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ABSTRACT

Assessment of coastal erosion, terrain stability, and flood-risk mapping require high-resolution datasets over multiple
years. Methods have been developed and assessed to: a) capture and process UAV data; b) quantify the overall changes in
environment, measured over a fixed period of time, c) identify the processes causing landscape change, and d) delineate haz-
ard-prone areas that could be affected by coastal flooding.

The coastal town of St. David's in western Newfoundland was chosen as a case study. A quadcopter UAV was used to
acquire overlapping (80%) air photographs in 2016 and 2017, and photogrammetric processing software was used to create
a Digital Surface Model (DSM), an orthophotograph and a 3-D model, having a ground resolution of 1.4 cm. Positional accu-
racy was 6.07 cm, and was improved by the inclusion of 17 control points, surveyed in the field with a Real Time Kinematics
(RTK) system. Comparisons of the DSM to ground-surveyed topographic data allowed for the computation of yearly erosion
rates of 52 cm per year (cm/a) along the clifftop. Areas of accelerated elevational gain or loss between 2016 and 2017 were
determined and the influential erosional agents were identified as surface water, groundwater and wind. Detailed examina-
tion, facilitated by the high resolution of the DSM, enabled the delineation of areas susceptible to flooding by the end of the
present century. The results demonstrate the applicability of UAVs for measuring and investigating coastal change, and map-
ping hazard-prone areas.

INTRODUCTION

There is documented history of landscape hazards in
Newfoundland and Labrador (see Batterson et al., 2000),
including terrain instability, erosion and flooding, particu-
larly along the coast and in river valleys. The authors docu-
ment over 290 geologically related events in the Province,
with 160 deaths, as well as personal injury, infrastructure
damage and property loss, attributed to landscape hazards.

Geographic, climatic, and geological characteristics
variously influence the risk level of landscape hazards. For
instance, the coastline between Daniel’s Harbour and Green
Point on the Great Northern Peninsula is vulnerable to rapid
slope movement, as evident by landslide scars in coastal
cliffs formed from thick unconsolidated glacial and post-

glacial sediment (M. Batterson, personal communication,
2017; Plate 1). As well as such landslide events, unconsoli-
dated coastlines are being eroded at a continuous rate, which
poses a threat to infrastructure including roads, trails, build-

Plate 1. View of historic (arrows) and recent (2007 and
2013) landslide scars (outlined in red) in Daniel’s Harbour.
After the 2007 landslide, 23 households, secondary roads
and the highway were relocated to more stable terrain.
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ings and cemeteries (Plate 2). Yearly rates of erosion of
more than 50 cm per year (cm/a) have been recorded along
exposed coastal cliffs, including at Parsons Pond on the
Great Northern Peninsula (Irvine, 2015). Flooding of low-
lying terrain has resulted in infrastructure damage and prop-
erty loss, and storms have changed beach topography;
Placentia has a history of infrastructure damage from high-
water levels in the estuary and the outer beach (Batterson et
al., 1995; Plate 3A, B).

Increased encroachment of development into coastal
areas, and changing environmental conditions, will increase

the exposure to, and risk of, landscape hazards. Parts of the
Province are experiencing uplift, and others subsidence,
resulting in relative sea-level rise predictions ranging from
80 cm in northern Labrador to 100 cm or more on the
Avalon, by 2099 (Batterson and Liverman, 2010). This, in
combination with projected climate changes for the
Province, such as increases in precipitation intensity and
rates (Finnis, 2013) will accelerate erosion rates and the
increase the risk of floods.

