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Abstract: In the dual context of coastal hazard intensification and the growing number of stakes
exposed to these hazards, coastal observatories are in demand to provide a structured framework
dedicated to long-term monitoring. This article describes the drone-based photogrammetry
monitoring performed since 2006 on Porsmilin Beach (Brittany, France) in the framework of the
DYNALIT (Littoral and Coastline Dynamics) observatory, focusing on data quality and the consistency
of long-term time series under the influence of multiple technological evolutions: Unmanned Aerial
Vehicles (UAV) platforms with the arrival of electric multirotor drones, processing tools with the
development of structure-from-motion (SfM) photogrammetry, and operational modes of survey.
A study case is presented to show the potential of UAV monitoring to study storm impacts and beach
resilience. The relevance of high-accuracy monitoring is also highlighted. With the current method,
an accuracy of 3 cm can be achieved on the digital elevation model (DEM) and the orthophotograph.
The question of the representativity and frequency of DEM time points is raised.

Keywords: UAV; SfM photogrammetry; coastal observatory; beach monitoring

1. Introduction

Coastal zones are exposed to both marine and terrestrial processes, as well as anthropogenic
impacts. As a fragile interface subject to highly dissipative energetic processes, coastal zones can
undergo fast morphological changes. Furthermore, coastal zones are highly exposed to several natural
risks: submersion, erosion, pollution, and so forth. These coastal risks are increasing due to the
combination of (i) the intensification of the natural hazards driven by a relative shortage of sediment
stocks and global climate change, and (ii) the growing number of stakes exposed to coastal hazards.
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Shoreline change is the result of both natural and anthropogenic factors and occurs over a
wide range of spatial and temporal scales. Coastal zone management, therefore, requires adequate
monitoring to unravel this multiscale evolution [1,2]. It is essential to improve the knowledge and
tools needed to understand and quantify the physical evolution of the coastal environment and
the processes behind these morphological changes [3-7]. In this context, coastal observatories offer
a structured framework for long-term monitoring in a coordinated and systematic manner [8-10].
Such observatories are valuable both for scientific research and to provide usable information for
management decisions and coastal engineering policies.

DYNALIT, created in 2014, is the French National Observation Service of CNRS/INSU (French
National Institute of the Universe Sciences) dedicated to long-term observation of the coastal dynamic
(https://www.dynalit.fr/). The DYNALIT network involves 22 universities and regroups 36 observation
sites distributed over the French metropolitan and ultramarine coastlines, covering a wide range of
coastal environments. Among these coastal environments, sandy beaches are particularly challenging
to monitor, as they feature rapid and sometimes high-amplitude morphological changes and continually
adjust to numerous processes driving morphological changes.

This study focused on the site of Porsmilin, a sandy embayed beach in Brittany, which is a
DYNALIT study site. This beach has been monitored since 2000 with monthly surveys of topographical
cross-shore profiles measured by total station or real-time kinematic differential GPS (RTK DGPS) [11].
Two-dimensional cross-shore profiles have been followed by digital elevation models (DEMs) computed
from Unmanned Aerial Vehicles (UAV) photographs since 2006 or from terrestrial laser scanner (TLS)
point clouds collected since 2009 [12,13]. A video imagery system has also been set up, continuously
collecting one image per hour (and up to four images per second) since 2014. Intensive field campaigns
of hydrodynamic measurements were also carried out in 2014 and 2016 [14,15]. The DYNALIT
observatory is compatible with the on-going evolution of methodologies, as well as the diversity of
observation approaches.

The potential of the UAV photogrammetric technique for monitoring geomorphological changes
and, particularly, the evolution of sandy beaches has been demonstrated for several years [16,17].
Nevertheless, with technological improvements in platforms, sensors, and processing algorithms
occurring at a fast pace, the method has significantly evolved over the years. This article focuses more
particularly on long-term UAV photogrammetry, including how the methodological evolutions have
been incorporated into the monitoring protocol and how these operational changes affect the quality of
the monitoring.

