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Abstract

:

In this paper, coastal dune data are collected at Truc Vert, SW France, using photogrammetry via Unmanned Aerial Vehicles (UAVs). A low-cost GoPro-equipped DJI Phantom 2 quadcopter and a 20 MPix camera-equipped DJI Phantom 4 Pro quadcopter UAVs were used to remotely sense the coastal dune morphology over large spatial scales (4 km alongshore, i.e., approximately 1 km2 of beach-dune system), within a short time (less than 2 h of flight). The primary objective of this paper is to propose a low-cost and replicable approach which, combined with simple and efficient permanent Ground Control Point (GCP) set-up, can be applied to routinely survey upper beach and coastal dune morphological changes at high frequency (after each storm) and high resolution (0.1 m). Results show that a high-resolution and accurate Digital Surface Model (DSM) can be inferred with both UAVs if enough permanent GCPs are implemented. The more recent DJI Phantom 4 gives substantially more accurate DSM with a root-mean-square vertical error and bias of 0.05 m and −0.03 m, respectively, while the DSM inferred from the DJI Phantom 2 still largely meets the standard for coastal monitoring. The automatic flight plan procedure allows replicable surveys to address large-scale morphological evolution at high temporal resolution (e.g., weeks, months), providing unprecedented insight into the coastal dune evolution driven by marine and aeolian processes. The detailed morphological evolution of a 4-km section of beach-dune system is analyzed over a 6-month winter period, showing highly alongshore variable beach and incipient foredune wave-driven erosion, together with wind-driven inland migration of the established foredune by a few meters, and alongshore-variable sand deposition on the grey dune. In a context of widespread erosion, this photogrammetry approach via low-cost flexible and lightweight UAVs is well adapted for coastal research groups and coastal dune management stakeholders, including in developing countries where data are lacking.
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1. Introduction


Photogrammetry using Unmanned Aerial Vehicles (UAVs) has been increasingly used in recent years to remotely sense topographic data in different fields of geoscience like gully erosion [1], beach dune system evolution [2,3,4,5,6], tidal inlet evolution [7], rocky cliff erosion [8], volcanic gas measurements [9] and eroding sub-humid badlands [10]. Photogrammetry allows for reconstructing a 3D structure using overlapping offset images with photogrammetry software (e.g., Agisoft Metashape, Pix4D), which are able to take a set of images and calculate the positions and orientations of the cameras using an iterative bundle adjustment procedure to generate a cloud of points in 3D. However, the generated point cloud needs be aligned with a coordinate system. Generally, this step is performed using ground control points (GCPs), the coordinates for which are obtained from ground surveys (e.g., using a DGPS). These GCPs must be clearly visible on the images to further assign a corresponding coordinate [11].



Coastal areas show complex morphological changes over a wide range of temporal and spatial scales [12]. Monitoring the evolution of coastal systems can be carried out using several methods. For instance, reference [13] used photogrammetry with Pleiades satellite images to obtain DTMs in mountainous areas, with, after optimization, horizontal and vertical accuracy of 0.5 m and 1.0 m, respectively, but the spatial and temporal resolution remain much larger than those possible with UAVs. High resolution DSM can also be obtained by a terrestrial or airborne LiDAR. These optical remote sensing techniques use the flight time of laser pulses reflected by the surface of the points. The objects reflecting the laser beam are referenced using the position of the acquisition sensor, allowing us to acquire millions of points, before being corrected and referenced in an international system, in order to generate DTMs. These methods are used extensively for monitoring coastal areas [14,15,16,17,18,19] and can reach a spatial resolution of about 0.1 m. The airborne LiDAR allows for monitoring a very large-scale area with high precision and resolution, and also vegetation penetration, but the high cost and the long processing time of each survey is prohibitive for monitoring the coast at high frequency (i.e., monthly, seasonally). On the other hand, the terrestrial LiDAR is cheaper, but it is time consuming to implement, provides limited spatial coverage and is intrusive. It is therefore not well adapted to survey fragile ecosystems over large areas. More recently photogrammetry was introduced, using different platforms such as microlight aircraft flying high over large-areas [4,20], wind-sensitive and unstable kites [21] and more commonly UAVs [22]. Contrary to most of these studies [1,2,3,4,5,6,7,8,9,10], our contribution (1) uses high-resolution fish eye lens and regular-angle lens; (2) is based on a permanent GCPs spatial distribution with automatized flight plan and waypoints software for high replicability and (3) covers a large area.



