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Abstract

:

The monitoring of beach topographical changes and recovery processes under typhoon storm influence has primarily relied on traditional techniques that lack high spatial resolution. Therefore, we used an unmanned aerial vehicle light detection and ranging (UAV LiDAR) system to obtain the four time periods of topographic data from Tantou Beach, a sandy beach in Xiangshan County, Zhejiang Province, China, to explore beach topography and geomorphology in response to typhoon events. The UAV LiDAR data in four survey periods showed an overall vertical accuracy of approximately 5 cm. Based on the evaluated four time periods of the UAV LiDAR data, we created four corresponding DEMs for the beach. We calculated the DEM of difference (Dod), which showed that the erosion and siltation on Tantou Beach over different temporal scales had a significant alongshore zonal feature with a broad change range. The tidal level significantly impacted beach erosion and siltation changes. However, the storm surge did not affect the beach area above the spring high-tide level. After storms, siltation occurred above the spring high-tide zone. This study reveals the advantage of UAV LiDAR in monitoring beach changes and provides novel insights into the impacts of typhoon storms on coastal topographic and geomorphological change and recovery processes.
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1. Introduction


Sandy beaches are a vital constituent of global beaches, with highly varied temporal and spatial dynamics [1], providing high social, economic, and ecological values [2,3,4] and playing a vital role in protecting the hinterland from wave impacts during storms [5,6]. Global climate changes, rising sea levels, and human activity have exacerbated sandy beach erosion [7]. Vousdoukas et al. predicted that approximately half of the global sandy beaches may potentially disappear by 2100 [8]. Storm events caused by typhoons are essential drivers of beach erosion and cause rapid changes in beach morphology through strong winds, waves, and storm surges [9,10,11]. Therefore, monitoring and assessing the erosion status of sandy beaches and their responses to storms is essential [5,12,13]. Obtaining reliable data can facilitate science-based decision-making for the protection, use, and sustainable development of sandy beaches.



The monitoring of beach changes has relied on elevation measurement techniques. Previous studies have predominantly used, among others, theodolites, levelling instruments, total stations, and RTK-GPS to monitor topography changes before and after typhoons [14,15,16]. However, these traditional methods use single-point measurements [17,18] and require measurement personnel to manually measure elevation data using handheld devices, backpack-mounted devices, or tripods [19]. The process is limited by tidal fluctuations, restricting fieldwork time and equipment availability [20]. These traditional methods are characterized by low efficiency, and either low cost with low accuracy or high accuracy with high cost. When using traditional methods to analyse beach topography changes, multiple discrete points along the same transect are often connected to form profiles to better understand the changes from a one-dimensional perspective [21,22]. However, it is difficult to determine the profile topography changes in unmeasured areas.



Alternatively, all discrete points can be interpolated to generate a digital elevation model (DEM) for two-dimensional analysis. In this context, unmeasured areas lack elevation data, while the elevation interpolation results may have inaccuracies. In the late 1970s, LiDAR was first used to determine the height of target points on the ground, but it was limited by low-efficiency airborne GPS and low-precision inertial measurement units (IMU) for application [23]. In the 1980s and 1990s, LiDAR technology was improved and popularised [24,25,26,27], enabling the rapid collection of three-dimensional terrain data with high spatial density and facilitating the analysis of spatial differences [28]. With the miniaturisation of airborne LiDAR and the development of unmanned aerial vehicle (UAV) technology [29], UAV LiDAR technology has been applied to coastal terrain and geomorphology observations with high data resolution, high operational efficiency, and low cost [17]. Le Mauff et al. found the ability of UAV LiDAR in detecting the shoreline mobility and geomorphic change by monitoring three beach and dune systems located in the northeastern part of the Bay of Biscay in France over 5 years [30]. Using UAV LiDAR and two image-based systems to evaluate the changing topography of beaches, the results from Shaw et al. showed a lower height offset of the LiDAR system in comparison to the two image-based systems; however, all the systems were able to quantify the change to the beaches in area and volume [31]. Processed LiDAR data can also be used to generate high-quality digital elevation models (DEMs) [32], providing high-resolution terrain datasets suitable for analysing beach morphology changes [33,34]. White and Wang used high-resolution DEM data derived from UAV LIDAR data to analyse the morphologic changes that occurred to the oceanfront beaches on barrier islands and demonstrated that UAV LIDAR was useful in examining the response of barrier islands to the level of tropical activity [35]. Further, elevation change maps covering the entire study area can be obtained using raster cell math [36], which can effectively capture subtle and low-gradient elevation differences [37]. In addition, the structure from motion-multi-view stereo, a new photogrammetric technique based on UAV-derived imagery, can be used to reconstruct beach topography [38,39] and monitor coastal change [31]. Grohmann et al. obtained reliable results for 3D modelling and continuous monitoring of coastal dunes using the structure from motion-multi-view stereo [40].



Embayed beaches are the most common type of sandy beach in China, most of which are eroding [41,42,43]. In this study, the study area was located on the coast of Zhejiang Province in central China, adjacent to the East China Sea, where typhoon storm events are frequent in summer and winter. Although some scholars have previously investigated the topographic changes of typical embayed beaches in this region [44,45,46], most have used traditional methods for measurements, which lack high spatial resolution for beach topography observations and analysis. Therefore, this study focused on a typical sandy beach in Xiangshan County, Zhejiang Province, China, and used a UAV LiDAR system to monitor its topographic and geomorphological changes. Using elevation data measured with traditional RTK-GPS equipment as the reference, we evaluated the accuracy of the UAV LiDAR data. Based on the evaluated multiperiod UAV LiDAR data, our study created multiperiod DEMs of the beach and calculated the DEM of difference (Dod). Combining the Dod and tidal level and wind data, we revealed the spatial difference and its possible reasons for the beach topography and geomorphology in response to the typhoon events, providing novel insights into the impacts of typhoon storms on coast topographic and geomorphological change and recovery processes.




