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Abstract

:

A preliminary sediment budget for the sandy shores flanking the entrance to Western Port, a large bay in Australia, was formulated using a comparison between two Digital Surface Models (DSMs) with a 30-year interval and auxiliary shoreline data. The 1977 DSM was generated from ten aerial photographs using Structure-from-Motion (SfM) photogrammetry. Assessment of its accuracy obtained an RMSE of 0.48 m with most of the independent points overpredicting or underpredicting elevations by less than 0.5 m following manual point cloud cleaning. This technique created a 7.5 km2 surface with a Ground Sampling Distance of 34.3 cm between two coastal towns separated by a narrow channel. Comparison of the 1977 DSM to a second, light detection and ranging (LiDAR)-derived DSM from 2007 showed that a volume of ~200,000 m3 of sediment (above Mean Sea Level) was deposited at Newhaven Beach on Phillip Island, while, during the same period, ~40,000 m3 of sediment was lost from the mainland beaches of San Remo, on the eastern side of the channel. Shoreline positions extracted from aerial photographs taken in 1960 and a nautical chart published one century earlier indicate that the progradation experienced at Newhaven Beach has been possible due to provision of sediment via destabilisation of the vegetation covering the updrift Woolamai isthmus on the southeast coast of Phillip Island, whereas the retreat observed at San Remo Beach since 1960 can be attributed to the natural dynamics of the entrance, which appears to favour flood-dominance on the western side and ebb-dominance on the eastern side. While a more comprehensive balance of volumes entering and exiting the area would specifically benefit from volumetric assessments of the subaqueous part of the entrance, the general usefulness of quantifying coastal change using SfM and historical photographs is demonstrated.
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1. Introduction


Beaches represent some of the most dynamic coastal landforms fringing approximately 40% of the world’s coastline [1]. Quantification of the dynamic processes in these constantly changing environments is challenging [2,3], but is paramount for proper spatial planning, sustainable development and mitigation of climate change impacts [4,5].



Beach studies have long benefited from aerial photography as a means of recording change [2,6]. This aerial data source serves as a valuable archive of past landforms [7], which has been primarily used to evaluate 2D-projected horizontal displacements in shoreline position e.g., [5,8,9], while fewer studies have analysed 3D changes in sediment volume using photogrammetric principles, e.g., [10,11,12].



The gap in the application of the photogrammetric reconstruction technique for obtaining three-dimensional spatial information is attributed to the poor quality of historic photographs, low image overlap flight plans, scale variation among photographic datasets, relief displacement, computation of photo-coordinates and aerial triangulation on the accuracy of measurements [13,14,15,16,17,18]. In addition to tide dependency, beach analyses often lack image texture and identifiable features to be used as ground control points [3,19].



Structure-from-Motion Multi-View Stereo, the topographic survey technique that has recently emerged from traditional photogrammetry and advances in computer vision [20,21], uses much more of the information contained within the imagery to aid the orientation process, unlocking large historical photogrammetric archives for morphological analyses [22]. This technique, referred to in this study as SfM photogrammetry [23], offers the potential to generate high accuracy dense point clouds at different spatial scales to restitute the three-dimensional geometry of surfaces and landforms [15,24,25] such as sandy beaches. Broad examples of coastal applications of SfM photogrammetry using historical aerial images include the works of Gomez et al. [26], Redweik et al. [27] and Ishiguro et al. [28]. However, studies quantifying the volumetric change of sandy coastlines are restricted to Carvalho et al. [19,29] and Grottoli et al. [30].



In this study, we apply SfM photogrammetry to a historical aerial imagery dataset collected in 1977 to quantify the volumetric change that occurred at the sandy shorelines flanking the entrance of Western Port, a bay in southeastern Australia. The historical digital surface model (DSM) was compared to a Light Detection and Ranging (LiDAR)-derived DSM acquired in 2007 to formulate a preliminary sediment budget for the area following an evaluation of the bundle adjustment (the process to estimate the 3D geometry, the camera poses and intrinsic parameters) and the quality of the historical DSM. This sediment budget approach creates a balance of volumes for sediments entering and leaving a selected coastal sector for management purposes [31,32,33]. Its formulation also benefited from shoreline positions extracted from aerial photographs taken in 1960 and a nautical chart published in the 1860s.