Along coastlines with ample supply of sand, prevailing onshore winds, and presence of vegetation or other obstructions trapping the windblown sand, coastal dunes have developed worldwide when not destroyed by humans [23]. After the onset of sediment deficit in most coastal areas in the mid-20th century, many observations highlighted that coastal dunes buffer storm waves and greatly enhance beach resilience (e.g., reference [24]). In the context of Climate Change (sea level rise, increase in storminess) and increasing anthropogenic pressure, dunes are therefore more than ever a critical component to the future of our coasts [25,26]. Vegetated coastal dunes also host leisure activities and provide outstanding ecosystem values and services such as nest or incubation sites, filtering of pollutants and ecological niches for plants that are adapted to dynamic conditions [27]. Insightful large-scale coastal dune studies have mostly focused on geomorphological and vegetation aspects in qualitative ways (e.g., reference [28]). Otherwise, more quantitative coastal dune studies have focused on limited areas to address only one of the coastal dune components, e.g., foredune initiation and formation (e.g., reference [22]) and short-term storm-driven marine erosion [29]. The dynamics of the composite beach-dune system are poorly understood, notably because of the lack of high-resolution, large-scale, morphological data across the entire beach-dune system. Overall, although marine erosion can drive large elevation changes of the beach-dune system (e.g., >2 m across the beach and > 5 m at the foredune in reference [29]), severe windstorms can drive more subtle vertical changes (a few tens of centimeters) across the entire coastal dune (e.g., reference [30]) which are critical to the overall sediment budget. Therefore, accurate beach-dune monitoring programs must typically provide morphological data with vertical errors smaller than, say, 0.1 m.



Because coastal dunes are fragile systems, using non-intrusive remote sensing techniques to monitor morphological changes is a necessary requirement. In addition, coastal dunes typically cover large spatial scales, i.e., on the order of kilometers and hundreds of meters in the alongshore and cross-shore directions, respectively, with morphological changes occurring on the timescales from hours (storms) to seasons and years. Accurate (<0.1 m vertical errors) high spatial resolution (<0.5 m) is also required to accurately monitor the evolution of, for instance, the dune scarp and incipient blowouts and more vertically subtle but larger scale patterns. Therefore, photogrammetry using UAVs appears as the ideal candidate to monitor beach-dune morphological changes at these temporal and spatial scales. Although this approach is already used to monitor rock cliff erosion [8] or beach morphodynamics [2,3,4,5,6], it has been rarely applied to coastal dunes so far. A notable exception is the study by reference [2] on a beach-dune system in Italy. Although the approach was found to be efficient with a vertical accuracy comparable to that of the terrestrial LiDAR technology, the study was performed on a reasonably small zone (around 0.015 km2). This coverage is too small to address the overall beach-dune morphological changes. For instance, even along straight open coasts, beach-dune morphological storm-driven erosion patterns can have alongshore scales of up to 1 km owing to the formation of megacusp embayments [29,31], and the onset of blowouts and post-storm foredune recovery can also be strongly non-uniform alongshore at these scales (e.g., reference [32]). Another notable exception is the recent pioneering study of reference [33] who twice a year surveyed morphological changes along 800 m of coastal dune. However, the survey strategy was not replicable as the number of GCPs, images and the flight plan varied from one survey to another. It is noteworthy that another reason why coastal dunes have never been intensively surveyed through UAV photogrammetry on large scales (say > 1 km) is UAV legislation restricting the distance between the UAV and the pilot in many countries.



In this paper, we develop a low-cost, lightweight and replicable UAV photogrammetry protocol with two different UAVs, one equipped with a fisheye lens camera and the second, more recent, equipped with a high-resolution camera providing weakly-distorted high-resolution images. The primary objective is to show that, using the simple and efficient GCP set-up developed herein, the protocol can be applied to routinely survey upper beach and coastal dune large-scale morphological changes at high resolution. The second objective is to determine whether a very low-cost UAV equipped with a fisheye-lens action camera can monitor the morphological evolution of beach-dune systems with an accuracy meeting coastal monitoring requirements, or if latest generation off-the-shelf camera-equipped UAVs are necessary. This approach is further used to address the beach-dune morphological changes in SW France driven by the combination of marine and aeolian processes during the winter of 2017/2018. We show that this approach can provide unprecedented insight into beach-dune dynamics across the entire system under the combined action of storm wind and waves. In addition, this protocol can also be used to assess the influence of coastal dune management on dune geomorphology, coastal change and biodiversity.