There is a need for high-resolution and accurate data of
the morphology and characteristics of land surfaces, collect-

Plate 2. A) Erosion of the unconsolidated slope, landward of a new housing development in Conception Bay South on the
Avalon Peninsula, resulted in the closure of a walking trail shortly after its construction, B) In the winter of 2017, the peat
cliff along Shoal Point, on the Port au Port Peninsula, eroded and a shed fell off the cliff (circled); C) Coastal erosion has
threatened a portion of the main road in Grand Beach, Burin Peninsula; D) Erosion of the coastal cliff at Parson's Pond, on
the Great Northern Peninsula, is compromising the stability of the gravel parking lot. Large boulders have been placed to dis-
courage access to the cliff edge.
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Plate 3. 4) View of the low-lying community of Placentia, showing the outer beach and estuary areas; B) Outer beach area of

Placentia showing the same area of the main beach and boardwalk, before (left) and after (right) a storm surge in 2013 that
coincided with a high tide. Note the extensive damage to the boardwalk, and the amount of beach material that was moved.
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ed over multiple years. Interpretation of these data will
improve the understanding of 1) how areas are changing, 2)
what areas are most vulnerable to landscape hazards, and 3)
the implications of changing environmental conditions. The
integration of landscape-change information into planning,
decision making, and the establishment of policies and reg-
ulations, will serve to discourage or modify future develop-
ment in hazardous environments, and better anticipate the
implications of landscape change in existing high-risk areas.

Remote-sensing and ground-based techniques have
been applied to collect detailed topographic data. Sallenger
et al. (2003) used Lidar to map changes in beach topography
along the North Carolina coast and Razak ef al. (2011)
examined high-density airborne laser-scanning data to iden-
tify and classify landslides in southern France. Comparison
of decadal aerial photographs can detect landslides (Italy;
Fiorucci et al., 2011) and coastal erosion (Newfoundland;
Forbes et al., 1995). Topographic surveying using Real
Time Kinematics (RTK) has been used to measure coastal
change (see Dail ef al., 2000; Irvine, 2015; Watton, 2016).

METHODS USED TO COLLECTED
TOPOGRAPHIC DATA

Recent advances in Unmanned Aerial Vehicle (UAV)
technology, and in data-collection applications and process-
ing, allow for investigation of the use of this technology in
surficial mapping, environmental monitoring, and hazard
assessment. Advantages of UAV image acquisition and pro-
cessing include detailed ground resolution (Westoby et al.,
2012); the capability to fly on demand (Lucieer et al., 2014);
low-flight altitudes (Ajayi et al., 2017); low cost (Westoby
et al., 2012; Mancini et al., 2013); ease of use (Harwin and
Lucieer, 2012); the capability to access inaccessible areas
(Krsak et al., 2016); and the non-destructive collection of
data (Pineux et al., 2017). Highly accurate models can be
created in software packages using Structure from Motion
(SfM), a photogrammetric technique that enables the cre-
ation of 3-D imagery from 2-D photographs, using algo-
rithms to detect matching points between images (Westoby
etal.,2012).

OBJECTIVES

This study investigates how UAV technology using
SfM can capture detailed topographic data, suitable for envi-
ronmental monitoring and hazard assessments. There are
two main objectives:

1) To develop methods to obtain accurate elevation data,

and compare multi-date imagery to detect and measure
temporal changes in landscape morphology; and
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2) To assess the applicability of the methods to:
- Quantify clifftop erosion and its spatial distribution,
- Determine morphological changes of cliff faces,
- Identify processes causing landscape change, and
- Delineate flood-prone areas.

LOCATION - ST. DAVID’S

To demonstrate and evaluate the UAV methods, an
actively eroding, unconsolidated cliff and adjacent low-
lying area in St. David’s, western Newfoundland were
selected (Figure 1). The cliff is composed of interbedded
medium to coarse sand and silt, and pockets of gravel con-
taining cobbles and boulders with an overlying organic
layer. The beach is narrow (about 15 m), and is composed of
poorly sorted rounded boulders, gravel and sand. North of
the cliff, at the mouth of the Crabbes River, several sheds
and a road have been built on low-lying terrain, and a wharf
that provides anchorage for fishing boats. Large boulders
have been placed on the beach and at the river mouth, to
decrease the impact of flooding and erosion. The cliff is con-
tinuously eroding, as observed from fresh gullies, rills, over-
hangs and colluvium. A road runs parallel to the clifftop
within 5 m of the cliff edge, and a historic graveyard having
headstones dating back to 1866, is located at the northern
end of the cliff.