2. Study Area and Storm Events


2.1. Study Area


The east coast of Xiangshan County, Zhejiang Province, China, is in the subtropical monsoon climate zone, and has concentrated embayed sandy beaches. Northerly winds prevail in winter, while southerly winds prevail in the summer. The mean annual wind speed is 5.6 m/s. The mean annual wave height is 0.4 m, with the main wave direction coming from the east. The area has a tidal regime of regular semidiurnal tides, with a mean tidal range of approximately 3.08 m [47]. Tantou Beach is a typical embayed sandy beach facing the east located in a semi-closed bay to the east of Tantoushan Island (Figure 1). The beach is bounded by two headlands to the south and north. The beach length and width are approximately 1500 m and 200 m, respectively.



In the middle of the beach, a tie bar with an aeolian dune has developed behind the backshore. A wide, muddy flat is also located west of the tie bar. For 10 years, the coast of the tie bar has been continuously eroding and retreating. Both sides of the tie bar comprise seawalls constructed in 2019 by the local government to prevent shoreline retreat (Figure 2). This has artificially separated the aeolian dune area of the tie bar from the beach. Tantoushan Island has been developed into a scenic tourist area, and Tantou Beach is one of the main recreational and leisure destinations for summer visitors.




2.2. Storm Events


According to long-term data, typhoons influence the East China Sea annually from July to September [48]. In 2022, the typhoons Aere, Songda, Trases, Hinnamnor, and Muifa passed through the East China Sea (Figure 3a). Their characteristics were collected from the typhoon website of the National Meteorological Center of China (http://typhoon.nmc.cn/, accessed on 1 February 2023. Table 1). In this study, typhoons Hinnamnor and Muifa significantly impacted the study area (Figure 3b). Typhoon Hinnamnor formed on 28 August 2022, entered the East China Sea on 4 September 2022 after becoming a super typhoon, and turned northeast when it was in the adjacent area of the coastal waters of Zhejiang Province on 5 September 2022. The closest distance between the centre of Hinnamnor and the study area was 276 km, with a central pressure of 930 hPa and a maximum wind speed of 55 m/s. During Hinnamnor, the maximum measured wave height at the Zhujiajian and Dachen wave buoy stations were 1.4 and 1.3 m, respectively. Conversely, typhoon Muifa formed on 8 September 2022, entered the East China Sea on 13 September 2022 after becoming a severe typhoon, and made landfall at Zhoushan Islands on 14 September 2022. The closest distance between the centre of Muifa and the study area was 55 km, with a central pressure of 945 hPa and a maximum wind speed of 48 m/s. During Muifa, the maximum measured wave height at the Zhujiajian wave buoy station was 4.7 m, and 3.2 m at the Dachen wave buoy station.





3. Materials and Methods


3.1. Data Collection


The Shipu Marine Station is a long-term observation station near the study area. The observed data included the meteorological and marine hydrological parameters. In this study, we collected the wind speed, wind direction, and tidal level (including astronomical tide level and measured tide level data) during normal periods and typhoon seasons, which were simultaneously observed in a year by the Shipu Marine Station for statistical analysis (Figure 1a). The surge levels were calculated using the measured tide level minus the astronomical tide level. The tidal data from the Shipu Marine Station showed that the mean sea level (MSL), mean high-tide level (MHTL), mean low-tide level (MLTL), mean spring high-tide level (MSHTL), and mean spring low-tide level (MSLTL) in the study area were 0.23 m, 0.79 m, −1.37 m, 2.69 m, and −2.33 m, respectively. All the tidal levels are based on the National Elevation Datum 1985, China.




3.2. UAV LiDAR and Field Survey


In this study, the beach topographic data collection and processing methods are illustrated in Figure 4. Four field measurements using UAV LiDAR during the spring low-tide level on 14 July 2022 (pre-storm), 27 September 2022 (post-storm), 23 February 2023, and 3 July 2023 (recovery period) were conducted to obtain the beach topographic data. In the LiDAR survey, the UAV DJI M300 (Dajiang Innovation Matrice 300, Dajiang Innovation Technology Co., Ltd., Shenzhen, China), equipped with a GPS-RTK receiver for the position, was used as a platform for mounting the LiDAR scanner DJI Zenmuse L1 (Dajiang Innovation Zenmuse L1, Dajiang Innovation Technology Co., Ltd., Shenzhen, China). The LiDAR scanner combines an RGB sensor and the IMU system in a stabilised 3-axis gimbal, which provides true colour photograph images and LiDAR data of the study area topography (Table 2). It has been demonstrated that the accuracy of this UAV LiDAR scanner system is greater than the manufacturer-declared values [49].



Comparing the GPS-RTK system and the total station device in beach-profile measure, Lee et al. (2013) found the GPS-RTK system has a vertical accuracy of approximately 2 cm, which is a little better than the total station device (approximately 3–6 cm) [50]. Previous studies have shown that the high position accuracy (approximately within 1 cm) of RTK connecting to CORS (continuously operating reference stations, providing real-time position using the multiple station network RTK technique by satellite) in measurement [51,52,53]. The RTK-GPS measurement was a good method to examine the error of other survey methods [28]. Thus, it is feasible to take the RTK data as reference values to estimate the accuracy of the beach elevation. To evaluate the accuracy of the LiDAR data, we set observation profiles and feature control points on the beach face and the seawall area, respectively, and used the RTK-GPS device iRTK10 (iRTK10, HI TARGET, Guangzhou, China) to obtain the geographic location of the observation points and the elevation of topographic reference points from the beach and seawall area synchronously. The UAV GPS-RTK position system and the RTK field survey device are connected to CORS with a horizontal deviation of 8 mm and a vertical deviation of 15 mm, respectively. Due to the difference in the beach area exposure over the sea level in each period, the observation profiles were not all of the same length. Overall, the lengths of all the profiles were approximately from 100 m to 250 m. The RTK points were also obtained for the four time periods. During each field measurement, UAV and RTK were simultaneously conducted. Figure 5 shows the distribution of all the RTK points from our four surveys. The number of RTK points and profiles acquired during each survey is summarised in Table 3. Overall, there are a large number of RTK points covering the entire study area from south to north and at different elevations.