2. Study Area

Porsmilin Beach (Figure 1) is located at the entrance of the Bay of Brest in the Iroise Sea in Brittany,
France, a macrotidal zone with semidiurnal and symmetrical tides and a mean spring tidal range of
5.7 m. The Iroise Sea is a highly energetic environment, with annual and decadal significant wave
heights of, respectively, 11.3 and 14.5 m in 110 m of water depth to the west of Brittany [18]. On the
beach, the mean annual wave height is 0.5 m, whereas storm waves are up to 2 m high [18]. Inland and
to the north, Porsmilin Beach is backed by a brackish-water marsh that no longer communicates with
the sea. To the east and west, it is flanked by orthogneiss cliffs of about 15 m in height and bounded by
headlands extending offshore into rocky reefs that only allow incident waves from the southwest and
act as obstacles for longshore sand transport [14].

The intertidal zone is around 200 m wide in the longshore direction. The median sediment
grain size (D50) is 320 um [18], with significant cross-shore variability, including coarser sediments
(D50 = 700 pm) around the crest of intertidal bars and the existence of shingles on the upper beach
which become uncovered during episodes of energetic hydrodynamic forcing [14].
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Figure 1. Location and orthophotograph of Porsmilin Beach (Geoportail IGN©—2015).

3. Evolution of Technical Equipment and Methods

3.1. Evolution of the UAV Platforms

The first UAV platform used above Porsmilin Beach was a Pixy® drone (Figure 2, Table 1), a
model developed by the IRD (French Institute for Research and Development) and PHILAE concept®
society [19]. It was a small radio-controlled paramotor, composed of a 3.8 m? tubular fabric wing
maintained by suspension lines. A tripod structure, suspended below the wing, supported a combustion
engine of 25 cm3 and the sensors, including the camera (Fuji S2 Pro—50 mm). The platform weighed
7 kg and had a maximum payload of 4 kg. The flight was performed between 15 and 35 km/h.
This model was used to perform surveys above Porsmilin Beach between 2006 and 2008. One of the
main drawbacks of this system was the requirement of a wide area for takeoff and landing.

combustion engine platforms electric platforms

N\
) A\ DRELIO 7 -
; — 1—— - DRELIO 10 e,
@ - DRELIO 6 . DRELIO 8 — N
‘ 22 “,ic
-~
DRELIO 5
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The scaling factor is not unique for all the photos of the platforms

Figure 2. Evolution of the Unmanned Aerial Vehicles (UAV) platforms used for Porsmilin Beach monitoring.

From 2007 to 2012, three remote-controlled combustion engine helicopters (Figure 2, Table 1) were
used for Porsmilin Beach monitoring. These UAV platforms, called DRELIO (DRone for Environmental
and Littoral Observations), had been specifically adapted to coastal environments [16]: protection
against corrosive salted air, ability to endure wind gusts, and so forth. These helicopters weighed
around 10 kg with an additional payload of 5-8 kg. The payload was modular, but for photogrammetric
purposes, DRELIO helicopters were equipped with a commercial reflex camera (Nikon D200 at 10 Mpix
and Nikon D700 at 12 Mpix), with a 35 mm focal length and parametrized in intervalometer mode.
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The autopilot was connected to an atmospheric pressure sensor, an inertial sensor, a geomagnetic
direction sensor, and a GPS. DRELIO helicopters were capable of performing fully automatic takeoff
and landing and following hovering flight plans [16]. The combustion engine enabled a flight autonomy
of 45-50 min. Significant efforts had been made to limit vibrations, including reducing the rotation
speed of blades or improving the stability of the camera gimbal. For DRELIO 7, the design was more
industrialized and the structure was conceived with shock absorbers to isolate the payload from the
motor vibrations.

Table 1. Main characteristics of the different UAV platforms used for Porsmilin Beach monitoring.