The site has been surveyed as part of a systematic, long-
term coastal monitoring program (Irvine, 2015). In 2013,
Real Time Kinematic (RTK) equipment was used to collect
accurate (centimetre-scale) location data of the position of
the cliff edge, and these data are used in the current clifftop-
erosion calculations.

METHODS
UAV Aerial Survey

A quadcopter UAV was flown over the St. David’s study
area in 2016 and 2017 (Table 1, Plate 4). Traverses were
designed using the Maps Made Easy web application, flown
on auto-pilot, with an 80% image overlap and a vertically
oriented camera; manual mode was used to capture oblique
photographs. Photos were acquired during periods of mini-

Table 1. Summary statistics describing the 2016 and 2017
flights

2016 2017
UAV DJI Inspire 1 DJI Inspire 2
Camera focal length (mm) 3.61 8.8
Flying altitude (m) 80 62
Number of Markers 4 21
Ground resolution (cm) 291 1.4
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Figure 1. Map of the St. David's area. The two photographs show the test areas.: an eroding unconsolidated coastal cliff, and
a low-lying beach and wharf area. The black dot shows the location of the study area.
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Plate 4. The UAV Quadcopter Inspire 2 operator is holding
the remote controller used to operate the UAV.

mal wind speed (below 25 km/h), and an hour after sunrise
and one hour before sunset, to ensure sufficient sunlight.

Prior to each flight, ground-control points (GCPs),
readily discernible in the images, were placed on flat ground
(Plate 5). A Leica GS09 RTK system with sub-centimetre
accuracy, operating in survey mode, was used to obtain the
exact location of the centre points of the targets.

Photogrammetry Methods

The UAV data were processed using Agisoft Photo-
scan™ Professional Version 1.3.4, which implements the
Structure from Motion (SfM) photogrammetric technique.
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Plate 5. The Ground Control Points (GCPs) are of 30 by 30
cm black and white targets mounted on plywood. The oper-
ator is surveying the centre point of the GCP with the roving
receiver of the RTK system.

e First, images were aligned by scanning the images to
detect points visible in more than one photograph
(Plate 6A).

e Second, the location of the GCPs, as surveyed by the
RTK, was imported into Photoscan and the location of
the GCPs on photographs manually identified. The
GCPs have two purposes: either as control points, or as
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Plate 6. A) Partial view of the textured 3-D surface of the coastal cliff. The blue rectangles show the positions of the photo-
graphs captured by the UAV in 2017, and the black lines the directions in which they were taken; B) Oblique view of the point
cloud of the coastal cliff; C) Straight-down and close-up view of a greyscale representation of the DSM, with the sun's relative
position taken into account for shading; D) A 3-D model of the cliff created from the 2016 UAV data.
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check points. Control points were used during data pro-
cessing to remove non-linear distortions, and to adjust
and georeference the model of the study area, created
from the images into a real-world coordinate system.
Check points were used to independently assess the
accuracy of the model after data processing. As only a
small number of GCPs were laid out during data col-
lection in 2016, they were all used as control points. In
2017, 21 GCPs were laid out during data collection, and
four trials were run, each one with different combina-
tions of control and check points (Table 2).

Table 2. Numbers of GCPs used as control points and check
points for the four trials of the 2017 UAV data

# of check  # of control

optimal number thereof, four trials were run on the 2017
data, using differing combinations of control and check
points (Table 2). The error in the X (easting), Y (northing)
and Z (elevation) positions, and the Root-Mean-Square
Error (RMSE) of the individual check points, as measured in
the field by the RTK, compared to the data from the model,
were determined (Table 3, Figure 2). The RMSE in the X, Y,
and Z positions, and the total RMSE for all the check points
used in each trial was also calculated (Table 4). The RMSE
is defined as a resolution of the deviation, between the posi-
tions of the points measured by the RTK and the data from
the model (Krsak et al., 2016); the lower the RMSE value,

