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Recent technological advances are leading numerous researchers and professional users to the adoption of photogrammetric products for a wide range of geoscientific applications. Especially, drone-based Structure-from-Motion (SfM) photogrammetry is often applied as a high-resolution topographic modelling technique with advantages in terms of time and cost when compared to traditional surveying approaches. The aim of this work, carried out within the GeoArchaeo Sites Project, is to investigate the adaptability of drone-based surveys, even with a targetless approach, and to estimate bathymetrical accuracies in shallow waters. The approach was applied on an underwater site to show the potential for the digitalization and monitoring of an archaeological coastal geosystem in central Italy. Specifically, this work has compared the photogrammetric surveying capability of two drones including a Phantom 4 RTK (‘P4RTK’) and a low-cost Mavic Mini 2 (‘MM2’) and an Olympus TG-6 (underwater camera) for a site submerged with a maximum depth of ∼1.6 m. The assessment of the drone SfM-based products was performed through area-based and point-wise comparisons. Specifically, the area-based were assessed through an underwater photogrammetric survey obtained by acquiring images by an operator snorkeling along a portion of the site of interest. The point-wise comparison was performed using data acquired with a Global Navigation Satellite System (GNSS). This study demonstrates that coupling SfM-photogrammetry and UAS-based surveys have potential to define submerged topography. In particular, the imagery acquired with the P4RTK survey can produce dense 3D models of the underwater surface with high resolution (about 0.02 m) and bathymetric measurements with a vertical accuracy ranging between 0.06 and 0.29 m for the area-based and point-wise analysis, respectively. Thus, the approach adopted and tested involving the use of a P4RTK has the potential to reduce constraints and limitations in terms of GCPs distribution and measurement. Also, with such an approach the need for qualified operators for underwater photogrammetric workflow can be avoided.
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1 INTRODUCTION
In recent years the adoption of area-based surveying techniques (such as Terrestrial Laser Scanner ‘TLS’ and Unmanned Aircraft Systems ‘UAS’ based photogrammetric technology) is increasing when compared to classical point-wise approaches such as Global Navigation Satellite System (GNSS) and Total Station-based surveys (e.g., Guerriero et al., 2019; Mazza et al., 2023). Furthermore, photogrammetry can be considered as a low-cost solution for many topographic applications even when working in difficult conditions such as in a submerged environment (Capra et al., 2015).
Photo-based investigation of the underwater environment has the advantage of leaving the benthos intact and causing minimal environmental disturbance. However, the interpretation of the merely photographic datasets is subjective and is not convenient when quantitative information is required. The photogrammetric Structure-from-Motion (SfM) technique, is a well-known non-destructive surveying techniques that is being increasingly used for underwater applications (Drap, 2012; Figueira et al., 2015; Capra et al., 2017; Mandlburger, 2019). The high accuracy achievable is pushing forward the research community to investigate such techniques for metric investigation of underwater objects. Dealing with large areas can be difficult and time consuming when adopting classical diver/snorkeler-based investigations (Llewellyn and Bainbridge, 2015). In shallow water environments, a quick and low-cost solution may be represented by the use of UAS. In the last years, several authors have used UAS-based SfM photogrammetry to derive both the three-dimensional underwater bedforms and bathymetric data. (Woodget et al., 2015; Casella et al., 2017; Dietrich, 2017; Mulsow et al., 2018; Agrafiotis et al., 2019). Although this technique has demonstrated to be a flexible and cost-effective solution for creating high resolution and accuracy topo-bathymetric datasets, the distribution of Ground Control Points (GCPs) in proximity of the area of interest remains a fundamental and time-consuming step to create accurate photogrammetric models (Westoby et al., 2012; Smith et al., 2016).