2. Coastal Setting


The study sites of San Remo and Newhaven are located on the southeastern side of Western Port (WP), Victoria, Australia (Figure 1). WP is a long (~50 km) and wide (~30 km) drowned embayment associated with the patterns of rifting and sedimentation experienced since the separation of the southern margin of the Australian and the Antarctic plates in the Mesozoic [34]. The bay has an unusual annular shape (ring-shaped configuration around French Island) and is bounded by pronounced topographic faulty scarps and a central uplifted block where two islands, Phillip and French, are located, a narrow horst to its west, volcanogenic-rich lithic sediments to its east, and early Tertiary basalts to the south [35].



The Eastern Entrance is the secondary connection of WP to the Bass Strait (the main one being the Western Entrance). The Eastern Entrance is about 1.5 km wide and sheltered from southwesterly waves by the granitic Cape Woolamai and the 500 m wide Woolamai isthmus between the cape and the main section of Phillip Island [36]. Sandy beaches intercalated by headlands and rock platforms are found on both sides of the Eastern Entrance, which funnels to approximately 450 m wide forming the scour channel known as ‘The Narrows’ between the towns of San Remo, on the mainland and Newhaven, on Phillip Island. This channel marks the division between two secondary-level sediment compartments used for management and planning purposes in Australia [37,38].



‘The Narrows’ reach more than 15 m below chart datum at its deepest point located about 400 m downstream from the bridge that connects both towns. The steep and narrow profile section of the channel generates current velocities that are significantly higher than elsewhere in WP [39]. Currents of 2.5 m/s are commonly observed during spring tides at the Eastern Entrance [40]. These are driven by semi-diurnal tides, the principal driving mechanism for water circulation with the lunar component M2 being strongly dominant and having an amplitude of 0.897 m at San Remo [41].



Water passing through the Eastern Entrance contributes to about 15% of the volume entering WP in any tidal cycle [40]. This inwards circulation causes some incursion of sand forming a small flood-tide delta to the north of the bridge [42], which led Marsden [43] and Marsden et al. [35] to infer a flood-dominant circulation and sediment transport through the entrance. However, uncertainty remains, as other studies [41,44,45] indicate an ebb-dominant circulation pattern [39]. This has been corroborated by the existence of a sandy ebb-tide delta and sandy beaches mainly observed downstream of the bridge, suggesting that marine sands from offshore sources and weathered Pleistocene aeolianites are not transported in large amounts inwards.



Detectable changes in the configuration of ‘The Narrows’ were observed previously during a survey conducted in 1963 for the construction of a new bridge connecting both sides of the channel [42]. This new bridge, which opened in 1969, replaced the old and smaller bridge that once existed to the west of the San Remo marina.



Instability of cliffs and significant erosion of the once continuous strip of sand affected the beaches on the eastern side of the channel in the past decades. This led to the construction of a continuous 830 m long rocky seawall to the south of the San Remo marina running along the entire length of San Remo Beach and Childrens Beach, which became very narrow and in parts, completely awash at high tide [46]. On the Newhaven side of the entrance, a 1.5 km long by 200 m wide prograded barrier exists to the west of the bridge. This barrier is composed of series of low ridges developed since the 1840s [47].




3. Materials and Methods


We applied SfM analysis to aerial photographs acquired in 1977 specifically for traditional photogrammetry. Pix4Dmapper v.4.7.5 (Lausanne, Switzerland) was used to assist bundle adjustment and georeferencing of the 1977 DSM and orthomosaic for a part of the Eastern Entrance of Western Port. Topographic LiDAR points captured in 2007 were processed and used to generate a LiDAR-derived DSM for volumetric comparisons, and to georeference and calculate the accuracy of the 1977 model. Auxiliary aerial photographs and a historical nautical chart provided important information for formulation of the preliminary sediment budget for the study area.