Drone Operating Characteristics Camera Range of Mean

Period Weight  Payload Autonomy Accuracy

Pixy 2006-2008  7kg 4kg ~1h 5 OFI‘I?;S,%II)\Z‘;X 10-20 cm
DRELIO 5 2007-2010 11kg 5kg 45 min 35Nnill:1?,nllg?\(/i(})),ix 5-20 cm
DRELIO 6 2010 9.5kg 5kg 45 min 35Nrri11;r(:,nl]3?\(/i%ix 5-20 cm
DRELIO 7 2012 15 kg 8kg 50 min 35Nrrill;rc1),nllgi\9[(}))’ix 5-10 cm
DRELIO 8 2013-2014 <4 kg 15kg 15 min 35Nnill:1?,nl]2)i(/i(r)),ix 1-5cm
DRELIO10 20152019  <4kg 15kg  15min 35Nnill;$13]63i9[%ix 1-2 cm
Phantom Pro  2018-2019 14 kg 0.3 kg 25 min FCe310, 1-3cm

8.8 mm, 20 Mpix

Since 2013, the DRELIO platforms that have been used in Porsmilin Beach are electrical multirotors
(Figure 2, Table 1): hexacopters (MikroKopter® and DroneSys DS6®) or quadcopters (DJI Phantom®).
Both hexacopters are almost the same, weighing less than 4 kg and being able to handle a payload
of 1.5 kg. Their actual flight autonomy is about 15 min. The flight control is performed by the DJI®
software iOSD. The payload is modular and, as before, for photogrammetric purposes, a commercial
reflex camera (Nikon D700 at 12 Mpix or Nikon D800 at 36 Mpix) with a 35 mm focal length is used [20].
The Phantom 4 Pro drone weighs less than 1.5 kg (including batteries and camera). This inexpensive,
ready-to-use system is also a highly integrated solution, limiting the possibilities of tuning the drone
or the sensor. Now, DJI® proposes a Phantom 4 equipped with RTK positioning, but this model has
not been tested at Porsmilin Beach yet.

Compared with the previous models, the multirotor platforms have shorter flight autonomy but
are much easier to control and easier to transport. Furthermore, they induce fewer vibrations and
allow more stable flights. With the first drone platforms, some parts of the study area were not covered
by the photographs, resulting in incomplete DEMs and orthophotographs. The vibrations also caused
blurring effects on certain photographs (Figure 3), which could make tie-point detection challenging.
Further, these vibrations generated less stability of the inner orientation of the camera, which made
correcting the associated systematic errors more difficult.

Autopilots have also evolved. The Pixy® drone was not equipped with an autopilot and was only
remotely piloted. On the helicopter platforms, the system was designed for aerobatic aircraft models.
The operator had to parametrize the speed of the drone and the camera intervalometer as a function of
the flight height and the desired overlap, with the problem of stability loss at very low speed. Between
2006 and 2014, the flight plan was parametrized to achieve along-track and across-track overlap of
around 60%. Since 2015, the along-track overlap has been increased to 80%. With the Phantom drone,
as the autopilot is designed for photogrammetric applications, the overlap is directly parametrized in
the flight plan.
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Porsmilin - ortho-image (June 2008)
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Figure 3. Portion of an orthoimage illustrating the variation in photograph quality during a flight
performed in June 2008 with the Pixy® drone.

3.2. Evolution of the Processing Tools

Originally, data processing was performed using codes written with Matlab® software. The inner
orientation and lens distortion parameters of the camera were predetermined from a series of
photographs collected before the survey above a grid pattern of georeferenced targets in such a way
that the targets were visible in different parts of the images (Figure 4). The stereorestitution algorithms
were based on classical photogrammetric techniques [16].

Figure 4. Examples of photographs collected by DRELIO 5 in February 2009 above the grid pattern of
targets for camera calibration.

During the last decade, stereophotogrammetric processing has largely evolved with the
development of the structure-from-motion (SfM) technique. This method, based on computer vision
concepts, solves automatically and simultaneously the camera self-calibration and scene geometry
using image matching and bundle adjustment. SfM photogrammetry is therefore less constraining for
the camera calibration, which simplifies the in situ survey protocol. At the same time, the generalization
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of the scale-invariant feature transform (SIFT) algorithm [21] has changed the approach of tie-point
detection, enabling scale- and rotation-invariant image matching.