3.3. Data Processing and Accuracy Evaluation


The raw LiDAR dataset points obtained from the UAV LiDAR system were high-density three-dimensional points, also known as point clouds, that store spatial geoinformation of target surface features. The raw point cloud collected by the LiDAR scanner DJI Zenmuse L1 was pre-processed to the general LAS format [54] using the manufacturer-supplied software DJI Terra (Figure 4). The LAS format stores information, including the planar coordinates (X, Y), vertical coordinate (Z), and the LiDAR reflection intensity. We then separated the ground points from other category points by denoising and filtering (cloth simulation filter algorithm, CSF) [55] in the Cloud Compare 3D point cloud and mesh-processing software (version 2.13). Many studies using the CSF method to separate ground points showed that the CSF method was fitting for most topography conditions [56,57,58,59]. The CSF extracts ground points from discrete return LiDAR point clouds and produces results with accuracies comparable to most state-of-the-art filtering algorithms [54,60]. The average point density after the filter of the LiDAR data sets in four measure periods is 135 pt/m2, 161 pt/m2, 185 pt/m2, and 201 pt/m2, respectively. We then selected the point clouds for stable concrete seawalls in the study area from the four survey periods and extracted them manually. After that, we searched for the nearest LiDAR point from each survey period and matched it to each RTK survey point. These LiDAR data in the four survey periods referred to the same RTK survey data from the stable concrete seawall area obtained on 14 July 2022 (Figure 5a). We then calculated the elevation differences (the difference in Z values) between each RTK survey point and its nearest LiDAR point and analysed the consistency of the LiDAR data among the four survey periods.



The point clouds that passed the evaluation were used to create four DEMs of the beach area using ESRI ArcGIS software (version 10.8) with the LAS Dataset to Raster tool [61] with a spatial resolution of 0.5 × 0.5 m. Inverse distance weighted (IDW) is an appropriate interpolation method to generate beach DEM [62], and it was used to create DEMs in this study. To evaluate the accuracy of the DEMs, we selected RTK survey points in the beach area as a reference from their corresponding period (Figure 5b). For each RTK reference point, we then extracted the corresponding points from the DEMs in each period to compare their elevation differences. The coordinate system was WGS84. The elevation datum was also converted into the National Elevation Datum 1985, China.



Additionally, we extracted two validation profiles (Figure 5, profile L1 and profile L2), evaluated the elevation changes accuracy, and conducted a meta-analysis of uncertainty in elevation distribution. The elevation change period of the points and profiles evaluated was from 14 July to 27 September 2022. The beach elevation change reference values for each profile were obtained by subtracting the previous RTK data on 14 July 2022 from the later RTK data. Similarly, the beach elevation changes in the same profiles detected via LiDAR between 14 July and 27 September 2022 were also obtained. To assess the accuracy of the beach elevation changes, the beach elevation change errors were calculated by subtracting the elevation changes of the RTK data from those of the LiDAR data. The RTK-GPS connecting to CORS in measurement has high position accuracy [51,52,53] and vertical accuracy [50]. Thus, the two validation profiles are enough to estimate the accuracy of the beach elevation changes.




3.4. Beach Topographical and Geomorphological Change Analysis


Based on the created DEMs and aerial photograph images of the beach area in four survey data, we analysed the beach topographical and geomorphological features in different periods. We used ESRI ArcGIS software (version 10.8) with the Raster Calculator tool to obtain the Dod, which was calculated using a later DEM minus the previous DEM. This represented the vertical distance between the two DEMs to provide insights into the planar erosion and siltation changes in the beach topography during different periods. The positive values represent siltation, while the negative values represent erosion. For exploring more detailed areas of erosion and siltation change, we used an interval of 0.2 m in elevation to divide erosion and siltation change zones and then calculated their area. We also selected six typical cross-shore profiles and plotted their elevation change curves from shore to sea to analyse the elevation change features. Taking the first DEM as a reference, we used an elevation interval of 0.5 m to divide each DEM into several topographic zones from shore to sea. Combining the Dod with the DEMs, we calculated the volume of each topographical zone to provide three-dimensional insights for analysing the response and recovery of beach topography to typhoon storms.





4. Accuracy Evaluation


4.1. Accuracy Evaluation of the UAV LiDAR Data and DEMs Products


It can be seen from Figure 6 that most elevation differences between the point cloud and the RTK field survey data in the seawall of the study area during the four periods are close to 0, and the RMSEs are 0.03 m, 0.05 m, 0.04 m, and 0.03 m, respectively. This has demonstrated that all the LiDAR datasets of the study area in four survey periods were compatible within 0.05 m. Therefore, all the LiDAR datasets in the study area during the four survey periods were consistent.



According to Figure 7, there is a strong linear correlation and a high level of consistency (R > 0.8, R2 was close to 1, p < 0.01) between the DEMs generated by point cloud and the RTK field survey data in the beach face of the study area during the four periods. The RMSEs ≤ 0.05 m (the RMSEs in four survey periods are respectively 0.04 m, 0.04 m, 0.05 m, and 0.04 m) suggested that the overall accuracy of the DEMs was within 0.05 m. These results indicate that the UAV LiDAR data and the generated DEMs in this study have a high level of credibility and accuracy that is at the same level as the RTK field survey data. The UAV LiDAR system was wide-ranging, continuous, and convenient, which can effectively replace the RTK device for studying beach topographic changes.