2. Field Site


The study site is Truc Vert beach, SW France, which is representative of most of the open sandy beaches of the 110-km long Gironde coast (Figure 1). Some small coastal towns, with limited coastal defenses, are present along this coast. The Gironde coast is made of meso-macrotidal beaches with mean annual and maximal spring tide ranges of 3.7 m and 5 m, respectively [29]. Gironde beaches, backed by high and wide coastal dunes, are exposed to both wave and wind actions. The wave climate is characterized by a dominant WNW direction, generated in the North Atlantic Ocean, with a mean significant wave height Hs = 1.7 m, and a mean peak period Tp = 10.3 s. Winter wave activity is strongly interannually variable [34] and has been increasingly energetic over the last decades owing to large-scale atmospheric pattern variability in the North Atlantic ocean [35]. The prevalent winds have a WNW direction and a mean velocity of 0.4 m/s and 0.7 m/s during summer and winter, respectively. Chronic erosion rates vary from 0 near Truc Vert to locally 5.0 m/year in the north where the depleted coastal dune system leaves the coastal forest exposed to marine erosion [33]. While chronic erosion is observed throughout the years essentially at the most northern sites, series of severe winter storms can also cause coastal erosion along the entire Gironde coast. A recent striking example is the winter of 2013/2014 which caused widespread dune erosion [29,36]. Figure 1b shows the different morphological compartments of the beach-dune system at Truc Vert beach, namely: the beach, a wave deposited accumulation of sand [37]; the incipient foredune, a developing foredune formed by aeolian sand deposition with the presence of pioneer plant communities; the foredune, a shore-parallel dune ridge formed on the backshore by aeolian sand deposition and vegetation mostly composed of marram grass; and the grey dune, also called the established foredune, occupying the most inland position at the rear of the beach and is characterized by intermediate or woody plant species [38].



The coastal dune system of the Gironde coast was first established in the nineteenth century but subsequently suffered severe damage from some major winter storms in the 1910s and 1920s and from the Second World War. During the latter period, the coastal dunes were restricted areas used as a source of aggregate to build the Nazi blockhouses. Until the early 1960s the coastal dunes were in serious disrepair as they were being eroded by the sea and dissected by blowouts [39]. The coastal dune managers of the French National Forest Office (ONF) undertook extensive renovation between the 1960s and the 1980s, involving extensive dune profiling and marram planting. Since then, the ONF has been managing the dune through, for instance, fencing to inhibit the development of blowouts or planting to help beach-dune recovery through foredune growth that is maintaining the coastal dune as a fixed and reasonably alongshore-uniform feature [40].




3. Materials and Methods


3.1. Low-Cost UAV, Camera and Permanent GCP Implementation


The system is composed of an UAV with its remote controller, a video return system, a standard PC or a tablet with a mission planning software or application (Figure 2a), and permanent GCPs implemented on the coastal dune (Figure 2b). Two low-cost UAVs are used from which the remotely-sensed DSMs will be further compared. The first is a DJI Phantom 2 (DP2) quadcopter, slightly modified to respect the French legislation allowing to fly a drone within 1 km horizontally from the pilot. The UAV is equipped with a GoPro Hero 4 Black edition, mounted on a DJI Zenmuse H3-3D brushless gimbal that ensures a three-axis camera stabilization. The total weight of the UAV is 1.7 kg with a flight autonomy between 20 min and 25 min in mild weather conditions. The GoPro camera takes 12 MPix images with a very wide horizontal field of view of 122.6°, allowing large spatial coverage for low altitude flights, but with severe barrel distortion typical of fisheye lenses. The widest available field of view was chosen in order to minimize both the number of flights necessary to cover the entire zone and computation time. The second UAV is a standard DJI Phantom 4 Pro (DP4P) quadcopter. The weight of this UAV is 1.4 kg with a flight autonomy up to 30 min in mild weather conditions. The DP4P quadcopter is equipped with a 20 MPix camera, with a horizontal field of view of 74°, mounted on a Phantom 4 Pro Gimbal. Contrary to the GoPro-equipped DP2 quadcopter, the images taken by DP4P are much less distorted, but provide a smaller field of view. Primarily for replicability purposes, all the missions except the landings are fully automated using Ground Station software on a standard PC for DP2, and Litchi application (from VC technology Ltd, Brooksville, FL, USA) on an Android tablet for DP4P. During the flight, the drone position, the battery and status, and the captured images are continuously monitored on the remote screen.