In the context of these methodological developments, photogrammetric software tools have
been popularized, accompanying a growing use of photogrammetry outputs for many applications.
Many open-source and commercial solutions are now proposed. On the Porsmilin Beach study site,
we mainly used Agisoft PhotoScan Pro® software, and occasionally MicMac®, the free open-source
software produced by IGNQ© (the French National Institute of Geographic and Forest Information).
For consistency, all the former surveys of the observatory datasets were reprocessed using PhotoScan®,
following the same protocol.

3.3. Evolution of the Survey Operational Mode

The DYNALIT Observation Service encompasses a great diversity of sites (in view of their
type, their size, the implied hydrodynamic processes, etc.). Various survey methods are therefore
implemented depending on the observation site. For Porsmilin Beach, the evolution in equipment and
processing tools has induced an evolution of the survey operational mode.

Regardless of the survey platform, acquisition protocol, and processing tools, ground control
points (GCPs) are essential in the photogrammetric process to attain centimetric accuracy [16,22-24].
Therefore, this issue has been received much attention. As the beach is permanently changing, it is not
possible to use fixed GCPs. Instead, different kinds of removable targets have been tested as GCPs
(Figure 5). These targets have to be highly visible on the beach with various illumination conditions.
They also need to be sand and water resistant, easy to transport, and low cost. For example, the light
green and orange square plastic targets (33 x 33 cm) used for the first surveys of Porsmilin Beach
(Figure 5a,b) were sometimes difficult to detect in the photographs. Currently, GCPs consist of red
plastic plates that are 30 cm in diameter (Figure 5c), which can be secured with pegs in case of wind or
wave surge. Monochromic targets have been chosen because they appear to be easier to detect on the
upper part of the beach, which is highly reflective in sunny weather. Furthermore, the red color rarely
occurs in natural environments and strongly contrasts with pale or bright sand.

Figure 5. Examples of the different types of targets used as ground control points (GCPs): (a,b) light
green and orange square plastic targets with varying illumination conditions (photos respectively taken
in 2006 and 2008); (c) 30 cm red plastic plate currently used (photo taken in 2015).

The deployment and positioning of the targets is the most time-consuming step of the survey
process. The flexibility of SfM photogrammetry, particularly with the benefits of self-calibration,
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compared with classical photogrammetry allows using a limited number of GCPs. However, it is still
critical to optimize the geometry of the GCP network in order to avoid geometric distortion [23-25].

The method used to accurately measure GCP location has also changed. Since 2006, GCPs have
been surveyed by RTK DGPS most of the time, and occasionally with a total station. Originally, the
GPS base antenna was situated 900 m away from the beach. As the measurement accuracy decreases
with the distance between base antenna and rover antenna, a new topographic marker for the GPS
base station position was set up near Porsmilin Beach in 2010. To ensure continuity and redundancy in
the quality of GCP measurements, three control points, also marked by topographic nails, are located
close to the beach. In 2010, the reference coordinate system was switched from NGF-Lambert 1 to
RGF 93-Lambert 93, which is currently the official coordinate system in France. All the first GPS point
files have since been converted to RGF 93-Lambert 93 using the reference IGN® Circé converter tool.
When the former surveys of the observatory datasets were reprocessed using PhotoScan® to ensure
consistency, the converted GPS point files (in RGF 93-Lambert 93) were used for GCP locations in
data reprocessing.

4. Results and Discussion

4.1. Data Quality

Changes to the survey equipment, protocols, and data processing have been made over time
with the objective of optimizing the consistency of the dataset series. When possible, in particular for
processing steps, the earlier datasets were reprocessed using the same workflow. Still, the quality of the
oldest datasets is lower than the quality currently attained. The improvement of quality with time is
due to various factors, such as: (i) the technological evolutions of the platform (allowing more flexibility
in flight plan designing and more stability in flight), (ii) the technological evolutions of the sensors
(allowing higher spatial resolution), (iii) higher accuracy in GCP measurement, and (iv) improvements
in the survey protocol (for example, an optimization of the GCP network). These evolutions have
driven the monitoring strategy of the observatory for Porsmilin Beach regarding the choice of survey
instrumentation and methods. Until 2009, UAV photogrammetry was the only method available in the
observatory to conduct very high resolution surface surveys over large areas. With the acquisition of
TLS in 2009, UAV surveys became more scattered, as TLS surveys were, at that time, more accurate,
easier to organize, and easier and quicker to process. Since 2014-2015, with the aforementioned
evolutions, UAV photogrammetry is somewhat superseding TLS surveys in the data acquisition
strategy of the observatory.