3.1. Data


Ten high resolution scanned analogue aerial photographs (approximately 50 Mb each) in digital format (.tiff) were used to generate the historical model. These black and white photographs were obtained in March 1977 at a scale of 1:10,000. The photographs (film number 3188) were obtained with an RC8 camera at an approximate flight height of 5000 feet from the ground during three non-parallel flight runs (15, 16 and 17). Photographs in each run had an overlap of approximately 65% with no sidelap between images. Each photograph had a footprint of approximately 2400 m × 2400 m.



Despite the availability of more recent aerial images (e.g., 1984 and 1989) for the entrance, only the 1977 images were suitable for SfM photogrammetry due to their high quality (reduced blur, darkness and haze), high level of overlapping [15,25,26] and the recommended scale (1:10,000 or larger) for topographic mapping [48]. A batch cropping process in ImageJ 1.53 k [49] was used to remove the black frame around the photographs prior to SfM processing.



Topographic LiDAR data surveys were carried out between 20 April–22 July 2007 with an Optech ALTM3100EA sensor mounted on an aircraft. The sensor collected X, Y, Z and intensity data for first and last returns by bouncing a pulse (footprint size of 0.2 m) from the aircraft to the surface. Five LAS files (classification Level 2 and ICSM accuracy Level 3 format), organised in 2 × 2 km tiles, were provided by the Victorian Department of Environment, Land, Water and Planning (DELWP). Reported horizontal and vertical accuracies for the LiDAR files (RMSE 68% Conf.) were 0.35 m and 0.1 m, respectively.



ArcMap v10.8.1 (Redlands, CA, USA) was used to process the LAS files into point shapefiles. Any return values were used during the conversion of the LAS files to bare ground (class 2) following ASPRS [50] specifications. Once processed, the points were used to create a Triangular Irregular Network (TIN), which was then converted to a DSM raster (pixel size of 1 m). Selected LiDAR points were also used as ground control points (GCPs) during the SfM processing of the 1977 images and as independent point for accuracy assessments. These points were carefully selected at locations where none or minimal change occurred between 1977 and 2007, such as roads, sidewalks and driveways.




3.2. SfM Photogrammetry Processing


The input camera model was not defined prior to processing, which relied solely on the software’s self-calibration procedure. Processing of the 1977 model was initially conducted with arbitrary coordinates (no scale, orientation and absolute position information) due to the lack of geolocation information in scanned photographs. The initial processing was set to full image scale, aerial grid pair matching, automatic targeted number of keypoints, default calibration method and camera parameter optimisation. Point cloud densification used multiscale half size images (scale used to speed up processing recommended for blurry/low texture images) to compute additional 3D points for every eighth pixel of the original image (optimal), with a minimum of three matches per 3D point. A medium resolution (default) 3D textured mesh was also created during the process.



An arbitrary DSM was generated using noise filtering for altitude correction, default surface smoothing, and Inverse Distance Weighting interpolation. An orthomosaic was also generated as part of this process. These preliminary products (DSM and orthomosaic) allowed a visual reconnaissance of the model domain, identification and selection of points used as GCPs and in the accuracy assessment.



After this initial processing, a georeferenced model was created with GCPs a posteriori [7,22] technique. This followed the same initial processing, point cloud, mesh, DSM and orthomosaic configurations used before. The georeferenced model used a total of 15 GCPs spread through the model (Figure 2), with assigned accuracy position of 0.5 m in each (X, Y and Z) domain. The final products had the same projected coordinate system (GDA 94 Zone 55S) and vertical Datum (AHD09) as the LiDAR data.