Truc Vert beach is monitored along a 4-km stretch of beach-dune system. Given the limited flight range from the operator (<1 km), the full 4-km survey with DP2 requires two take-off/landing points, with two flights from each point, for a total of 4 flights of 15 min each with 80% image overlapping in the flight direction and a minimum of 50% in the normal direction. Due to the very wide camera angle, only four alongshore paths are needed to photograph the entire width of the system from the beach to the grey dune (see Figure 3 for a zoom onto a 1-km long stretch of the beach-dune system). The UAV is set to fly at approximately 6.5 m/s and 65 m high, which is roughly 40 m and 60 m above the dune crest and the upper beach respectively, allowing us to obtain a mean Ground Sampling Distance (GSD) of 4.5 cm/pix. Indeed, because of the fish eye lens, the GSD ranges from 2.5 cm/pix in the center of the image to 8.8 cm/pix at the edges. In contrast, the smaller field of view of the DP4P camera requires 8 paths to photograph the entire width of the beach-dune system (Figure 3). The entire survey is performed with 4 flights of 20 min each from 4 different take-off/landing points, with 75% image overlapping in the flight direction and a minimum of 55% in the normal direction. The UAV is set to fly at approximately 8 m/s and 85 m high, which is roughly 60 m and 80 m above the dune crest and the upper beach, respectively, allowing to obtain a mean GSD of 1.78 cm/pix. The autonomy of the DP4P and the quality of the camera results in a better GSD with the same number of flights. For both UAVs, the cameras are programmed to take one image every 2 s.



An array of 36 permanent GCPs were implemented two by two every 250 m alongshore on the coastal dune of Truc Vert (Figure 2b). They are composed of an A4-format aluminum composite target (weather resistant with high rigidity and flatness) fixed onto a large wooden post buried approximately 1-m deep in the sand to ensure GCP stability and horizontality. The target consisted of a red cross and a yellow circle in the center of the target. GCPs are checked once or twice a year using a Trimble Differential GPS with a known base, allowing us to obtain a vertical and horizontal accuracy of 0.015 m and 0.008 m, respectively. A study conducted by reference [41] showed that an edge or stratified GCP distribution over a given study area results in increased horizontal and vertical accuracy. However, the central distribution used at Truc Vert was motivated by the impossibility to implement permanent GCPs on the beach owing to vertical beach changes easily on the order of meter during winter storms [26,31] and during subsequent longer recovery periods [28,42]. Therefore GCPs were placed in the less mobile areas of the coastal dune, i.e., at the back of the foredune and within the grey dune (Figure 2b).




3.2. Photogrammetry


There are several commercial (Agisoft Metashape, Pix4D) or free (MicMac, Visual SFM) forms of photogrammetry software. Herein, data processing was carried out using Structure-from-Motion (SfM) algorithm through Agisoft Photoscan Pro software v1.2.6 (Agisoft Photoscan software has now become Agisoft Metashape), which is used by many research groups worldwide and does not require a very high level of expertise in stereo-photogrammetry. Despite the algorithms used to process the images not being public, the different steps of the process are configurable and can be fairly controlled. Photoscan shows good skill to reconstruct landscape 3D point clouds [22,43]. It is able to deal with the strong distortion of fisheye cameras [44], and it has been successfully used to process UAV images in coastal environments [7,16,22,45]. The procedure to obtain a DSM from UAV-taken images is as follows: (1) the images from each survey are uploaded in the software, the camera type is chosen, “fisheye” for DP2, which corrects the distortion of the GoPro images (distortion correction using “frame” camera type yields less accurate DEM, not shown here), and “frame” for DP4P, and camera alignment is performed through SfM algorithm to obtain a sparse 3D point cloud; (2) the GCP positions are selected manually on the images with an accuracy smaller than 0.5 pixel and, given that lens characteristics are substantially affected by temperature and insolation variations with surveys performed throughout the year with outside temperatures ranging approximately 0–35°, a camera optimization procedure is run in order to compute the intrinsic camera calibration parameters for each survey and to further precisely georeference the sparse 3D point cloud using the GCP coordinates; (3) a dense 3D colored point cloud is generated (41 million and 93 million points for DP2 and DP4P, respectively); (4) structured textured DSMs are built with MATLAB from the dense 3D point cloud using natural neighbor interpolation in order to compute the beach-dune system morphological evolution on a 0.1 × 0.1 m structured grid. It is noteworthy that although Photoscan is used here, similar overall performances can be obtained with other stereo-photogrammetry commercial or free software [43].