Ideally, the quality of the dataset is assessed using some georeferenced targets as control points
rather than GCPs. In the dataset of June 2015, which is representative of current datasets, the
root-mean-square error (RMSE) was lower than 3 cm (using 12 GCPs and calculating errors on
16 validation points). For several datasets where all the targets were used as GCPs because the GCP
network was not optimal, the quality is difficult to evaluate. In such cases, the accuracy of the DEM
and the orthophotograph is assessed by comparing the position of some remarkable points in the study
area (e.g., rocks, boat ramp, or car park) with their position on a dataset with the highest accuracy
(here, June 2015). However, this method only provides a first-order error assessment based on very
few points located on the edge of the study area, where image overlapping is not as good as on the
beach itself. Among the oldest datasets (from 2006 to 2008), the mean accuracy is about 10-15 cm,
with errors sometimes up to 90 cm on certain parts of the DEM with poor photograph overlap or poor
tie-point distribution.

4.2. Benefits of DEM Surveys

In the context of the coastal observatory, the DEM and the orthophotograph provide richer spatial
information than cross-shore profiles. Indeed, they enable to capture cross-shore movements but also
long-shore variations of the beach morphology, such as beach cusps (Figure 6). Moreover, they allow
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a multiscale approach, from the study of the whole beach to the morphodynamics of smaller-scale
sedimentary structures. Above all, the computation of DEMs of differences (DoDs), corresponding
to grids of changes in elevation that occurred between two acquisition dates, provides a diachronic
evolution of the entire beach. From these DoDs, sedimentary budgets can be computed with better
spatial representativity than from GPS profiles.

a) Porsmilin - DEM (June 2015) c)
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Figure 6. (a) Portion of the digital elevation model (DEM) computed from the photographs collected
on the 16 June 2015. (b) 3D view of the DEM showing the beach cusps (vertical exageration: 2).
(c,d) Alongshore beach vertical profiles showing the beach cusp morphology. (e) Cross-shore profiles
showing differences in beach face gradient between embayments and horns.

4.3. Study of Beach Resilience Following a Major Storm

Figure 7 presents an example illustrating the relevance of UAV datasets for coastal observation
and, particularly, studying beach resilience. During winter 2013-2014, successive storms hit Western
Europe [26-28] causing severe erosion and submersion damage. A UAV dataset was collected in
Porsmilin in February 2014, just after a series of storms: Petra (2014/02/04-05), Quimaira (2014/02/06-07),
Ruth (2014/02/08), Tini (2014/02/12), and Ulla (2014/02/14). The morphology of the upper section of
Porsmilin Beach was deeply altered, provoking a coastline retreat up to 18 m [29]. The orthophotograph
and the DoD show this evolution, providing evidence of the water levels attained during storms and
allowing computation of sediment budgets. The comparison of the orthophotographs of March 2012
(Figure 7a), February 2014 (Figure 7b), and June 2015 (Figure 7c) shows that the coastline position and
the back-beach facilities were deeply and durably modified. Table 2 shows the pairwise differential
sediment balance and normalized mean volume change evaluated between the three survey dates and
over the computation zone (5360 m?, represented in Figure 7d—f). Considering the spatial distribution
of the sediment budget provided by the DoDs, it appears that the erosion mainly occurred on the
upper shore, where the coastline had retreated. On the beach itself, the erosion that occurred during
the storm was balanced by new sediment deposits, confirming the tendency of the beach to return to
its equilibrium state.
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Figure 7. Use of orthophotographs and DoDs to study the impact of the storms (winter 2013-2014).
Comparison of the orthophotographs in March 2012 (a), February 2014 (b), and June 2015 (c). DEM of
differences computed over the periods from March 2012 to February 2014 (d), February 2014 to June
2015 (e), and March 2012 to June 2015 (f).