Currently, the use of UAS equipped with an onboard global navigation satellite system–real-time kinematic (GNSS–RTK) receiver is increasingly widespread (Štroner et al., 2020). This equipment allows overcoming GCPs installation and measurement and could represent an even more efficient solution also for underwater photogrammetric reconstruction. To the best of authors’ knowledge, works experimenting with this technique for bathymetry mapping are missing in the current scientific literature. Thereby, the aim of this work is to investigate a) the adaptability of RTK drone-based surveys to define topo-bathymetric information in shallow waters and b) assess the differences with a standard GCPs-based approach. Also, this study compares the photogrammetric surveying capability of two drones including a Phantom 4 RTK (‘P4RTK’) and a low-cost Mavic Mini 2 (‘MM2’) and an Olympus TG-6 (underwater camera). The approaches were applied on an archaeological underwater site (with a maximum depth of ∼1.6 m) situated in central Italy. The UAS SfM-based products were assessed through a) an area-based comparisons with the underwater photogrammetric survey and b) a point-based comparisons with the GNSS topographic survey.
2 STUDY AREA
The area where the photogrammetric survey was carried out is the roman fish tank of ‘Punta della Vipera’ (42° 02′ 55″ N; 11° 49′ 10″ E) which is located along the Tyrrhenian coast (Lazio Region, Central Italy) (Figure 1A), close to the village of Santa Marinella, and the ruins of the Castrum Novum Roman villa. The site, probably used for breeding fish or for farming mollusks (Evelpidou et al., 2012), is one of the sites of interest selected within the GeoArchaeo Sites (GAS) Project. Roman fish tanks or piscinae were built mainly along the Tyrrhenian coast of the Italian peninsula close to Roman villas (Schmiedt, 1972; Anzidei et al., 2014; Lambeck et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Location of the study area on the Italian Tyrrhenian coast. (B) Orthophoto of the Punta della Vipera fish tank. The red and yellow dots show the distribution of the CPs and GCPs, respectively. The green rectangle and black rectangles point out the area of interests for UAS-based (AoI1) and underwater-based (AoI2) surveys, respectively. The pink line (between target 8 and 10) represents the cross-section from which the topo-bathymetric profiles were extracted. Note: the coastline is situated East (top of the figure).
The Punta della Vipera tank has a rectangular shape and is subdivided in multiple sectors. The centre is characterized by a large circular pool with a diameter of about 60 m; in this sector the depth ranges between 0.2 and 1.6 m. The tank is boarded on three sides by quay-like structures which protect it from the waves (Figure 1B). Three hollows, located on the bordering wall parallel to the coast, allow the seawater inlet (Caballero et al., 2020). The foundation of the Punta Vipera fish tank have the peculiarity to lie down on the lithoid outcropping layers of the “Pietraforte-Argilliti” formation belonging to the Meso-Cenozoic sequence (Civitelli and Corda, 1993).
3 MATERIALS AND METHODS
3.1 Surveying campaign
The surveying campaign was performed in 2 days (31st July - 1 August 2022) on the Punta della Vipera’s shore. Meteorological conditions were stable during the whole surveying campaign (e.g., clear sky, weak wind and calm sea) simplifying the on-site operations.
In agreement with the purpose of this work, a total of three different data collection approaches were adopted including the use of UAS, an underwater camera (snorkeler-based) and a GNSS receiver. A brief summary of the surveying campaign including number and types of techniques used is presented in Table 1.
TABLE 1 | Techniques and number of operators employed for each survey. UAS: Unmanned Aircraft Systems. RTK: Real Time Kinematic. UC: Underwater Camera. GNSS: Global Navigation Satellite System.
[image: Table 1]During the first day, a brief inspection of the coastal area and the old Romanian fish tank was conducted to plan the optimal strategy to acquire robust datasets with respect to the access points to the site and the local morphological context. Also, two main Area of Interests (AoIs) with different scales were defined (Figure 1B) to properly conduct the UAS and snorkeler-based surveys.
On the second day, the fieldwork started at approximately 5.30 a.m. to reduce external constraints (e.g., presence of bathers and boats) and to maintain stable conditions of temperature, humidity, and reduced phenomenon due to wind and wave motion.
3.2 UAS surveys
According to the scope of this paper, two UAS models were selected for the survey: a DJI Phantom 4 RTK (P4RTK) and a DJI Mavic Mini 2 (MM2). Their main specs have been summarised in Table 2.
TABLE 2 | UAS’s technical specifications (1 ppm indicates error with a 1 mm increase over 1 km of movement).