3.3. Validation Experiment Set-Up


The accuracy of the survey methods was addressed during a devoted experiment performed on 13 March 2018 at Truc Vert Beach, during which the weather was cloudy with low wind conditions (average of 2.0 m/s). The flight characteristics for the two UAVs were the same as those described in Section 3.1. However, a smaller area of 350 m × 1000 m was chosen in order to address the resolution and accuracy of the surveys, meaning that only 10 out of 36 GCPs were used (P1-10 in Figure 3). On the day of the validation experiment, 65 validation points composed of 5 transects of 13 points covering the entire system from the beach to the grey dune were measured using a DGPS with centimetric horizontal and vertical accuracy. The measured elevation of the validation points is compared with the DSM grid cell elevation at the corresponding position. The mean distance between the validation points and the grid cell centers was 0.037 m with a minimum and maximum distance of 0.008 m and 0.064 m, respectively. In order to estimate the accuracy of the DSMs, two statistical parameters were used, namely elevation root-mean-square (RMS) error (Equation (1)) and bias (Equation (2)):


RMS_Z=∑n(zDGPS−zDSM)2n,



(1)






Bias_Z=∑n(zDGPS−zDSM)n,



(2)




where zDGPS and zDSM are the elevations measured with the DGPS and obtained from the DSM, respectively, and n is the number of validation points.





4. Results


4.1. Validation Experiment Results


Figure 4 shows the relative elevation error between the DSM and the DGPS ground survey points over the 3D textured DSM for DP2 (Figure 4a) and DP4P (Figure 4b). For DP2, the RMS_Z error is 0.13 m and Bias_Z is −0.1 m. The calculated elevations are slightly underestimated, particularly across the beach and the incipient foredune (0.2–0.3 m). The underestimation is lower in the foredune and in the grey dune with values between 0 m and 0.05 m (Figure 4a). DP4P shows an overall RMS_Z error of 0.05 m and a Bias_Z of −0.02 m. The underestimation of the beach and the incipient foredune elevation is between 0 m and 0.1 m. Only two points, located on the beach and on the foredune, show a relative elevation error exceeding 0.1 m with an underestimation of 0.17 m and an overestimation of 0.13 m respectively (Figure 4b). Of note, the mean errors found here are similar magnitude as in reference [41] using optimal edge or stratified GCP spatial distribution.



GCPs P1-P10 have been used in order to address the influence of the GCP spatial distribution and density on the overall DSM accuracy. The 3D point clouds generated with DP2 and DP4P were calibrated using 3 to 10 GCPs distributed uniformly, removing GCPs in the following order: P8, P3, P7, P4, P5, P6 and P10 (see Figure 3). Table 1 shows the error at the validation points for both UAVs as a function of the number of GCPs used to infer the DSM. Using 3 or 4 GCPs shows large errors of several tens of centimeters. However, the DP2 DSM has a RMS_Z error and a Bias_Z twice as low as that of the DP4P DSM. Using from 5 to 10 GCPs, the RMS_Z error and the Bias_Z show similar skill, 0.14 m and −0.11 m on average for DP2 and 0.05 m and −0.03 m on average for DP4P, respectively. The planimetric error cannot be calculated at the validation points and was calculated at the GCPs, together with the altimetric error. Rationally, it gives better results than for the validation points but allows for a comparison between altimetric and planimetric errors. The planimetric RMS error for the model using 10 GCPs is 0.04 m with DP4P and 0.07 m with DP2. These errors are larger than the altimetric errors (0.01 m with DP4P and 0.03 with DP2) but still remain on the order of a few centimeters, which largely meet the accuracy requirements to monitor dune morphological changes at the scale of a single severe windstorm.




4.2. Large Scale Application to a Rapidly Evolving Coastal Dune


Figure 5 shows the characteristics of a typical cross-shore beach-dune profile (black profile in Figure 4b). The incipient foredune morphology is complex as a result of the winter of 2013/2014 that caused large beach and dune erosion at Truc Vert [29]. During that period the incipient foredune locally retreated by 10–20 m, and was locally entirely eroded in the center of the megacusp embayments. Since then, a second incipient foredune developed seaward of the incipient foredune erosion scarp [32]. In March 2018, the top of this former erosion scarp was still observed along most of the study site (Figure 5).



Below, the morphological evolution of the beach-dune system is addressed over a 6-month period encompassing the winter of 2017/2018, from 9 October to 13 March, based on 4 photogrammetry-derived DSMs. To achieve this purpose, 36 permanent GCPs implemented in 250-m spaced pairs along the entire 4-km dune system were used (Figure 6). The GCPs density is well larger than the 5 GCPs needed per kilometer according to the validation experiment described above. It ensures accurate DSM along the entire 4-km beach-dune system even in case of the loss of a limited number of GCPs (silting, vandalism, etc.). Figure 6 shows the 4 orthophotos, obtained with DP2 (Figure 6a–c) and DP4P (Figure 6d), highlighting the reasonable alongshore uniformity of the site.