Table 3. Accuracy of the independent check points #2, §, 11,
and 21 for the four trials, run using the 2017 UAV data. The
error, measured in cm, in the X, Y, Z positions, and the

Trial # points points RMSE for each individual point are presented
! 21 0 Trial 1
2 15 6 Error (cm)
3 10 1 GCP # X Y z RMSE
4 4 17
2 -166.519 3.574 108.498 198.779
e Third, a dense-point cloud, which is a set of data points 8 2217755 125563 -39.7754  257.937
in space defined by X, Y, and Z coordinates, and repre- 11 -185.524 15.6929  78.117 201.910
sents the external surface of the study area (Plate 6B); 21 -134.662  -141.734 253.222 319.912
and a mesh, which consists of the vertices, edges and
faces of the landscape, were created. Trial 2
Error (cm)
e Fourth, a Digital Surface Model (DSM), defined as a GCP # X Y 4 RMSE
representation of the elevation of the Earth’s surface
including vegetation and infrastructure, was generated 2 -0.129 -0.425 3.287 3.317
(Plate 6C). 8 -3.334 -5.38 -0.053 6.329
11 -2.43 -13.115 -0.576 13.351
e  Fifth, an orthophotomosaic was generated by correcting 21 0.16 -4.082 -1.323 4.294
the individual images for relief distortions and then pro-
jecting them onto a planimetric surface; a 3-D model Trial 3
was then created (Plate 6D). Projected data are Error (cm)
expressed in the North American Datum 83 system. GCP # X Y Z RMSE
The ground resolution (i.e., the number of pixels per 2 -1.033 0.446 2.746 2.968
unit length) was superior in the 2017 flight data, compared 8 -1.955 -6.721 -0.958 7.064
with 2016; the improvement is explained by the lower fly- 11 -5.439 -9.91 1.206 11.368
ing altitude, and the model of UAV used (Table 1). Lower 21 -1.269 -5.018 -2.686 5.832
flying altitude results in increased ground detail being cap-
tured in the photographs, and the focal length of the camera Trial 4
on the DJI Inspire 2 is greater than that of the DJI Inspire 1, Error (cm)
resulting in higher spatial resolution. GCP # X Y 4 RMSE
DSM Accuracy Analyses 2 -0.019 2.653 1.181 2.904
8 -2.147 -6.763 0.085 7.097
To assess the accuracy of the model and to examine the 11 -5.431 -6.287 -0.913 8.358
influence of control points in data processing and select an 21 -1.803 -3.723 -1.21 431
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Figure 2. Check point and control point locations for the four trials run using the 2017 data. Black dots represent the control
points, and the total RMSE (in cm) of the check points is represented by circle colour.

the more accurate the model is. The RMSE is calculated by
the following formula (Agisoft, 2017):

RMSE =V [(T 5 x* )/n]

where x is the estimated error and n is the number of check
points.

Surface Change

To study how the surface morphology has changed over
time, two analyses were conducted. First, the rate of clifftop
coastal erosion between 2013 and 2017 was calculated
(Thieler et al., 2009) as follows:

Table 4. Accuracy of all the control points used in each for
the four trials, run using the 2017 UAV data. Error values are
the RMSE, measured in cm, calculated for the X, Y, Z posi-
tions, and total RMSE for all of the control points processed;
N is the number of control points used in the trial

RMSE (cm)
Trial # X Y Z Total N
1 171.17 88.645 156.445 248258 21
2 4.997 7.117 1.491 8.823 15
3 4.439 6.5956 1.618 8.113 10
4 3.056 5.152 0.962 6.067 4
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1) The position of the clifftop in 2017 was digitized, based
on the orthophoto and the DSM of the 2017 UAV data
as processed in Trial 4. A model of the clifftop position
was created from point data collected by the RTK in
2013. Trial 4 was chosen as the RMSE was lower com-
pared to Trials 1-3 (see Results section below).

2) A baseline was created landward of the two clifftop

positions.

3) The transect spacing was set to 1 m.

