Fig. 4fwmtions).

5 The temporal development of Section 4 (Fig. 4 anig 8lustrated in Fig. 10a by a sequence of SfiMMJUsurveys.
The initial stage corresponds to the survey of Bign 18 January 2017. The consecutive surveysatdie evolution of
the vertical bank profile, through which differgabcesses can be inferred. The bank profile, Ihitzharacterized by a top
short scarp and slump blocks along the bank faggereenced a mass failure and a further removabloks between
January 18 and March 15 2017. Between March 15Aamidi 26, only toe erosion occurred. By June 2lgther mass failure

10 happened, which left slump blocks along the lowadf of the bank. On July 19, these blocks were needpleaving a steep
bank face. Then, further toe erosion caused a sudlfailure at the lower bank whose remains kidhe toe. On October
11, this wasted material was removed. Then, umillast survey on November 22, entrainment occuateke lower half of
the bank profile, further steepening the bank.igihtl of the results, the methodology resolution @eduracy are high

enough to identify different phases of the erogigcle, enabling the analysis of bank erosion preegs$n conjunction with
15 data on potential drivers.
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Figure 10: Sequential surveys at cross section 4, Meuse Riverlk3.9, over 2017. a) Bank profiles from DSMsEb)ded volume per

unit width between consecutive surveys; ¢) Cumuagirosion along surveys; d) Bankline locations atttip and toe of the bank.

In addition, the quantification of eroded volumespiossible computing the net area between seqlduatik
profiles. For example, Fig. 10b shows eroded vokiper unit width between consecutive surveys pladgtethe end of each
time interval, with an error bar based on the RMBEest 3. Evidently, there were different erosiates during the year and
the highest ones happened in the first part dfig. 10c presents the respective cumulative eretégdnes per unit width,
where the two trends can be distinguished: a geitlge towards the end and higher rates of sedigielat during the first
haft of the year. Given that the topographic meaments are limited to a single year, it is not fidego state whether this
behaviour in recurrent on a yearly basis. Howetlis case exemplifies the possibilities to quangfpded volumes
throughout different phases of the erosion cycle.

The bankline retreat as a measure of bank erosiaolvies the identification over time of the banlptdut this
concept could be extended, for instance, to thd bae Fig. 10d shows the temporal progressiorhefttankline distance
from the river axis for both the bank top and the,twhich we arbitrarily defined for this case dt1lm and 8.1 m,
respectively. The top bankline showed a mayor jurepwveen April and June and a smaller one betweerfitst two
surveys, corresponding to mass failure events.bEmk toe presented a more gradual retreat, withtewa slumping and
temporal accretion that were timely captured alting surveys. This alternative bank retreat reptesien provides
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evidence of the development of bank erosion atyeservey. The contrast of bankline retreats atdpeand toe of the bank
illustrates how different processes on their owpresent dissimilar erosion evolutions, since thaystitute different phases
of the erosion cycle, i.e. at the top mass faillaed the toe slump block removal and entrainmeimially, the average
bankline between bank toe and top would best reptethe real retreat (dashed line in Fig. 10d)piieshot necessarily
5 indicating an actual bank location for a specifievation. This approach logically considers allsioa phases and follows a

similar trend as the cumulative erosion of Fig..10c

5 Discussion
5.1 UAV flight and SfM precision

In general, there were no large differences in mmubetween the DSMs derived with different php&sspectives and

10 overlaps. The accuracy of the tests, except fdrdfewas approximately 10 cm and they all had sufficieesolution to
represent characteristic features of the erosiatecyuch as slump block deposited at the banlatoemass failures. Yet,
other topographic features that were hidden froenniddir UAV perspective, such as undermining, vesilg captured from
oblique camera perspectives. For instance, thelztoav the top overhangs visible at cross sectioasd 2 (Fig. 9) were
not captured in te®, and were represented with a lower resolution $t4eThe UAV viewpoint of track 1 not only had the

15 largest bank area coverage compared to the othegreaperspectives proposed in this work, but atsvezed the highest
elevation precision without the need of other teacket, the nadir view of track 2 contributed tovepan additional bank
area behind trees and bushes growing at the bankltmg the first 200 m of the reach (Fig. 2, |efor which it was
complementarily used with track 1. Since vegetattan occlude the bank face, if denser and more daminit could
prevent the usage of the survey technique, in dasimay as high water levels do.