As shown in Figure 8, we analysed the spatial distribution of the beach elevation errors by the relationship between the beach elevation errors (axis Y) and the beach elevation (axis X, elevation values acquired by RTK). It was obvious that the beach elevation errors did not show a regular change with the increase or decrease of the beach elevation. Therefore, the spatial distribution of the beach elevation errors in different elevation regions is random. That is, the uncertainty of the beach elevation errors for high/low elevation areas is random.




4.2. Accuracy Evaluation of the Elevation Changes


For profile L1, the elevation changes of RTK between the two measurements were consistent with those of LiDAR, with an R2 value of 0.981 (Figure 9a). Between the same two measurements, the elevation changes of the RTK data and LiDAR data on the profile L2 were also consistent, with an R2 value of 0.955 (Figure 9b). The elevation change errors of profile L1 ranged from −0.09 to 0.07 m (mean value: −0.004 m), while those of profile L2 ranged from −0.09 to 0.07 m (mean value: 0.008 m) (Table 4). These results show that no large systematic offset existed between the elevation changes of RTK and LiDAR. The average RMSE of the elevation changes in L1 and L2 was 0.035 m, demonstrating that the accuracy of the elevation changes by LiDAR is reliable. To explore the spatial nature of the beach elevation change errors, we analysed the relationship between the beach elevation (axis X, elevation values acquired by RTK) and the beach elevation change errors (axis Y) (Figure 10). The beach elevation change errors did not exhibit regular trends with increased or decreased beach elevation. Therefore, the beach elevation change errors were not impacted by the beach elevation, showing that the uncertainty for high/low elevation areas is random.





5. Results


5.1. Beach Topographical and Geomorphological Features


Combined with fieldwork, we analysed the topography and geomorphology of Tantou Beach using UAV photograph images and DEM products from four survey periods (Figure 11). The beach had a gentle terrain with inconspicuously developed berms. The elevation of the beach face over the sea level was between −2.5 and 4.5 m. On the southern and northern ends of the beach, gravel beach ridges developed on the upper backshore. The centre of the beach is a tie bar with seawall construction on its eastern and western sides. The eastern seawall was next to the beach, with the cobble revetment at its toe (Figure 2b). In July 2023, the cobble zone was covered by sand with little vegetation (Figure 2c).



Given the tide level changes, the exposed area above the sea level of the beach in each measurement differed (Figure 11). As listed in Table 5, the exposed areas of the beach in four periods were 296.37 × 103, 275.02 × 103, 268.22 × 103, and 285.32 × 103 m2. According to the relationship between the elevation and the cumulative area from the four survey periods (Figure 12), the topographical changes of the beach had a significant alongshore zonal feature. The beach above the MSHTL had a steep slope and showed little change before and after the storms. Below the MSHTL, the beach slope was relatively gentle and changed significantly before and after storms. After storms, the slope of the beach area from the MSL to the MSHTL showed a steep back and gentle fore due to erosion. Meanwhile, the beach slope area below the MSL showed the opposite trend. However, both gradually recovered to the pre-storm morphology after autumn and winter.




5.2. Beach Morphodynamic Changes


5.2.1. Planar Changes


Spatially, the erosion and siltation changes of the beach occurred across different periods, showing a significant alongshore zonal feature (Figure 13).



During storms, the upper backshore showed slight siltation of less than 0.2 m, while the lower backshore and the upper foreshore were strongly eroded with a maximum of 0.8 m. The upper foreshore had strong siltation with a maximum of more than 0.8 m (Figure 13a). Meanwhile, the southern side of the prominent nose headland on the northern beach was eroded more than 0.5 m. Heading into the autumn and winter after storms, the beach rapidly adjusted and indicated contrasting features. (Figure 13b). The topography had slight erosion and siltation during the following spring and summer and gradually became stable (Figure 13c). Regarding the annual scale, the beach had a cross-shore erosion and siltation adjustment that balanced near the MSL. A significant alongshore adjustment was observed, showing erosion in the north and siltation in the south (Figure 13d).



Considering the four change periods, the beach erosion and siltation changed in a wide range. Most areas changed within less than 0.5 m; however, there was more than a 0.5 m change near the headland and the nose headland on the northern beach.



According to the statistics for the erosion and siltation ranges in each change period (Table 6), the change ranges for each period differed. However, they were less than 0.4 m in most areas over the last year (Figure 14). From 14 July 2022 to 27 September 2022, the range of the beach was relatively wide, and the area of the range of more than 0.4 m was up to 36.60 × 103 m2. Similar to the change ranges during the storms, the area with more than a 0.4 m range was 32.51 × 103 m2 from 27 September 2022 to 23 February 2023. From 23 February 2023 to 3 July 2023, the beach experienced slight erosion and slight siltation, and most areas changed less than 0.4 m.




5.2.2. Profile Changes


The elevation change curves showed that the initial morphology and slope of the six profiles were related to the distance from them to the northern or southern headland (Figure 15; 6 profiles are shown in Figure 13a). TB1 had a similar initial slope to TB6, TB2 had similarities with TB5, and TB3 had similarities with TB4. In particular, TB1 and TB6 were located in the northern and southern bays of the beach, respectively, where the beach face was narrow, and the slope was steep. Gravel beach ridges developed on their upper backshore. The locations of TB2 and TB5 were near prominent nose headlands, where the MSHTL could reach the bedrock directly. Their beach face was narrow, and the slope was steep. The upper backshore of the central profiles (TB3 and TB4) was connected to the cobble revetment and seawall. There were relatively wider beach faces and gentler slopes. Overall, each profile took the MSL as an erosion and siltation balance boundary, showing that the upper was erosion and the lower was siltation, or the upper was siltation and the lower was erosion.