4) Shore-normal transects spaced at 1 m intervals were
cast, extending from the baseline through the 2017 and

2013 clifftops.

5) Rates of shoreline change were
determined based on points of
intersection between the transects
and the two clifftop positions and
the End Point Rate (EPR) calculat-
ed; this is defined as the distance of
total shoreline movement, divided
by the time interval between the
2013 and 2017 measurement.

6) End point rates of erosion, as a
function of distance along the cliff-
top, were overlain on the orthopho-
to (Figure 3).

Second, to quantify the changes in
the cliff face, the DSM from 2017 was
subtracted from that of 2016. These are
shown in Figure 4, in which elevation
changes are represented by a colour-
coded scale indicating amount of
change. In assigning colours, data were
sorted into classes, each representing
an interval of 20 cm; this classification
size is greater than the estimated error
in UAV data accuracy and ground reso-
lution, and is an optimal size for dis-
playing data trends for this study.

Modelling Flood-risk Mapping

Areas at risk of flooding due to
potential sea-level rise to the year 2099
(Batterson and Liverman, 2010) were
mapped by identifying all cells equal to
or less than 1 m in height above high
tide, which is measured at 1.6 m for the
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St. David’s area (Fisheries and Oceans Canada, 2018). The
2017 DSM generated in Trial 4 was used; this trial was cho-
sen as it has the lowest RMSE values, as described below.
Areas at risk due to storm surges, in addition to sea-level
rise, were mapped by identifying all cells between 1.01 and
3 m above high tide.

RESULTS

DSM ANALYSES

An assessment of the accuracy of the four DSMs creat-
ed from the 2017 data is shown in Figure 2, and Tables 3 and
4. Ground Control Points # 2 and 11 had the lowest posi-
tional error in Trial 4, in which 17 control points were used
in data processing. In Trial 2, in which 6 control points were
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Figure 3. Average annual rate of erosion from 2013 to 2017 along the coastline
at St. David’s. Colour and bar length represent the variation in erosion. The
length of the bars represents the total amount (measured in cm) of clifftop erosion
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Figure 4. Orthophoto showing elevation difference between the 2016 and 2017 UAV flights. Elevation changes are represent-
ed by a colour-coded scale showing amount of change, positive values denote elevation gain, and negative values denote ele-
vation loss. Dark blue indicates areas of elevation gain, light blue indicates minimal change, and red indicates significant ele-
vation loss and is enlarged to show detail. Letters refer to photos in Plate 7.

used, GCP # 8 and 21 had marginally superior accuracies
(less than a centimetre and less than a millimetre, respec-
tively) compared to Trial 4 (Table 3). The model derived in
Trial 4 is the most accurate as it has the lowest RMSE cal-
culated for all the check points; total RMSE for all the check
points was 6.07 cm (Table 4). Trials 2 and 3 had RSME’s of
8.82 and 8.11 cm, respectively, whereas Trial 1 had a RMSE
of 248.26 cm.

SURFACE CHANGE
Clifftop Erosion
Figure 3 shows the average rate of clifftop erosion
between 2013 and 2017, measured in cm/a. The clifftop has

eroded at an average rate of 52 cm/a; ranging between 3 and
134 cm/a. Erosion has been accelerated southeast of the

point; here, the average rate of erosion has been 72 cm/a
compared to 26 cm/a at the clifftop northwest of the point.