[image: Table 2]The total area photographed by the two UAS covered a surface of about 5,600 m2. The flying height was set to 25 m for the P4RTK and to 20 m for the MM2. With regard to the P4RTK, an operator performed the automated flights pre-planned in DJI GS Pro in about 6 min. The flight plan was set for the acquisition of nadiral images (drone’s camera with 90° angle to horizon). The Phantom shoots a total of 250 pictures, using the “timed shooting” mode and values of 70% of horizontal overlapping and 80% of vertical overlapping.
A second operator was in charge for the MM2 survey that was performed as a single manual flight, trying to recreate as much as possible the same conditions used for the Phantom’s flights. For the MM2 survey, the flight lasted about 10 min and was carried out taking nadiral images of the studied area.
The P4RTK and MM2 took off at the same time (starting at 6 a.m.) to acquire images with the same light and tide conditions. Also, the height variation allowed to capture images with a similar Ground Sample Distance (GSD) of approximately 7mm/pixel (Table 5).
For the Phantom 4 RTK drone, the acquisitions were carried out adopting the in-built RTK georeferencing technique. In particular, for the RTK georeferencing system, a D-RTK 2 high precision GNSS mobile station was used, mounted on a tripod support to guarantee stability during the acquisitions. The main specs have been reported in Table 3.
TABLE 3 | D-RTK 2 mobile station’s specifications (ppm: for every 1 km increase in distance, the accuracy will be 1 mm less. For example, the horizontal accuracy is 1.1 when the receiving end is 1 km away from the base station).
[image: Table 3]3.3 Snorkeling survey and camera calibration
The underwater dataset was acquired subsequently the UAV-based surveys. An expert snorkeling operator performed the acquisition following different geometry schemas to include nadir and oblique images. The acquisition was conducted for a portion of the fish tank (indicated as “AoI2” in Figure 1B) partially interested by the presence of aquatic plants. The approximate dimensions of AoI2 are 12x3 m with depths varying from 0.90 to 1.6 m.
A total of 5 targets (targets ID: 8, 9, 10, 11, 12) were included as part of the underwater acquisition (see Figure 1B). These targets were considered as GCPs for georeferencing purposes as explained in Section 3.4.
An Olympus Tough TG-6 digital camera (see main camera specs in Table 4) was employed because of its technical characteristics, affordability and portability when compared to the use of higher performance Digital Single Lens Reflex (DSLR) enclosed in costly underwater housing. The TG-6 can operate until a maximum depth of 15 m and the absence of protective housing has a positive impact in terms of photogrammetric outputs because image residuals systematic patterns produced by housing ports are reduced (Menna et al., 2020). Another main advantage of using the TG-6 consists in the on-the-fly radiometric adjustment performed during underwater acquisition that reduce chromatic aberration avoiding the need for image enhancement procedure (Calantropio et al., 2021).
TABLE 4 | Main technical specifications of the Olympus TG-6 camera.
[image: Table 4]Since the reduced effects of refractive phenomena (absence of a housing port) and the adoption of proper photos acquisition protocols, a standard self-calibration approach can be considered. However, for our specific study context, because of the presence of moving objects in the scene (e.g., aquatic plants under current and swell conditions), the research team opted for an in situ calibration of the Olympus. An in situ camera calibration can cope with high variability of operating conditions (Depth, temperature, salinity, illumination, refraction of optical beams) when working in underwater environments (Capra et al., 2017). For this reason, an underwater calibration pattern (Figure 2) was built using a rigid plastic panel with 0.90x1.00 m. At the end of the snorkeling survey, the calibration panel was submerged at the study site to acquire multiple images from varied orientations. The acquired images of the calibration pattern were processed using Agisoft Lens, a tool that models the internal orientation parameters of the camera. This procedure is a well-known approach adopted to prevent systematic bias in SfM-derived products (Kasprak et al., 2015; Rende et al., 2022).
[image: Figure 2]FIGURE 2 | An example of the photos acquired during the snorkel-based survey. The top photos include two GCPs at different depths. The two bottom photos depict the conditions during acquisition of the calibration panel.
3.4 GCPs and topographic survey
Due to the difficulty to identify natural stable points under the sea level, a total of 16 artificial targets were built and distributed on the study site (Figure 1B). The targets 1, 2, 3, 5, 6, 7, 8, 9, 11, 12, 14 were used as CheckPoints (CPs).