Manual cleaning of the point cloud removed spikes and artefacts in the 1977 model. These were most common on tree canopies and over homogeneous low texture areas, such as paved and unsealed roads, pasture, water bodies and parts of the beach. After point cloud cleaning, final products (3D textured mesh, DSM and orthomosaic) were created. Visualisation of the 3D textured mesh is available at https://skfb.ly/o9T8R (accessed on 30 May 2022).




3.3. Accuracy Assessments


A total of 51 independent LiDAR points were used in the accuracy assessments of the 1977 DSM [21,51] (Figure 3). The elevation of these points was compared with those extracted from the final DSM.




3.4. Volumetric Comparison


A Digital Elevation Model (DEM) of Difference (DoD) was calculated by subtracting the historical DSM from the 2007 LiDAR-derived DSM. This initially covered the whole area extent of the 1977 DSM (Figure 3) and allowed a broad visual comparison of the two models.



Specific volumetric comparisons were made to beach areas to the south of the bridge on both sides of the channel and calculated above 0 m AHD (Australian Height Datum, equivalent to Mean Sea Level). These masked areas mostly covered the beach face to avoid urbanised and vegetated areas that were subject to change.



The inherent uncertainty of volumetric analyses was calculated based on a spatially variable threshold of the two DSMs [52,53]. This threshold (0.49 m) accounted for the standard deviation of the vertical accuracy of the LiDAR and the RMSE of the 1977 model. The volumetric uncertainty was then calculated using the area experiencing change (number of pixels) that had absolute values larger than the threshold multiplied by the uncertainty cube (pixel area x the threshold) [19,29].




3.5. Auxiliary Data Used in Sediment Budget


Apart from the aerial photographs used in the SfM photogrammetry process, another seven aerial images were georeferenced to provide information for the formulation of the sediment budget of the entrance. Two of these images were captured in February 1977 at a scale of 1:10,000, and five were taken in March 1960 at 1:15,840 scale (Figure 4).



An insert of the historical nautical chart “Port Western”, published at the Admiralty in 1867, showing the Eastern Entrance was also used as an important source of early information. This nautical chart surveyed by H. L. Cox is part of a set of charts of Victoria’s coastline published in the 1850s and 1860s marked by significant improvements in terms of cartographic technique in relation to the charts made by early explorers [54,55].



Georeferencing of the nautical chart insert used five GCPs and had an RMSE of 7 m, while GCPs for each aerial photograph ranged between 6 and 11 with RMSEs of less than 2 m. Shoreline information was digitised from these data sources using ArcMap v10.8.1 at 1:10,000 scale.





4. Results and Discussion


4.1. SfM and Model Accuracy


Approximately 1,800,000 3D densified points with an average density of 0.06 point per m3 were generated from the ten photographs. The spatial extent of 7.5 km2 and Ground Sampling Distance (GSD) of 34.3 cm, reflected the RC8 camera parameters, the flight height (5000 feet) and the overlap of images. An overall georeferencing RMSE of 0.68 m was obtained from the use of 15 GCPs, with mean RMSEs of 0.77 m, 0.93 m and 0.34 m for the X, Y and Z domains, respectively. The 1977 model had a median of 12,232 keypoints per image, 2717 matches per calibrated image, and 19.73% of camera optimisation.



A very strong relationship (R2 = 0.998) was obtained between the LiDAR points and the ones extracted from the 1977 DSM at localities identified as being unlikely to change (Figure 3). The RMSE of the 1977 model was only 0.48 m, the mean error (ME) was −0.06 m, the standard deviation of errors (SD) was 0.49 m, and the mean absolute error (MAE) was 0.4 m. The frequency distribution of errors reflected the model evaluation parameters with most independent points overpredicting (n = 22) or underpredicting (n = 14) LiDAR elevations by less than 0.5 m.