DSM Variance

The difference in DSMs from 2017 and 2016 indicates
that overall, the cliff face has lost volume, which is consis-
tent with field observations of erosion and changes in the
position of the clifftop (Figure 4). By comparing the DSMs
with field observations and images captured by the UAV,
processes leading to erosion are identified (Plate 7).
Elevation loss was accelerated along the clifftop in the cen-
tral and southern part of the cliff, where the cliff is undercut
(Plate 7A). Wind is causing erosion; the undercutting likely
occurs due to wind tunnelling just below the overhang,
removing the sand. If this process continues, the overhang
will collapse. Waves removed sediment during high-water
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along the cliff base southwest of the point (Plate 7B), but
along the rest of the cliff base, colluvial material is present,
indicating waves have not moved this material since its dep- H
osition, but have deposited driftwood. Both of these obser-
vations suggest that waves are not contributing significantly
to erosion (Plate 7C). There has been accelerated erosion in
the sand-rich pockets of the cliff face, compared to the grav-
el and clay-dominated layers, suggesting that surface water
is flowing over the cliff face and removing the fine-grained
material (Plate 7D). Groundwater has been exiting the cliff
face above the clay-dominated layers, resulting in gulling
(Plate 7E) and forming pipe-like erosion (Plate 7F). Areas of
material increase are directly below gullies created by
groundwater; sediment is being moved from where the
water is exiting the cliff face, and deposited on the slope
below. The presence of numerous seeps, gullies, rills and
piping indicate groundwater flow is causing a significant
quantity of erosion. There is an increase in the height of the
vegetation during the 2017 survey, compared with 2016, in
small vegetated pockets on the cliff face, and landward of
the top of the cliff (Plate 7G, H).
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Figure 5. Flood-risk map created from 2017 DSM data.
Areas at risk of inundation due to sea-level rise are indicat-
ed in yellow, and areas at risk of inundation due to sea-level
rise and storm surge in red. Areas at or below current high-
tide level are indicated in blue.
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DSM Flooding

The flood-risk map for St. David’s shows areas at risk
of flooding due to potential sea-level rise (by the end of this
century) and are shown in areas coded yellow; they com-
prise portions of the lagoon side of the wharf area, and the

delineated. By conducting repeated UAV surveys of the
same area, any changes in the morphology of the environ-

base of the cliff (Figure 5). During a storm, surge waves
could reach the base of the cliff, breach the boulder barrier
and inundate the wharf area; these areas are coded red.
Areas coded in blue are the present high-tide level.

DISCUSSION

The study shows that accurate (6.07 cm) and high-reso-
lution models can be created from overlapping UAV images,
which are processed using SfM and areas at risk to flooding

ment can be quantified.

The accuracy of the model is increased through the use
of GCPs surveyed using an RTK system. One set of GCPs is
incorporated during data processing as control points,
whereas the other set is used as check points to independ-
ently estimate the error of the model. The number of control
points influences the quality of the model reconstruction.
When six or more control points were used, the RMSE
measured from the check points was substantially lower

Plate 7 (page 26). An examination of the images captured by the UAV and field-based observations led to the indication of fac-
tors resulting in elevation change, and are described in Plate 7A—H. Image location is identified by the corresponding letter on
the orthophoto, and all images were captured at a 90° angle relative to the cliff. A) Image of the top of the cliff. Wind has
removed sand from the top of the cliff face, creating a tunnel-like feature (outlined in red); B) Image of the base of the cliff,
beach and water. Waves have removed sediment from the base of the cliff, as evident from the notch outlined in red; C) Image
of the base of the cliff and beach. With the exception of the coastline southwest of the point (Plate 7B), there was no evidence
of wave-based erosion; unconsolidated sediments eroded from the cliff have formed a fan, and waves have deposited driftwood
along the base of the cliff; D) Image of the top of the cliff. The passage of surface water over the face of the slope has dislodged
sand down the slope toward the base of the cliff (outlined in red); E) Image of a central area of the cliff face. When ground-
water penetrates down to a dense clay layer, the downward movement is stopped, and water flows along the barrier to the cliff
face, creating a seep. The water flowing from the seeps has removed sediment, resulting in the formation of gullies and rills
(outlined in red); F) Image of the central area of the cliff face. Groundwater flowing from seeps has also created piping on the
cliff face (outlined in red); G) Image of the central area of the cliff face, taken in 2016; H) Same portion of the cliff face as in
G), photographed in 2017. The vegetation was higher in 2017 than in 2016, contributing to an increase in the apparent sur-
veyed elevation of the cliff.
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than when no control points were used. Increasing the num-
ber of control points above six results in only a marginal
decrease in the error. These findings are supported by other
studies (Tonkin and Midgley, 2016, suggest a minimum of
four control points; the Photoscan manual (Agisoft, 2017)
recommends at least ten; and, Warrick et al. (2017) recom-
mend six for the highest-quality results).