The elaboration of the dense clouds was performed using different georeferencing techniques. The MM2 was tied up using 5 GCPs: the number 4, 10, 13, 15, 16. The P4RTK was georeferenced both using the same 5 GCPs previously mentioned and using the RTK technique (indicated as ‘targetless approach’).
For these purposes, a total of 16 squared tiles were painted. In particular, for the easiest underwater identification, a yellow and black triangles texture was created (Figure 2). These targets were distributed on the investigated area ensuring a stable and fixed position for the whole surveying campaign. Then, the targets’ coordinates were measured using a GNSS receiver mounted on a 2 m high pole. The receiver used is a “TopCon HIPER SR”, controlled by the FC-5000 tablet. In Table 5, the main specs of the GNSS receiver have been reported.
TABLE 5 | GNSS receiver’s specifications.
[image: Table 5]The estimation of the target’s coordinates was conducted by two operators. An operator was in charge of diving to ensure the correct positioning of the lower end of the pole on the centre of the tiles’ triangles. The measurements were carried out through a local area correction acquiring a total of 10 epochs for each target.
3.5 Data processing and comparisons
Following field data collection (UAS-based image acquisitions and GNSS measurements) the well-established photogrammetric SfM-MVS workflow was performed. The imagery acquired at the study site was processed using Agisoft Metashape Professional (version 1.7.4—Windows 64 bit), a commercial SfM-photogrammetry package commonly used by the research community for a range of study contexts (Rossi et al., 2017; Moyano et al., 2020; Vecchi et al., 2021). This photogrammetric package allows to generate a range of digital outputs (e.g., dense point cloud, rasterized DTMs, orthomosaics, etc.) starting from the photographic datasets collected in the field. A summary of the photogrammetric datasets collected for this study is reported in Table 6.
TABLE 6 | Data collection information.
[image: Table 6]For each photogrammetric datasets the workflow and the parameters adopted were uniformized to reduce differences in the final outputs dependent on the operator. Specifically, key steps adopted in Metashape included image import, image alignment (identification of common points and generation of a sparse point cloud), georeferencing (using measured positions of the GCPs), optimization of image alignment (refinement of camera lens model and diminishment of geometric distortion) and generation of a higher density point cloud (with accurate scene geometry and RGB texture). The P4RTK dataset was re-processed with a slight variation of the previously described workflow (indicated as a ‘targetless approach’). Specifically, the GCPs were not considered for georeferencing purposes. The corrected camera position of each photo was considered instead.
It is worth noting that the P4RTK imagery has ellipsoidal elevation values. For this reason, the conversion to the geodetic elevation has been performed through the ConveRgo software using the ITALGEO-2005 grids (Barzaghi et al., 2007) distributed by Istituto Geografico Militare (IGM).
The Metashape package offers tools to manually filter out noise and automatically remove points with poor confidence. Specifically, the “filter by confidence” tool was adopted which allows to edit the dense point cloud achieving higher reconstruction accuracy and to create two well defined AoIs. Furthermore, the tool cross-section was used to create topo-bathymetrical profiles (see Figure 5).
Considering that the aim of this work is to assess the accuracy of drone-based surveys to estimate topo-bathimetrical measurements in shallow waters, a common methodology when dealing with point clouds is the comparison with a ground truth dataset. Towards this end, the outputs generated with the SfM-photogrammetry process listed in Table 6, were imported in CloudCompare (version 2.12.4—Windows 64 bit), a 3D modelling and processing software that include state-of-the-art algorithms for point cloud comparisons (Girardeau-Montaut, 2022). Specifically, CloudCompare was used to assess quantitatively the accuracy of the photogrammetric results obtained with the UAS-based approach when compared to the underwater outputs and checkpoints measured with the GNSS receiver (both considered as the ground truth datasets). A summary of the comparisons carried out is presented in Table 6. In particular, the UAS-derived measurements were compared with the underwater point clouds and the GNSS measurements, thus performing an area-based and a point-based approach. Such comparison was carried out using an established algorithm, namely, ‘Multiscale Model to Model Cloud Comparison’ (M3C2 - plugin available in CloudCompare) (Lague et al., 2013). The M3C2 algorithm is a popular comparison tool when comparing point clouds (Parente et al., 2019; 2021) as it generates statistics describing the 3D differences and is not influenced by different point density. Again, in order to minimize the operator input in the estimated M3C2 differences, the same parameters have been used for each comparison. Additionally, the topo-bathymetrical differences between the UAS 3D datasets and the ground truth was qualitatively assessed by comparing cross-section profiles. Results of such comparisons are presented and evaluated in the next section.