Based on the topographical changes of the beach over the last year, we found that the erosion and siltation ranges of the profiles were strongly related to their locations and elevations. The northern and southern profiles showed wider erosion and siltation change ranges, while the central profiles showed relatively little change. The gravel beach ridges in the upper backshore of profiles TB1 and TB6 were nearly unchanged. During storms, the lower backshore to foreshore had erosion on the upper beach and siltation on the lower beach, with a change range maximum of 0.8 m. After the storm, the lower backshore to foreshore experienced siltation on the upper beach and erosion on the lower beach. One year later, it recovered to its initial profile morphology, with a profile of nearly entirely siltation. For TB2 and TB5, the bedrock was above MSHTL. From the influence of rocky headlands, the beach faces of TB2 and TB5 had strong hydrodynamic forces. During storms, erosion occurred on the upper beach, while siltation occurred on the lower beach, with a maximum change range of more than 0.8 m. However, the post-storm adjustments differed between TB2 and TB5. TB2 recovered to its initial profile morphology after autumn and winter, but experienced erosion throughout the entire profile in the spring and summer. Meanwhile, TB5 experienced siltation along the entire profile in autumn and winter. In spring and summer, siltation occurred on the upper beach, while erosion occurred on the lower beach. One year later, it recovered to its initial profile morphology, approximately.



The beach face was wider at TB3 and TB4. Above MSHTL, the upper backshore developed, and siltation mainly occurred, while below, the beach experienced erosion alternated with siltation, and their change ranges were no more than 0.5 m.




5.2.3. Volume Changes


The erosion and siltation changes in different parts of the profiles were strongly related to their initial elevation (Figure 16).



During storms, the upper backshore mainly had a small siltation (approximately 0.8 × 103 m3; Figure 16a). The lower backshore and foreshore had MSL as a balance boundary, while the above mainly eroded (a maximum of approximately 8.7 × 103 m3 occurred near the location that the MHTL reached). The area below mainly had siltation (a maximum of approximately 9.9 × 103 m3 occurred near the location that the MLTL reached). In the post-storm autumn and winter, the beach profile rapidly adjusted to the opposite direction. The MSL was a balance boundary, and the above mainly had siltation (a maximum of approximately 8.7 × 103 m3 occurred near the location that the MHTL reached). In comparison, the below mainly had erosion (a maximum of approximately −8.2 × 103 m3 occurred near the location where the MLTL reached) (Figure 16b). The erosion and siltation ranges changed significantly during the following spring and summer, while the volume ranged between −2.4 × 103 m3 and 3.4 × 103 m3. Siltation mainly occurred on the backshore, and erosion predominantly occurred on the foreshore (Figure 16c). Analysing the erosion and siltation volume throughout the year, we found that the upper backshore had erosion and siltation (mainly a small amount of net siltation of approximately 1.6 × 103 m3). From the lower backshore to the foreshore, erosion alternated with siltation. Until near the MSLTL, the net erosion and siltation volume approached 0, indicating that the beach had almost recovered its initial morphology (Figure 16d).






6. Discussion


6.1. Advancement of UAV LiDAR to Beach Survey


Dynamic beach-change monitoring needs high-resolution and repeatable topographical measurements. RTK-GPS, optical satellite image, terrestrial laser scanner, aerial photogrammetry, the structure from motion-multi-view stereo, and UAV LiDAR are the general methods for beach-change monitoring [63,64]. The traditional RTK has heavy workloads, which can only acquire partial topographic data but not the whole beach, requiring a major amount of time and surveyors to implement measurements [65]. Optical satellite images and terrestrial laser scanners are limited by clouds [66,67] and field of view (FOV) [68,69], respectively. The repeatability of measurement results by aerial photogrammetry depends on the budget [70]. The structure from motion-multi-view stereo can save time and the number of surveyors to measure but is more sensitive to environmental factors (e.g., surface characteristics and lighting conditions) [71]. Further, optical satellite images, terrestrial laser scanners, and aerial photogrammetry are all costly to apply. Compared with other techniques, UAV LiDAR has a clear advantage in terms of no limitation from clouds, FOV, and lighting conditions. It can acquire high-resolution data, large and uniform ground coverage, and higher point density [72,73]. The UAV LiDAR also does not need to touch beach area directly and can save time, reduce workloads, and improve the efficiency and safety factor of surveyors [74]. In addition, the development of consumer drones [75] makes the cost of UAV LiDAR applied to monitor beach changes lower.




6.2. Impacts of Typhoon Storms on the Beach


Previous studies have shown that typhoon wave conditions dominate beach responses [76,77,78]. Therefore, this study examined the impacts of other potential factors on beach morphological changes after storms. The different dynamics and landform features in different beach sections [79,80] resulted in varying morphology and changed processes influencing the beach profiles following storms [14,34]. Liu et al. found an alongshore zonal erosion and siltation feature of Dongsha Beach during storms [81]. Profiles in different sections of the beach all exhibited inshore sediment transport, and sediments accumulated on the lower beach, making the slope gentler. The northern and southern profiles had strong siltation near the headlands while experiencing erosion. Peng et al. found that the headlands had a specific blocking effect when typhoons passed the beach in parallel [82]. Tong et al. found that profiles sheltered by the headlands had less erosion [44]. Pardo-Pascual et al. observed that the area sheltered by the beach headland developed accumulation landforms more easily [83]. These results are consistent with the siltation near the northern and southern headlands of Tantou Beach (Figure 13a).



Tides are an essential factor for the impacts of typhoon storms on beach topography. During storms, different tides could affect the coast impacts of storms [84]. The various combinations of typhoon storms with high and low-tide levels or spring and neap tides may have different effects on beach morphological changes [46]. When storms cause erosion on Atlantic beaches, sediment moves offshore, decreasing the beach slope and accumulating to bars (Figure 17a). The bars cause waves to break offshore, which provides buffering for beaches and weakened erosion. However, seawalls are common in the backshore of most beaches in Zhejiang Province, resulting in different responses to storms.