Tonkin and Midgley (2016) recommend an even distri-
bution of control points over the study area, and Harwin and
Lucieer (2012) argue for additional points in areas of high
relief. However, the role of control-point distribution could
not be assessed in the current study as the terrain limited the
placement of GCPs, which must be placed on level surfaces.
The steepest parts of the cliff were inaccessible, and boul-
ders and cobbles on the beach, and tall, dense grass on the
field landward of the cliff, prevented their placement. This
may be an ongoing problem; however, it would be partly
mitigated by surveying in the spring when vegetation
growth is limited, allowing GCPs being placed in more of
these areas.

James and Robson (2012) suggest a theoretical accura-
cy of 4 cm for a flight of 40 m above ground level. The val-
ues obtained in this study are higher (an overall accuracy of
6.07 cm, see Table 4), although similar to other studies;
Lucieer et al. (2014) obtained total RMSE of 7.4 cm in the
horizontal and 6.2 cm in the vertical, and Pineux et al.
(2017) obtained accuracy values of 10-13 cm. Unlike stud-
ies by Lucieer ef al. (2014), this study comprises oblique
and straight-down photographs, and had a lower flight ele-
vation than that employed by Pineux et al. (2017), which
accounts for this study’s superior data accuracy. The uneven
distribution of GCPs could be the reason for the inferior
accuracy of this study compared to the theoretical value sug-
gested by James and Robson (2012).

The difference in the DSMs, and analyses of clifftop-
erosion rates, indicate that most of the cliff face and over-
head has been eroding and experiencing a loss of material;
this is consistent with field observations. Comparison of the
orthophotographs with the DSM variance indicates that a
relationship can be established between the sediment type,
wind, groundwater, and surface water, revealing that they
are the main processes leading to erosion. Wave erosion has
been limited to the coastline southwest of the point.
Unfortunately, the DSM variance analysis suffers from a
limitation, in that its measurements also incorporate season-
al elevation gains due to change in vegetation; whereas
application of the same process using Digital Terrain
Models (DTMs), for which Lidar imagery is necessary,
involves the recording of differences in the surface of the
unvegetated earth. However, the cost of Lidar puts it beyond
this program.
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Estimation of the accuracy of the proposed flood-risk
areas’ extent is beyond the scope of this study. St. David’s
has no published flood-risk maps, and no sources of oral or
written flood history have been found; therefore, areas pro-
posed in this study to be susceptible to flooding could not be
compared with other models or past events. It is acknowl-
edged that this study’s method does not take into account
sediment texture, slope or surface permeability in the flood-
risk assessment; incorporation of these factors would
improve the estimation of flood potential.

CONCLUSIONS

High-resolution photographs have been collected by
repeated flights of a UAV over a beach, wharf and uncon-
solidated cliff at St. David’s, western Newfoundland. Using
Structure from Motion technique, overlapping oblique and
vertical photos were processed to create point clouds,
Digital Surface Models (DSM), 3-D models and orthopho-
tos. Flying at an altitude of 40 m resulted in a ground reso-
lution of 1.4 cm, and a Root Mean Square Error of 6.07 cm.
Changes were quantified by comparing DSMs taken in dif-
ferent years, and by comparing the DSMs to existing topo-
graphic data collected with a Real Time Kinematics system.
Between 2013 and 2017, the average rate of clifftop erosion
has been 52 cm/a, and the cliff face has experienced erosion.
The main coastal processes causing erosion have been iden-
tified as groundwater, surface water and wind. The high
quality of the DSM allows for flood-risk mapping, due to
sea-level rise and storm surges, in areas that previously
lacked data of sufficient resolution to conduct such analyses.
This shows that products created from UAV data are suffi-
ciently robust to monitor coastal erosion and terrain stabili-
ty, and to delineate areas of potential flooding.
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