20 The results herein show that, in the absence of bae vegetation, a single oblique UAV track witlgte photo
overlaps and visible GCPs appears effective toegubanks with the highest precision and coveragethie given sensor
size and resolution, camera-object distance adifig conditions. This number of photo overlapseagrwith the laboratory
experiment of Micheletti et al. (2015), who fourt above eight the mean error was only slightlyrei@sed, in contrast to
increasing overlaps within the range below eighgvéitheless, they showed that overlaps higher éigint reduced the

25 number of outliers, a trend which in our case islent for less overlaps: test (4 overlaps) mainly differed from tet (8
overlaps) in a higher RMSE but not in the meansTifference may arise from the distinct texturd aomplexity of each
surface, which presumably requires different numbkimages for a similar performance (James andsBob2012;
Westoby et al., 2012; Micheletti et al., 2015).

A RMSE of 3 cm (more precisely 2.8 cm) to measur&zerbank with the photo combination of t8stesults in a

30 relative precision with respect to the average carsarface distance of 0.0007 or ~1:1400. Thistikegprecision ratio is
somewhat higher than ~1:1000 achieved by JameSRahdon (2012) for steep irregular features at kditvescale in a

volcanic crater and decametre-scale in a coastflwhereas our precision is somewhat lower thar2800 those authors
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proved at metre-scale. More precise results coalddssible using a bigger and higher-resolutiosaerilying closer to the
bank, or even trying other oblique bank perspestitowever, this endeavour would only be reasondtsach data are
needed for the research purposes and if GCP puisitichad also according higher precisions, singgstetion errors
translate into the DSM accuracy during camera patarnoptimization and/or georeferentiation (Haramd Lucieer, 2012;
5 Javernick et al., 2014; Smith et al., 2014).
A precision of 10 cm has implications for the regametation of small-scale features at bank scarpspite the
presence of features in the order of decimetrescaudd not assess their accuracy given the dis@&8 points and the
0.5 m ALS grid used to assess the DSM precision.ifigiance, Fig. 10a shows an upper bank scargaton last four
surveys that, if assumed unchanged, it would indieamaximum distance of 20 cm between surveyschwaiill would
10 remain within the £10cm error estimated by the G®8parison. Although these differences could haaenbcaused by
weathering processes or growing grass on the g potential sources of error at such scale dmilgiven, for instance,
by registration errors or occlusions caused bystiréace roughness (Lague et al., 2013). Then,dursearch is needed to
evaluate the precision at the roughness scaleteximple, analyse form drag at the bank facelépelyet al., 2015).
The comparative analysis of the DSMs from differ@hibto combinations showed that the ground surfaces
15 surveyed in the case study had different precisidhe grassland presented similar errors with @ipedias throughout all
tests. The positive elevation differences are glpaf vegetated surfaces (Westoby et al., 2012;hMl&tti et al., 2015),
whereas the similar performance of different photenbinations might be due to the presence of sefficand well
distributed GCPs in this area (the floodplain). Tieerace at the toe of the bank, in contrast, ptesedifferent error
skewness throughout the tests, which affected ttwe distribution for all grounds. The error skewaean be related to the
20 fact that the terrace was the most distant arem ftee GCPs and it was not surrounded by them, abetors in lens
distortion corrections could have especially insehhere (James and Robson, 2014; Javernick &04K,; Smith et al.,
2014). This effect was clear at the reach extreffigs 7), where the elevation differences increasit respect to the ALS
survey further from the GCPs, for which it is celldome’ effect.
This DSM distortion beyond the GCP surrounding anéght affect the bank too when using the GCPs onlyhe
25 floodplain and not on the bank. In the case stedye was taken to sparsely place the GCPs acredtotidplain and at
different elevations when it was possible, so that control points were distributed over the thspatial dimensions as
much as possible to increase the georeferencingrame (Harwin and Lucieer, 2012). While James anth$en (2014)
showed that using different (convergent) camerdeang effective to mitigate the ‘dome’ effect, aesults showed that the
DSM precision with eight photo overlaps along agenUAV track did not substantially improve by adglithe extra
30 perspective of track 2. This may imply that the bemof overlaps and used GCPs were sufficient tbdasuch distortions
in the bank area, together with the fact the trhall oblique and not nadiral perspective. Moreogeen though direct
georeferencing is a promising step forward to mining the SfM requirements through more accurateera calibration
(Carbonneau and Dietrich, 2017), GCPs are curremtigessary for highest precision by model optinorat
georeferentiation, and quality verification.
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5.2 Comparison of two reach-scale techniques: SfM and ALS

The elevation bias at the bank between the SfMeéb&»8M and the ALS grid (Fig. 8) was caused by thgographic

overestimation of ALS (Table 3 and Fig. 9). Thisqulitous error is ascribed to a known limitationAdfS systems related
to the laser beam divergence angle, which locétesibsest feature within the laser footprint @& ¢entre of the footprint.
This increases the ground elevation at high-slapasa(Bailly et al., 2012), which is the case feerbanks. Still, the ALS

resolution and precision were enough to identifpkbalopes, in accordance with other studies (&arolli et al., 2012;

Ortufio et al., 2017). Furthermore, despite the AbBability to estimate volume changes of erodekddKessler et al.,

2013), the method omits information related tofhases of the erosion cycle by not surveying erofgatures smaller than
its resolution (0.5 m), apparent in contrast with rofiles (Fig. 9).