Table 2. Pairwise differential sediment balance and normalized mean volume change.

Sediment Dudget (n?)  Nomalized Mean Volume Change

DEMs of Differences (DoDs)
—0.56 m3/m?

3005 m (+ 536 m3)

2002 m? (+ 536 m?) +0.37 m3/m?

March 2012-Feb 2014
Feb 2014-June 2015
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The DoD between March 2012 and March 2017 (Figure 8) enabled observation of the resilience of
Porsmilin Beach over a longer period. Being both created from datasets of March, the DEMs considered
in the computation of this DoD were chosen to minimize the impact of seasonal effects on this long-term
sedimentary budget. The sediment balance was an erosion of —2650 m? (+ 1708 m3) over an area of
17,083 m?Z, which corresponded to a normalized mean erosion of —0.15 m3/m?2 (x£0.10 m3/m2).

DEM of Difference: March 2012 - March 2017

[ Computation zone of the
sediment budget at beach scale

DEM of Difference
Az (m)
Il 1
0.5
0
[ 0.5
1

RGF93 -Lambert 93

Figure 8. DoDs over the period from March 2012 to March 2017.

Such orders of magnitude in sediment budgets point out the importance of producing
high-accuracy monitoring in order to limit the error margins. Furthermore, this example raises
several questions about the influence of various parameters, notably, the prior beach state, the
proportion of the change in sediment budget that is due to recent variations (during the last few days)
or the influence of the dates of survey, and the period considered in the DoD. In Porsmilin Beach, the
goal is to produce at least two high-resolution DEMs per year combining UAV and TLS surveys, so as
to capture winter and summer periods, as in [30]. For a long-term observatory, despite the flexibility
offered by UAV surveys nowadays, it seems difficult, both in terms of the time required for data
acquisition and processing and of the required storage capacities, to carry out more than two or three
flights per year, especially if more than one site is being monitored. Furthermore, UAV datasets can be
combined with other datasets with high spatial resolution and accuracy, such as TLS surveys, which
are less restrictive in terms of regulation but more restrictive in terms of spatial coverage.

It appears, therefore, relevant to complement these 3D monitoring techniques to allow capturing
spatialized information and high spatial resolution with other monitoring techniques, which would
allow capturing smaller temporal-scale morphological variations, such as cross-shore GPS profiles [31]
or video imagery systems [32]. Beach profiling indeed enables high repeatability, even in response to
storm events. Combining these techniques bridges the observational gap between spatial and temporal
resolution and offers a synoptic vision of beach evolution.

5. Conclusions

With drone photographs being collected above Porsmilin Beach since 2006, this long-term
monitoring has undergone evolutions in the aircrafts and embedded cameras used as well as an
evolution in the processing chain, notably with the emergence of StM photogrammetry. In parallel,
the in situ survey protocol has evolved, drawing from experience but also taking advantage of these
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technological evolutions. The survey method currently used allows achieving an accuracy of 3 cm
(horizontally and vertically) on the DEM and the orthophotograph. UAV photogrammetry appears,
therefore, suitable for coastal morphodynamics survey in the context of a long-term observatory.
Indeed, it enables rapid acquisition of 3D topographic data at high spatial resolution and low cost.
Since the spatial resolution and accuracy are similar to TLS surveys, both monitoring techniques can
be equally used, combined, and/or compared. Nevertheless, in a highly dynamic environment, such as
a sandy beach, this type of monitoring needs to be combined with monitoring techniques that can
capture high-frequency changes, such as GPS profiles or video monitoring.

With the development of drones using RTK GNSS for image geotagging, the survey protocol
of Porsmilin Beach will keep evolving in the years to come. This precision positioning will enable a
significant reduction in the number of GCPs or even eliminate the need for GCPs, saving time during
the in situ survey and the processing step.
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