Guo [85] and Shi et al. [46] found that the post-storm Dongsha Beach in Zhejiang Province took MSL as an erosion and siltation balance boundary, with erosion occurring on the upper beach and siltation on the lower beach (Figure 17b). Meanwhile, there was little change above the MSHTL. Liu et al. found that under storm conditions, Dongsha Beach had erosion on the upper beach and siltation on the lower beach, with incredibly substantial erosion along the seawall [34]. The post-storm Huangcheng Beach showed erosion on the upper beach and siltation on the lower beach [44]. In this study, the post-storm Tantou Beach had erosion on the upper and lower beaches. Meanwhile, there was also siltation above the high-tide zone (Figure 17c).



During typhoons Hinnamnor and Muifa, the storm surge at Tantou Beach was shown using the difference between the measured astronomical tide level at the Shipu Marine Station (Figure 18). The storm surge was divided into two periods. The first began from approximately 4 to 7 September 2022, with a maximum surge value of 0.64 m. It occurred on 5 September 2022, when the study area was affected by the force-7 wind circle of Hinnamnor, which was classified as a super typhoon. During this period, the main wind direction in the study area was NE, with a mean wind speed of 6.5 m/s. It later changed to N, with a mean wind speed of 8.2 m/s. The second period started from 13 to 15 September 2022, with a maximum surge value of 0.68 m. It occurred on 14 September 2022, when the study area was affected by the force-10 wind circle of Typhoon Muifa, classified as a severe typhoon. During this period, the main wind direction in the study area was NE, with a mean wind speed of 7.4 m/s. It later changed to N, with a mean wind speed of 11.8 m/s.



Although the Shipu Marine Station is the nearest to the study area, a substantial distance remains between this station and Tantou Beach (Figure 1a). Therefore, the water level in the study area would be higher than the measured level at Shipu Marine Station when considering only the storm conditions. This indicates that the MSHTL of Tantou Beach was over 2.69 m during storms. Typhoons Hinnamnor and Muifa affected the study area during the moderate tide period (Table 1). Therefore, the storm surge did not reach the area above the MSHTL. The mouth direction of the bay where Tantou Beach is located was nearly perpendicular to the pathways of Hinnamnor and Muifa. Meanwhile, Tantou Beach was located on the left side of the pathways, and the offshore waves had relatively little impact on the beach [86].



Therefore, the surge carried some sediment from the high-tide zone to the area above the MSHTL; however, it was insufficient to remove sediment above the spring high-tide level when it dissipated. It only removed some sediment from the high-tide zone away to the low-tide zone and deposited it. That caused the siltation above the MSHTL in Tantou Beach, besides the erosion on the upper beach and the siltation on the lower beach. In conclusion, the initial profile morphology of the beach and the high- and low-tide levels, or spring and neap tides during storms, substantially impacted the erosion and siltation of the beach.
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Figure 17. Sketch showing profiles changes in different scenarios: (a) the profile of the embayed beach on the coast of the Atlantic influenced by storm [87]; (b) the profile of the embayed beach in Zhejiang Province, China, before and after storms, summarised by Guo [85]; (c) in this study, the profile of the embayed beach in Zhejiang Province, China, before and after storms. 
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Figure 18. Time series of meteorological and oceanographic parameters: (a,b) astronomical tide levels and measured tide levels; (c,d) measured wind speed; (e,f) measured wind direction. (g) Wind rose 3–7 September 2022. (h) Wind rose 13–16 September 2022. 
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6.3. Recovery Mechanism after Storms


The recovery of undeveloped beaches after storms comprises four stages: rapid siltation on the foreshore, siltation on the backshore, dune formation, dune expansion and vegetation stabilisation. However, the recovery of developed beaches could only reach the second stage [88].



Solid seawall constructions and buildings occupy the backshore of developed beaches. However, the formation of dunes requires a narrow dry beach, and these concrete constructions hinder the sand transport in forming aeolian dunes. Sand could accumulate there but not stabilise. Therefore, the remaining stages of recovery could not be achieved. After 1 year, the elevation of the recovered beach remained lower than before the storm. In this study, there was a seawall on the backshore of Tantou Beach. After the storms, the foreshore of the beach experienced rapid siltation (Figure 13a). During the recovery period, siltation occurred on the backshore (Figure 13b), consistent with the prior results. Liu et al. found that the erosion and siltation features of Dongsha Beach under calm sea conditions were evident [81]. There was erosion on the lower beach and sediment accumulation on the upper beach and around the seawall, and the thickness values of erosion and siltation were similar. Tantou Beach also had the same feature after the recovery period (Figure 13d). Additionally, the beach exhibited a seasonal adjustment trend during the recovery period. The landforms in different areas showed different seasonal adjustments and erosion and siltation changes. The seasonal adjustment trend of the southern beach was similar to the results from Dongsha Beach by Cheng et al. [89] and Guo et al. [45], which showed gentle slopes in four seasons. Siltation especially occurs in autumn and winter, while erosion occurs in spring and summer. However, in this study, the results obtained for the middle and northern beaches contradicted those of Cheng et al. [89] and Guo et al. [45], possibly due to the variations in beach direction and wave conditions between the two beaches. Therefore, further research with more wave data collected remains warranted.