The elevation differences between the methodsreeddor grassland (Fig. 8, centre left) were ptip@aused by
dissimilar ground resolutions, because a largeratien scatter is expected in the SfM-based DSMnwtepturing grass
with 2 cm resolution, whereas ALS had samples sp&fkecm from a comparable footprint size. Nonettgléhe mean
difference was zero (Table 3), so that both metlmdsestimate in the same way the real ground etevaue to grass
cover. The effect of this is visible, for instanaethe increasing surface elevations on the fléamidpver a year (Fig. 10a).
The terrace at the bank toe presented a similétes@s grassland, but had a small negative b&sctiuld be explained by a
slight transverse ‘dome’ effect of the SfM DSM.

The distance covered by the SfM-UAV method depemdthe flight autonomy. The deployed UAV had autogo
of approximately 25 minutes, which limited the nmaxim bank survey extent to approximately 2 km far tbsted UAV
height and speed, and camera resolution and shistguency. This practical limit will change witlhet progressive
development of UAVs, but the distance covered Isingle flight is currently significantly smallerah the one covered by
ALS. Although a larger camera-object distance goeled than the used in this work would increasestireeyed area,
decreasing the ground resolution and the UAV stghbihay result in the loss of sufficient detaildapture erosion features,
and what is more, decrease the DTM precision tepedds on the image scale (James and Robson, id®&letti et al.,
2015). Therefore, further investigations would bguired to explore the practical limits of UAV-bamionitoring in views
of extending the survey coverage.

5.3 Surveying bank erosion

Sequential surveys allowed to capture differentspbaof the erosion cycle (Fig. 10a), which demaussrthat quantitative
detection of processes is feasible. Previous stunliebank erosion proved the capabilities of SfMfost-event analysis
(Prosdocimi et al., 2015), e.g. representing bldegosition, or for 2.5D bank retreat quantificat{ptamshaw et al., 2017),
whereas herein all erosion phases were sequenteiyured, demonstrating the 3D potentialities akiercomplete process
of erosion. Of course, the ability to monitor bamltshe process scale depends on the time intesittalwhich the method

can re-survey the exposed part of banks and wilt oaver pre- and post-flood conditions. The surf@guency and the
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duration of a full cycle of erosion determine tleenporal resolution with which the development afgasses is captured.
Then, the bank retreat rate of each case deterriiirasecessary frequency of surveys to capturecgrgsocesses within a
single cycle. Bank erosion rates naturally depem@ach site, which in the presented study siteedagnormously (Fig. 3).
Still, the performed eight surveys within a yeaccassfully captured bank processes within a siagision cycle in areas of
fast retreat such as Section 4.

The study site with a regulated water level araendly restored actively eroding banks was a pedgample for
the application of this technique, because banke weposed and erosion rates were compatible hitlptoposed average
sampling frequency of six weeks. For other typesivars, where erosion mainly occurs during floedsen banks are not
exposed, this method would allow measuring pre- pogt-event conditions only. Given the high redolutachieved, the
method is applicable to all river sizes. Howevere do the accuracy obtained, the application ig advised in cases where
bank retreat is larger than approximately 30 crmbeh consecutive surveys.

Erosion processes happening at small spatial scleb as weathering, would be hardly or not medserwith the
precision achieved in this investigation.. For tloither methods are already available, for instarc® and boat-based laser
scanning, that provide higher precisions (mm befegistration errors, e.g., O’'Neal and Pizzuto, )04nd comparable
resolutions (cm, e.g., Heritage and Hetheringt@@72. In addition, close-range terrestrial photograetry can also offer
the necessary precision for such endeavours,feam,a tripod (Leyland et al., 2015) or a pole ba hear-bank area (Bird et
al., 2010), at the expense of covering shorter Hangths. Another alternative are erosion pins,ctvhinay also provide
higher accuracies, yet with point resolution.