Figure 7 zooms onto the 3 zones shown in Figure 6. Overall, the high-energy waves during the 2017/2018 winter drove large beach erosion, with the beach lowering by 1.5 m on average and locally reaching 2.5 m. The incipient foredune shows a vertical accretion of 0.3 m on average, peaking locally at 0.6 m. In the meantime, the incipient foredune locally retreated by up to 10 m forming an erosion scarp up to 2-m high. In addition, the top of the 2013/2014 scarp further eroded by 0.5 m on average. The foredune shows a reasonably alongshore-uniform vertical accretion of 0.4 m on average which is maximized (~1.1 m) at the crest and at the lee side of the foredune. Moreover, results show an overall landward migration of the foredune as well as substantial sand deposition on the grey dune. These strongly alongshore-variable deposition patterns have a typical thicknesses of 0.1–0.3 m extending landward approximately 25 m, 40 m and 35 m for the northern, central and southern zones, respectively (right-hand panels in Figure 8). These deposition patterns are readily present on the orthophotos where the grey dune vegetation is buried (Figure 7a,c,e,h,j,l,o,q,s).



These overall morphological changes show substantial temporal variability. During the first period between 9 October 2017 and 19 December 2017 (left-hand panels in Figure 7) small morphological changes were observed. Substantial beach accretion occurred (vertical accretion of 0.2 m on average), except locally (Figure 7b) while the incipient foredune lowered by 0.2 m on average in the central (Figure 7i) and southern zones (Figure 7p). During that period, only the foredune in the northern zone shows some vertical accretion of approximately 0.2 m (Figure 7b). The largest morphological changes are observed during the second period from 19 December 2017 and 23 January 2018, which was characterized by a succession of storm wind and wave events. The beach lowered by up to 0.8 m, with the incipient foredune (foredune) accreting vertically by 0.5 m (0.4 m) on average peaking at 0.7 m (0.8 m) (Figure 7d,k,r). The third period from 23 January 2018 to 13 March 2018 shows that, although the beach further lowered by 0.6 m on average, only small morphological changes were observed on the dune although changes occurred on larger spatial scales (Figure 7g,n,u). The formation of three breaches, two in the northern zone and one in the central zone (Figure 7b,i), between 9 October 2017 and 19 December 2017 is not linked to the action of natural processes but to the experimental set up of transverse blowouts dug on 12 December 2017 for another study [46].



Figure 8 shows the 4-km alongshore-averaged morphological change of the beach-dune profile between 9 October 2017 and 13 March 2018. The beach lowered by 1–1.5 m on average. The overall morphological changes of the foredune and incipient foredune are more subtle owing to the alongshore averaging. A prominent change is that of the foredune, which accreted vertically by up to 0.35 m on average along a cross-shore distance of approximately 100 m (Figure 8b).





5. Discussion


Although the DSM retrieved from DP2 shows high accuracy across the dune system, locally strong elevation underestimation was observed on the dry beach. This was primarily caused by the locally smooth and featureless sand surface providing poor structure for the detection of remarkable points needed for SfM algorithm. Results slightly worsen on the established foredune. The established foredune is densely vegetated with marram grass up to 0.5-m high (Figure 2b) that is detected by the SfM algorithm, while the sand level was surveyed with the DGPS, which can explain the difference.



The RMS_Z error and Bias_Z are affected by the number of GCPs used. The large errors of the 3D dense point clouds using 3 or 4 GCPs for the small 350 m × 1000 m area of the validation experiment are due to a twist of the DSM, the GCPs being quasi-aligned. This DSM twist issue is a common problem when the study area is large in one preferred direction. This twist can be explained by the 3D point cloud generation method, which requires at least three GCPs to create the space in which the points are located. Two to three additional GCPs must be added within this 350 m × 1000 m area in order to resolve the camera’s intrinsic parameters and thus increase DSM accuracy. Surprisingly, when using less than 5 GCPs on the same area, the DSM computed using DP2 shows an RMS_Z error twice as weak as that computed using DP4P.