4 RESULTS
The UAS-based datasets were regularly processed adopting the photogrammetric workflow available in Metashape. The photogrammetric processing allowed to generate three dense point clouds of the site using both, P4RTK and MM2 datasets. These UAS-based photogrammetric outputs represent key data for bathymetrical products generation such as DEMs (an example is shown in Figure 3).
[image: Figure 3]FIGURE 3 | Bathymetry of the study site: DEM obtained from the P4RTK dataset.
The P4RTK dataset processed using a target and a target-less base approach produced similar 3D reconstructions. In Figure 4 are illustrated the main differences observed when comparing the P4RTK (target-based approach) and the MM2-based reconstructions. Such differences consist in the point cloud coverage (the P4RTK reconstruction is more homogenous, in fact fewer non-reconstructed areas are observed when compared to the MM2 counterpart), the average point density and their resolution. Considering common AoI1 of 10 x 20 m (Figure 1) the two dense point cloud have an average resolution of about 0.02 and 0.01 m and a total amount of about 12 and 22 million points for the P4RTK and MM2, respectively. For both UAS models, poorest reconstructions (qualitative observation in terms of decreased point density) are observed in correspondence to portions of the site characterised by the presence of aquatic plants on the bottom of the seafloor. However, the P4RTK survey appears to ensure major uniformity of the reconstruction. The chromatic differences observable in Figure 4 are solely due to different camera settings but have no influence on the metricity of the generated outputs.
[image: Figure 4]FIGURE 4 | An example of the photogrammetric dense point clouds (in terms of spatial coverage and points resolution) generated with the P4RTK (top) and MM2 (bottom) UAS. The red and yellow squares indicate the common portion of point cloud considered to assess the points coverage.
During the TG6-based photogrammetric processing, 95 photos out of 197 collected were misaligned because of the presence of dynamic objects (e.g., moving plants and suspended sediment) covering the photographed underwater surface. As a consequence, the vegetated portion of the site was not properly reconstructed (area of missing points and noise). For this reason, the TG6-based point cloud was cropped to only consider the portion of the site regularly reconstructed (indicated as AoI2). Considering AoI2, the SfM-MSV workflow generated an underwater point cloud with very high resolution (about 37 million points). For the same AoI the UAS-based reconstructions produced point clouds with about 284 and 428 thousand for the P4RTK and MM2, respectively.
For qualitative comparison purposes, Figure 5 shows an alternative visual representation of the three UAS-based SfM photogrammetric models together with the ground-truth (TG-6 reconstruction). Specifically, the figure displays multiple topo-bathymetrical profiles, generated from a common cross-section (indicated in Figure 1) that traverses the center of the AoI2, including the presence of three targets and the natural condition of the sea-floor. As expected, each profile has a different level of smoothness caused by the different point density of the source point cloud. However, the general trends of the four profiles are comparable, moving upward from left to right. Considering the P4RTK (target approach) and MM2 profiles, the overestimation of the bathymetrical values tends to increase with higher depth. On the contrary, the 2D representation clearly shows that even for higher depth the P4RTK targetless approach tends to be closer to the ground-truth.
[image: Figure 5]FIGURE 5 | Cross sections–Differences between four topo-bathymetrical profiles (one for each photogrammetric reconstruction generated for AoI2). Note: scale bar unit is set to meters.
For a further investigation of the above-described behavior, area-based comparisons were generated using the M3C2 computation algorithm available in CloudCompare. For the UAS-RTK targetless approach the average M3C2 distance between the drone point cloud and the equivalent points in the TG6 cloud, averages to −0.060 m with a standard deviation of 0.101 m.