UAV-SfM appears a suitable survey method for botbcpss identification and volume quantificationbank
erosion studies, given the decimetre precisioneamith 3 cm RMSE and the 3D high resolution achiewéth a low-cost
UAV. As Resop and Hession (2010) suggested, higbhugion three-dimensional capabilities offer grpassibilities when
spatial variability of retreat is critical comparamtraditional cross-profiling methods. In additjche reduced deployment
time of UAVs in the field is advantageous in redatito cross-profiling, while it also improves idéication of complex
bank features (Figure 9) and volume computationsther 3D high-resolution techniques (O’Neal andzRio, 2011).
Nonetheless, UAV-SfM require longer post-processings at the office, which should not be undeneated (Westoby et
al., 2012; Passalacqua et al., 2015).

This technique remains low-cost compared to TLSV&S, for which it is more convenient for cases whe
roughness is beyond the scale of interest, anéttédank lengths are smaller than 3000 m. This waplaroximately be the
longest distance for a single UAV flight in our eastudy. For longer reaches, MLS would then compétie UAV-SfM
from a practical perspective, since more than ameey/flight would be needed. However, all TLS, Ma8d UAV-SfM
would have limitations to survey the bank surfateiesence of dense bank vegetation (Hamshaw, (7). In these
cases, ALS provides an alternative, albeit witmi$igant lower resolution and higher costs (Slatiml., 2007).

For large river extents, i.e., several kilometr€spve et al. (2013) showed that process inferescpossible

combining ALS with high-resolution aerial photoghgp two techniques that are typically applied foode=d volume
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estimations and bank migration (Khan and Islam,32Q@ne et al., 2010; De Rose and Basher, 201Ek8phann et al.,
2017). In that work, the scale of the river (bahlgher than 6 m) allowed a spatial resolution ofi 1o capture features that
together with photo inspection provided informatmmmass failure type and fluvial entrainment. Bbed UAV-SfM covers
smaller extents (Passalacqua et al., 2015), bwiges much higher resolutions, allowing for procilentification (such as
undermining) and more precise volume computatieee Figure 9 for profile differences between AL®E &iM). For a
similar (or higher) accuracy and resolution thamsthof UAV-SfM and large distances, boat-based lssanning becomes

an attractive, yet more expensive, solution.

6 Conclusion

This work evaluated the capability of Structurenfriotion photogrammetry applied with low-cost UAVhagery to
monitor bank erosion processes along a river re@bh.technique’s precision was investigated by amspn with GPS
points and an airborne laser scanning. Verticaklmofiles were analysed to identify stages of mm&nd infer processes.
We used a low-cost UAV with a 12 MP built-in camdisang 25 m from the least retreated bankline &5dm above the
floodplain level, which produced a photograph sighwn oblique perspective and at least eight in@magelaps at each bank
point. Together with ground-control points, thisofh set was enough to generate through SfM a ditdace model with
sufficient accuracy and resolution to recognizeatgres of the different phases of the bank erosyaie from the obtained
bank profiles.

The accuracy of the DSM constructed with the Sfighteque did not significantly increase with morartheight
photo overlaps along a single oblique UAV tracke overage of bank area behind bank toe vegetatiothe other hand,
was increased by adding a vertically oriented peatige, albeit without a significant accuracy irase. As a result, banks
were surveyed with 2 cm resolution and a 10 cmatiem precision, whose mean was 1 cm and standaritibn 3 cm
(~1:1400 relative to camera-object distance). Husuracy was confirmed along the river reach aftenparison with the
airborne laser scanning. The SfM-based topographgea well with ALS over horizontal areas, but obenk slopes the
latter overestimated elevations. Higher SfM erraere observed in areas beyond the extent of greonttol points,
showing that control points should also be placatdide the monitoring area.

The SfM resolution captured details of the banlefdrough which features of different phases ofettasion cycle
could be identified. A relative elevation precisioith respect to the camera-object distance of 400lwas obtained, in line
with previous SfM topographic applications. Thehteique’s accuracy, resolution and frequency enabégduring erosion
processes over sequential surveys. The surveydnegudepends on bank retreat rates, which depertheoniver size,
hydraulic conditions, bank material, etc.

This investigation demonstrates the capabilities ddw-cost UAV to monitor banks at the procesdescahile
covering a middle-size river reach of 1.2 km lomgai single campaign. The combination of UAV andu&trre-from-

Motion photogrammetry can provide relevant inforimatof the spatial structure of bank erosion preess and with
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sufficient frequency of acquisition, represent thmporal evolution of morphological processes wittlie erosion cycle.
This method can also be used to compute erodedmesiuthroughout different phases of the cycle analyaa the
contribution of each mechanism to overall retreats.

The applied technique is most suitable when megurank lengths not exceeding the 3000 m. Its &, fast
deployment and high resolution are especially coierg for surveying highly irregular banks. Thistimed can survey the
full cycle of erosion, and not only pre- and pogtmt conditions. The main limitations are densenigm vegetation and

high water levels, but the same applies to mostesutechniques.
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