7. Conclusions


This study used a UAV LiDAR system to collect topographic three-dimensional data from Tantou Beach, a sandy beach in the east of Xiangshan County, on 14 July 2022 (pre-storm period), 27 September 2022 (post-storm period), 23 February 2023, and 3 July 2023 (recovery period). Based on the measured UAV LiDAR data and the obtained DEMs, tidal level, and wind data, we assessed the accuracy of UAV LiDAR, revealed the spatial difference of the beach topography and geomorphology in response to the typhoon events, and discussed the efficiency of UAV LiDAR and the influencing factors of beach storm response. The main conclusions are as follows:



The overall elevation accuracy of LiDAR datasets in four survey periods was approximately within 0.05 m. In spatial measurements, the elevation errors of LiDAR datasets showed an irregular change when the elevation increased or decreased. That is, the attribution of the elevation errors did not rely on the elevation, showing the random uncertainty for high-/low-elevation areas. Compared with other techniques, UAV LiDAR has a clear advantage in terms of high efficiency, convenience, and low cost.



The erosion and siltation on Tantou Beach during different periods exhibited a significant alongshore zonal feature with a wide change range. The change ranges of the profiles in different locations varied significantly. Change ranges in different parts of the common profile were closely related to their initial elevations. Regarding the storm effects, erosion occurred on the upper beach, while the siltation occurred on the lower beach after the storms, with the MSL as the boundary. As for the seasonal pattern, the beach exhibited the opposite erosion and siltation features in autumn and winter, while it experienced slight erosion and siltation (less than 4 × 103 m3) in the following spring and summer. The beach had a cross-shore erosion and siltation adjustment, which also balanced near the MSL. Meanwhile, there was a significant alongshore adjustment with erosion in the north and siltation in the south. The high-tide level during the storm and the wave climate play an important role in the beach storm response and the seasonal variation, respectively.



This study found the UAV LiDAR system could effectively assess the beach topographical and geomorphological changes of sandy beaches exposed to frequent storms with high spatial resolution. It provides new information for the impacts of typhoon storms on coast topographic and geomorphological change and recovery processes, contributing to the management and protection of sandy beaches more reasonably.
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Figure 1. Map of study area. (a) Location of the study area. (b) Satellite image of Tantou Beach from Google Earth on 13 October 2021. 
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Figure 2. Coastal landforms of Tantou Beach: (a) before constructing seawalls; (b) after constructing seawalls. 
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Figure 3. (a) Pathways of all typhoons passing the East China Sea and (b) passing at the time (UTC +8) of typhoon Hinnamnor and typhoon Muifa in 2022. 






Figure 3. (a) Pathways of all typhoons passing the East China Sea and (b) passing at the time (UTC +8) of typhoon Hinnamnor and typhoon Muifa in 2022.



[image: Drones 08 00172 g003]







[image: Drones 08 00172 g004] 





Figure 4. Flow sketch of data survey, processing, and analysis. The red font represented the methods of data processing and analysis. The black font showed every content of data survey, processing, and analysis. The solid arrows showed the flow order of data survey, processing, and analysis. The dashed arrows represented the nodes of using reference points to evaluate LiDAR data accuracy. 
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Figure 5. Positions of the measured RTK points in the study area during each measurement. 
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Figure 6. Plot of the related count histogram of the differences between the LiDAR point cloud and RTK-GPS data elevations (m) on the seawall of the study area: (a) data obtained on 14 July 2022; (b) data obtained on 27 September 2022; (c) data obtained on 23 February 2023; (d) data obtained on 3 July 2023. 
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Figure 7. Plot of the fit with linear regression parameters between DEM and RTK-GPS elevations (m) in the beach area and related count histogram of differences: (a) data obtained on 14 July 2022; (b) data obtained on 27 September 2022; (c) data obtained on 23 February 2023; (d) data obtained on 3 July 2023. 
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Figure 8. The spatial distribution of the beach elevation errors in the beach elevation: (a) data obtained on 14 July 2022; (b) data obtained on 27 September 2022; (c) data obtained on 23 February 2023; (d) data obtained on 3 July 2023. 
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Figure 9. Consistency of elevation changes between RTK and LIDAR surveys from 14 July 2022 to 27 September 2022: (a) profile L1; (b) profile L2. 






Figure 9. Consistency of elevation changes between RTK and LIDAR surveys from 14 July 2022 to 27 September 2022: (a) profile L1; (b) profile L2.



[image: Drones 08 00172 g009]







[image: Drones 08 00172 g010] 





Figure 10. Spatial distribution of the elevation change errors for different elevation areas in the beach: (a) data obtained on 14 July 2022; (b) data obtained on 27 September 2022. It shows that the uncertainty for high/low elevation areas is random. 
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Figure 11. (a–d) UAV aerial photograph images with a spatial resolution of 0.25 × 0.25 m, a sidelap of 40%, and an overlap of 70%. (e–h) DEM products from Tantou Beach. 
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Figure 12. The relationship between the elevation and the cumulative area of Tantou Beach was observed using UAV LiDAR. 
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Figure 13. Dod showing morphodynamic changes in elevation at Tantou Beach according to raster math: (a) from 14 July 2022 to 27 September 2022; (b) from 27 September 2022 to 23 February 2023; (c) from 23 February 2023 to 3 July 2023; (d) from 14 July 2022 to 3 July 2023. The positive values represent siltation, and the negative values represent erosion. To distinguish the impact of elevation change errors on the real erosion and siltation changes, we divided the colour bar with an unequal interval. When the erosion and siltation changes are within the range of −0.05 m to 0.05 m, the elevation change is not regarded as the real erosion and siltation change; when the erosion and siltation changes exceed the range, the elevation change can be regarded as the real erosion and siltation change. TB: Tantou Beach. TB1: the first profile of Tantou Beach. TB1 to TB6 are 6 typical profiles that were selected. 
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Figure 14. Bar graph of the area with different erosion and siltation ranges on Tantou Beach (based on Table 6). The positive values represent siltation, and the negative values represent erosion. 
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Figure 15. Typical profile changes of Tantou Beach during the year. 
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Figure 16. Volume changes of Tantou Beach: (a) from 14 July 2022 to 27 September 2022; (b) from 27 September 2022 to 23 February 2023; (c) from 23 February 2023 to 3 July 2023; (d) from 14 July 2022 to 3 July 2023. The positive values represent siltation, and the negative values represent erosion. 
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Table 1. Information of five typhoons passing the East China Sea and affecting the study area in 2022. Hinnamnor and Muifa had a greater impact on the study area.
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	Typhoon
	Affecting Time
	Affecting Duration (h)
	Classification