When adopting the standard photogrammetric surveying approach (adoption of well distributed GCPs), the UAS-based reconstructions returned lower accuracies in terms of differences to the ground-truth. Specifically, the differences between the P4RTK and the TG6 point cloud are in the order of 0.250 m (st.dev. = 0.082 m). Considering the MM2 3D model, the difference with the ground-truth averages at 0.179 m and has a standard deviation of 0.079 m.
For an initial interpretation of the measures of positioning accuracy, analysing the results in Figure 6 the vertical error of the three UAS-based approaches ranges between 0.001 and 0.453 m. As shown in Figure 6 the target-less approach achieves the highest errors when compared to the other approaches. Also, for the two targets-based approaches errors appear to increase with higher depths (from targets 9–12). This behavior is not observed for the targetless approach where the lower errors are estimated for the deeper targets.
[image: Figure 6]FIGURE 6 | Photogrammetric UAS-based vertical error estimated for each underwater target surveyed with the GNSS station.
A further point-based analysis (Figure 7) focuses on the distribution of the UAS-based SfM bathymetrical errors in relation to the GCPs depths. The regression straight lines for each set of data are reported in Figure 7. In terms of vertical measurements less accurate results are estimated for the P4RTK targetless approach that achieves an average error of 0.29 m which differs by approximately 0.12 m compared to the GCPs-based approaches. Interestingly, when using targets, the vertical accuracy of both P4RTK and MM2 achieves a similar average error (approximately 0.17 m).
[image: Figure 7]FIGURE 7 | Relation between the vertical errors computed from UAS-based approaches at each target and relative water depth.
A summary of the results derived from areal-based and point-based comparisons is presented in Table 7.
TABLE 7 | Summary of the results obtained from the different comparisons. The values signed with * and ** refer to the target-less and target-based approach respectively.
[image: Table 7]5 DISCUSSION
In accordance with similar studies (Woodget et al., 2015; Casella et al., 2017; Dietrich, 2017; Mulsow et al., 2018; Agrafiotis et al., 2019), our results show that the adoption of SfM photogrammetry coupled with a UAS-based approach can be an effective and robust solution for topo-bathymetrical investigation of underwater environments. Such approach represents a valid alternative to classical surveying techniques at different scales, from small (scuba or snorkeling surveys) to larger (airborne or satellite-based) sites (Hedley et al., 2016). The quality of the UAV-based photogrammetric outputs is influenced by the optimal flight conditions and the visibility of the underwater surfaces that depend on multiple factors including the depth of the investigated site, the clarity of water and the wave conditions on the day and time of data acquisition. Also, the complexity of the seafloor topography and the presence of vegetation must be considered as potential factors which may reduce the quality of the final output.
The UAS-based surveys managed to achieve an overall uniformity in the scene reconstruction when compared to the Olympus-based counterpart. The adoption of the snorkel-based approach and partially of the MM2 photographic acquisition demonstrated limitations to fully reconstruct the study area. This is a common issue when having areas with texture of low quality and the presence of non-static objects (e.g., water suspension and seagrass). However, the P4RTK approach showed to reduce such issues probably due to the acquisition of a higher number of images and the higher camera sensor performances. Similar UAV-based reconstructions of underwater environments were achieved when working in similar contexts and conditions (Casella et al., 2017; Agrafiotis et al., 2020). For future research activities, the photogrammetric reconstruction limitation due to the use of an underwater camera and the presence of dynamic objects (e.g., moving aquatic plants) in the scene can be reduced by acquiring images with a stereo-camera system (Guo et al., 2016; Capra et al., 2017). The adoption of LiDAR or multibeam systems (Kinzel et al., 2013; Madricardo et al., 2017) can further improve the reconstruction output but with significant increase in costs for data acquisition.
The small-scale dataset obtained in this study for AoI2 was influenced by the snorkeler-based survey. When compared to the UAS survey, the operator in the water had to swim slowly to capture sharp pictures following a certain acquisition geometry. The short acquisition distance between camera and object also influences the data collection procedure. This requires an expert operator and is often a time-consuming operation. For our study, the total time spent by the snorkeler for the underwater acquisition of AoI2 was about 30 min longer when compared to the UAS based approach.