The use of 5 CGPs for the 350 m × 1000 m domain is the minimum requirement in order to reach satisfactory accuracy with a RMS_Z error and Bias_Z for DP4P of approximately 0.05 m and −0.03 m, respectively. RMS_Z error and Bias_Z are 3 and 5 times higher with DP2, respectively. Results further show that increasing the number of GCPs from 5 up to 10 only slightly increases DSM accuracy, meaning that (1) implementing 2 cross-shore GCPs every 250 m alongshore is enough to derive accurate DSMs and (2) including GCPs on the beach is not a necessary requirement. The spatial distribution strategy of 250-m spaced pairs of GCPs ensures that the potential loss of a small number of GCPs due to human degradation or rapid sand silting will not significantly degrade the inferred DSMs. These results also show that DP4P, together with permanent GCPs, is a very good choice to perform low-cost but accurate dune surveys, leading to DSM vertical precision similar to what can be obtained with much more expensive real time cinematic drones (~0.05 cm according to technical specifications). However, the resolution and accuracy obtained with DP2 largely meets the requirements for beach-dune monitoring.



Using 36 permanent GCPs to monitor 4 km of beach-dune system DSM elevation differences from 9 October 2017 to 13 March 2018 show substantial morphological changes from the beach to the coastal dune. The largest morphological changes were observed between 19 December 2017 and 23 January 2018. During this period, three major storm events hit the coast, in particular between 26 December 2017 and 3 January 2018, when wind gusts velocity exceeded 33 m/s and significant wave heights reached 8 m offshore. These highly energetic conditions drove widespread beach erosion with the formation of localized erosion scarps on the upper beach, and locally against the incipient foredune. This large alongshore variability in beach and dune response highlights the need to encompass kilometers of coast. In addition, small morphological features, such as local dune scarps and blowouts, to large sand patches, and even kilometer-scale alongshore erosion features, such as megacusp embayments, are well captured. Given that all these morphological patterns are of primary concern for coastal dune stakeholders, such monitoring can have strong implications from the perspective of coastal management.



Compared to the methods described previously (i.e., terrestrial and airborne LiDAR), one of the major problems with UAV surveys is the weather, in particular the wind velocity that must be lower than 7 m/s to use small (less than 2 kg) multirotor UAVs [47]. Nonetheless, UAVs offer many advantages such as low cost; survey automation; high repeatability; direct video return; the ability to easily pause and resume a mission if facing unexpected problem; little preparation allowing a high reactivity after extreme events, and high-resolution accurate DSMs over a few kilometers. For larger areas (say O (10–100 km)) airborne or satellite solutions should be preferred.




6. Conclusions


In this paper, a low-cost and lightweight UAV-camera photogrammetry method combined with simple and efficient permanent GCP set-up was proposed and further used to accurately (RMS_Z error < 0.1 m) monitor the morphological changes of the beach-dune system at high-resolution (<0.1m) on large spatial scales (4 km alongshore). The remotely-sensed DSM of two UAVs (fisheye-camera equipped DP2 and DP4P) were compared for different GCPs implementation strategies. Overall, the DP4P provides slightly better results with a RMS_Z error and a Bias_Z of approximately 0.05 m and −0.02 m, respectively, with flight and computation times quite similar for the 2 UAVs. However, the DSM accuracy inferred from the GoPro-equipped DP2P still largely meets the standard for coastal monitoring and coastal dune management objectives. Compared to other methods, terrestrial or airborne LiDAR surveys, the non-intrusive approach presented here is cheaper, more accurate and more flexible to survey beach-dune systems and to further address wind- and wave-driven morphological changes on a wide range of spatial and temporal scales. It is illustrated herein over a 6-month winter period along 4 km of the beach-dune system at Truc Vert showing, for instance, alongshore variable beach and incipient foredune wave-driven erosion, and the storm-wind driven inland migration by a few meters of the established fordune and 0.1–0.3-m sand deposition on the grey dune. This photogrammetry approach via low-cost flexible and lightweight UAVs is well adapted for coastal research groups and coastal dune stakeholders monitoring and managing the coastal zone, including in developing countries where data are lacking and when the weather conditions are suitable.
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Figure 1. (a) Map of the Gironde coast (yellow line) in SW France with location of Truc Vert beach, (b) Truc Vert beach with a well-managed alongshore-uniform coastal dune (Ph. V. Marieu). 
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Figure 2. The dune survey system composed of (a) light and low-cost UAV hardware, computer ground station, video receiver, and (b) permanent GCPs spaced every 250 m and approximately 50–100 m in the alongshore and cross-shore directions, respectively. 
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Figure 3. Zoom onto the 1-km southern end of the 4-km field size. This 1-km section corresponds to the location of the validation experiment delimited by the dotted white box. P1-P10 indicate the location of the permanent GCPs, the alongshore red lines and blue lines represent DP2 and DP4P flight trajectories, respectively, and the orange dots show the DGPS survey points used for the validation experiment. 
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Figure 4. Elevation relative error (colored circles) between the DSM, generated using 10 GCPs, and the DGPS ground survey superimposed onto the 3D textured DSM for (a) DP2 and (b) DP4P. The DSM in (a,b) were generated with DP2 and DP4P images, respectively. The black line shows the cross-shore profile presented in Figure 5. 
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Figure 5. Cross-shore profile of the beach-dune system at Truc Vert showing the different morphological compartments with indication of the location of the 2013/2014 erosion scarp mark. 
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Figure 6. Orthophotos of the entire 4-km study area of Truc Vert beach on (a) 9 October 2017, (b) 19 December 2017, (c) 23 January 2018 and (d) 13 March 2018. The positions of the 36 permanent GCPs implemented in 250-m spaced pairs along the entire 4-km dune system used for the DSM generation are indicated by white dots and the black squares show the areas zoomed onto in Figure 7. 