	Aere
	3 July 2022 17:00–4 July 2022 02:00
	9
	Tropical Storm



	Songda
	29 July 2022 23:00–31 July 2022 03:00
	4
	Tropical Storm



	Trases
	31 July 2022 19:00–1 August 2022 11:00
	9
	Tropical Storm



	Hinnamnor
	4 September 2022 23:00–5 September 2022 17:00
	18
	Super

Typhoon



	Muifa
	14 September 2022 10:00–15 September 2022 03:00
	17
	Severe

Typhoon










 





Table 2. Information on the LiDAR scanner DJI Zenmuse L1.
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Department

	
Item

	
Parameter






	
LiDAR Scanning

Department

	
LiDAR Wavelength

	
905 nm




	
LiDAR Shooting Degree

	
0.03° (Horizontal) 0.28° (Vertical)




	
Return Wave Count Maximum

	
3




	
Surveying and Mapping

Camera

	
Sensor Size

	
1 inch




	
Effective Pixels

	
20,000,000




	
Photo Size

	
5472 × 3648




	
Focal Length

	
8.8 mm/24 mm




	
Aperture

	
f/2.8–f/11




	
Photo Format

	
JPEG




	
Assistant

Position Camera

	
Resolution

	
1280 × 960




	
FOV

	
95°











 





Table 3. Information on the measurement date, the RTK reference points, and the count of the RTK reference points and profiles.
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	Measure Date
	Points on the Seawall
	Points on the Beach





	14 July 2022
	131
	95 (four profiles)



	27 September 2022
	131
	199 (four profiles)



	23 February 2023
	131
	63 (five profiles)



	3 July 2023
	131
	128 (four profiles)










 





Table 4. Statistics of elevation change errors between LIDAR and RTK surveys.
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	Profile

Number
	Min Error

(m)
	Max Error

(m)
	Mean Error (m)
	RMSE

(m)





	L1 1
	−0.09
	0.07
	−0.004
	0.03



	L2 2
	−0.09
	0.07
	0.008
	0.04



	Average
	−0.09
	0.07
	0.002
	0.035







1 L1 count: 22. 2 L2 count: 24.













 





Table 5. The statistically different topographical zoned areas of Tantou Beach observed using UAV LiDAR.
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Elevation (m)

	
Area (×103 m2)




	
14 July 2022

	
27 September 2022

	
23 February 2023

	
3 July 2023






	
4.0 ~ 4.5

	
4.32

	
4.36

	
5.10

	
4.99




	
3.5 ~ 4.0

	
4.01

	
3.70

	
4.18

	
3.89




	
3.0 ~ 3.5

	
6.25

	
7.49

	
9.04

	
7.44




	
2.5 ~ 3.0

	
17.84

	
13.43

	
16.32

	
23.26




	
2.0 ~ 2.5

	
22.05

	
15.74

	
19.89

	
19.51




	
1.5 ~2.0

	
26.54

	
21.90

	
26.37

	
21.08




	
1.0 ~ 1.5

	
31.55

	
28.10

	
31.60

	
27.93




	
0.5 ~ 1.0

	
33.11

	
38.49

	
31.19

	
30.88




	
0 ~ 0.5

	
26.90

	
41.85

	
29.78

	
28.84




	
−0.5 ~ 0

	
24.34

	
39.99

	
28.72

	
27.60




	
−1.0 ~ −0.5

	
29.63

	
31.65

	
28.23

	
34.22




	
−1.5 ~ −1.0

	
28.02

	
23.43

	
28.87

	
25.90




	
−2.0~ −1.5

	
29.74

	
4.90

	
8.93

	
25.79




	
−2.5 ~ −2.0

	
12.08

	

	

	
3.99




	
Total

	
296.37

	
275.02

	
268.22

	
285.32











 





Table 6. The statistical area of different erosion and siltation ranges for Tantou Beach. To explore more detailed areas of erosion and siltation change, we used an interval of 0.2 m in elevation to divide erosion and siltation change zones and then calculated their area. The positive values represent siltation, and the negative values represent erosion.
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Erosion and Siltation Range (m)

	
Area (×103 m2)




	
14 July 2022

to 27 September 2022

	
27 September 2022

to 23 February 2023

	
23 February 2023 to 3 July 2023

	
14 July 2022 to 3 July 2023






	
more than

1.0

	
0.02

	
0.10

	
0.13

	
0.15




	
0.8 ~ 1.0

	
0.02

	
0.14

	
0.10

	
0.09




	
0.6 ~ 0.8

	
1.57

	
0.87

	
0.31

	
0.15




	
0.4 ~ 0.6

	
21.33

	
10.58

	
2.47

	
0.48




	
0.2 ~ 0.4

	
50.65

	
75.41

	
12.69

	
27.29




	
0 ~ 0.2

	
53.84

	
95.93

	
89.56

	
125.70




	
−0.2 ~ 0

	
63.93

	
35.32

	
123.06

	
87.81




	
−0.4 ~ −0.2

	
69.53

	
27.43

	
36.70

	
36.84




	
−0.6 ~ −0.4

	
9.20

	
11.26

	
2.97

	
5.90




	
−0.8 ~ −0.6

	
3.87

	
9.24

	
0.10

	
0.25




	
−1.0 ~ −0.8

	
0.51

	
0.26

	
0.04

	
0.06




	
less than

−1.0

	
0.08

	
0.06

	
0.04

	
0.07
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