Considering the UAS target-based results, in terms of topo-bathymetrical profiles (shown in Figure 5), an over prediction of the bathymetrical values is observed. This is a trend in agreement with similar studies using digital photogrammetry for through-water applications (Woodget et al., 2015). Such behavior appears to be disproved by the use of a P4RTK targetless approach that generated an under estimation of the underwater elevation when compared to the ground-truth. The differences observed along the topo-bathymetrical profiles are confirmed by the M3C2 comparisons. Interestingly, considering the M3C2 results obtained comparing the ground-truth to the two UAV-target-based surveys, the MM2 survey method achieved a higher accuracy. This behavior can be explained by the ability of the operator in the photogrammetric processing, in fact the center of the targets were more easily recognized during the georeferencing process (this was facilitated by the MM2 colour settings). Also, the improvement in radiometric resolution can improve the success of optical bathymetric mapping (Legleiter, 2013).
When dealing with bathymetrical errors, recent literature has shown significant improvements achievable with the application of a refraction correction procedure (Agrafiotis et al., 2020; He et al., 2021). In our study we found that the adoption of P4RTK targetless approach the effects of refraction can be considered negligible. Further research specifically testing the above result is required to explain it. These findings can probably be related to the adoption of different gravimetric models. In fact, when working with the GNSS station and the P4RTK drone, the models ITALGEO05 and EGM2008 were used respectively. The differences influenced by a different geoid ‘undulation’ produce different orthometric heights. Our findings are in line with the mean biases estimated by Tavasci et al. (2022). Such findings explain the differences observed when analyzing the point-wise vertical values shown in Figure 6. Thus, the observed differences are influenced by multiple factors including the photogrammetric processing, the refraction effects and the use of different geoid models.
The previous observation supports the explanation of the trend observed Figure 7 also. The dependency of the bathymetrical error to the increasing depths is well proven in this study when observing the results obtained with the UAS-target-based approach. However, the P4RTK targetless approach suggests that lower vertical errors are achieved for deeper surfaces. This suggests that along the investigated submerged area the geoid model of the orthometric datasets is closer to the ground-truth dataset.
However as suggested by (Štroner et al., 2020), when working with a RTK-UAS, the use of a small number of GCPs reduces the georeferencing vertical errors. Through this approach, our results even without water refraction correction is conform to the vertical accuracy standard (±25 cm), introduced by the International Hydrographic Organization (IHO) (Guenther et al., 2000) for shallow water hydrography (including tide areas). In addition, the generation of UAS-based DEMs enables to obtain a quick idea of the overall topo-bathymetrical condition of the site and can also allow for a rapid calculation of volumes of underwater objects of interest (e.g., aquatic plants, archaeological remains, corals, etc.).
6 CONCLUSION
We tested the use of a UAS-based SfM-photogrammetry approach, coupled with high accuracy measurements (RTK technology applied to aerial imagery) for quick bathymetry mapping in shallow water. This paper demonstrated that UAS-based through-water photogrammetry is capable of quick and reasonably accurate measurements of a submerged site when working with ideal conditions (e.g., clear water and limited water depth and surface roughness). The initial results of the current work highlighted that the surveying capabilities presented in this work obtained using UAS-based photogrammetric techniques are valid alternatives to costly and logistically challenging approaches used to study underwater sites.
We conveyed that for similar study contexts, the P4RTK has potential for digitizing and monitoring purposes. In fact, with multi-temporal drone-derived acquisitions, even when using quick and low-cost solutions (e.g., Mavic Mini 2), the SfM technique can offer a cost-effective alternative to monitor temporal changes in topographic complexity of underwater environments.
Also, our findings show that the MM2 can be considered as a practical (no need for a pilot’s license) and cost-effective solution when requiring quick and reasonable surveying results. However, the use of GCPs with well-known positions is required.
The findings presented in this paper encourage conducting analysis on different aspects of submerged geomorphological and archaeological features, or to investigate the status of reef ecology using consumer-grade UAS-based survey equipment. Furthermore, future research efforts must be addressed to estimate the influence of underwater key aspects (such as water depths and clarity, complexity of the seafloor topography, presence of non-static aquatic plants) on the final photogrammetric outputs.
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