Figure 6. Orthophotos of the entire 4-km study area of Truc Vert beach on (a) 9 October 2017, (b) 19 December 2017, (c) 23 January 2018 and (d) 13 March 2018. The positions of the 36 permanent GCPs implemented in 250-m spaced pairs along the entire 4-km dune system used for the DSM generation are indicated by white dots and the black squares show the areas zoomed onto in Figure 7.



[image: Jmse 07 00063 g006]







[image: Jmse 07 00063 g007 550]





Figure 7. Beach-dune morphological changes zoomed onto the areas shown by the black squares in Figure 6. (a–g) northern area; (h–n) central area; (o–u) southern area. Orthophotos of Truc Vert beach generated with DP2 on (a,h,o) 19 December 2017, (c,j,q) 23 January 2018, and generated with DP4P on (e,l,s) 13 March 2018, are shown with the corresponding DSM difference plot between 9 October 2017 and 19 December 2017 (b,i,p), 19 December 2019 and 23 January 2018 (d,k,r) and 23 January 2018 and 13 March 2018 (f,m,t). The right-hand panels (g,n,u) shows the DSM difference plot for the entire study period between 9 October 2017 and 13 March 2018. The colorbar indicates the elevation difference in meters. 






Figure 7. Beach-dune morphological changes zoomed onto the areas shown by the black squares in Figure 6. (a–g) northern area; (h–n) central area; (o–u) southern area. Orthophotos of Truc Vert beach generated with DP2 on (a,h,o) 19 December 2017, (c,j,q) 23 January 2018, and generated with DP4P on (e,l,s) 13 March 2018, are shown with the corresponding DSM difference plot between 9 October 2017 and 19 December 2017 (b,i,p), 19 December 2019 and 23 January 2018 (d,k,r) and 23 January 2018 and 13 March 2018 (f,m,t). The right-hand panels (g,n,u) shows the DSM difference plot for the entire study period between 9 October 2017 and 13 March 2018. The colorbar indicates the elevation difference in meters.



[image: Jmse 07 00063 g007]







[image: Jmse 07 00063 g008 550]





Figure 8. (a) 4-km alongshore-averaged beach-dune profile at Truc Vert on 9 October 2017 obtained with DP2 (dotted black line) and on 13 March 2018 obtained with DP4P (black line) with (b) corresponding elevation change between 9 October 2017 (survey performed with DP2) and 13 March 2018 (survey performed with DP4P). 
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Table 1. DSM RMS_Z error and Bias_Z calculated at the validation points for DP2 and DP4P using different numbers of GCPs.
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Number of GCP

	
RMS_Z Error (m)

	
Bias_Z (m)






	

	
DP2

	
DP4P

	
DP2

	
DP4P




	
3

	
0.67

	
1.44

	
−0.65

	
−1.41




	
4

	
0.50

	
1.12

	
−0.49

	
−1.10




	
5

	
0.14

	
0.05

	
−0.11

	
−0.03




	
6

	
0.14

	
0.05

	
−0.10

	
−0.03




	
7

	
0.14

	
0.05

	
−0.09

	
−0.03




	
8

	
0.15

	
0.05

	
−0.11

	
−0.02




	
9

	
0.15

	
0.05

	
−0.11

	
−0.02




	
10

	
0.13

	
0.05

	
−0.10

	
−0.02
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