4.2. DSM Comparison


The 1977 historical model showed elevations comparable to the 2007 LiDAR DSM (Figure 5). Elevations in the 1977 model ranged from −1.3 to 67.6 m AHD (Figure 5a), whereas the processed LiDAR ranged from −0.9 to 65.2 m AHD for the same area (Figure 5b). In general, observed urban changes were related to development such as the construction of new dwellings, changes to the Newhaven marina breakwater, and growth and removal of trees (Figure 5c). Changes to the shoreline between 1977 and 2007 occurred particularly along the Newhaven Beach from the southern side the bridge all the way to Manuka Point (Figure 1), and on the opposite side of the Eastern Entrance between the San Remo and Back beaches (Figure 5f).



At San Remo, erosion occurred from the south of the marina to Childrens Beach (Figure 5g–i) and deposition was observed further to the south along Back Beach, which was devoid of sand in 1977. The erosion removed a volume of 60,996 ± 10,621 m3 (Figure 5i), while the accretion of sand added a volume of approximately 20,977 ± 5574 m3 to Back Beach (Figure 5j). At Newhaven Beach, the shoreline prograded up to 65 m between 1977 and 2007, gaining almost 60,000 m2 of sediment along the 1.5 km of beach length from the bridge to Manuka Point (Figure 5k). This equated to an accretion of 199,890 ± 29,830 m3 (6700 m3/y) of sand above MSL.



Oblique views of the coast showing major changes along both sides of the channel can be observed in Figure 6. Erosion at San Remo Beach (Figure 6a,b) contrasts with accretion at Back Beach (Figure 6c,d) and Newhaven Beach (Figure 6e,f) between 1977 and 2007. Elevation profiles (A-A’) extracted from the middle of Newhaven Beach exemplify the experienced progradation since 1977 (Figure 6g).




4.3. Shoreline Change Prior to 1977


It appears that the progradation experienced at Newhaven Beach has been an ongoing process for approximately 150 years. This has been evidenced by the shoreline position digitised from the 1867 nautical chart (Figure 5f). This chart shows part of the Newhaven Beach shoreline located up to about 100 m behind its 1977 position and reveals the existence of rocks through most of its entire 1.5 km length (Figure 4b). This progradation history is corroborated by a set of aerial photographs taken in 1960 that shows the shoreline up to 38 m landwards of its 1977 position.



On the other side of the channel, the shoreline position in 1960 shows that more sand existed to the south of the San Remo marina (all the way to Childrens Beach) prior to 1977 (Figure 5f), whereas further south at Back Beach, the shoreline position remained roughly the same over the 17-year period. Due to cartographic limitations and possible omissions, no shoreline position can be extracted from the 1867 chart on the eastern side of the channel.




4.4. The Use of SfM on Photographic Archive


This study re-emphasises the usefulness of SfM photogrammetry to generate historical elevation models to quantify beachface volumetric changes, and to create seamless photomosaics, which can be used in traditional shoreline analysis [19,29,30]. It can also produce unlimited perspectives of the landscape, which provide qualitative ways of understanding how the coast evolved [19,27,29].



The 1977 DSM created in this study was of good quality as determined by the comparison against independent points (Figure 3). The accuracy measurements and the spatial and frequency distribution of errors were slightly better than the ones obtained in previous studies using photographs taken at similar scale [19,29,30]. These performance indicators also demonstrated the normality of the error distribution and their non-directionality [56,57,58].



The quality of the results, however, was achieved after extensive manual labour to clean the point cloud and remove undesirable surfaces created by the low overlapping of images and low-visual homogenous areas not providing enough information for optimal camera calibration. Future developments of the technique should incorporate different automated attempts to filter and clean point clouds such as the ones performed by Grottoli et al. [30], or the ones that exploit the spectral properties of the photographs [59,60,61].



Improvements can also be made if the camera model parameters were defined in Pix4Dmapper, as self-calibration optimisation of the bundle adjustment within the software results in non-linear systematic errors [62,63]. However, insertion of focal length, principal points, radial and tangential distortions, for instance, is not an easy task given the lack of information regarding the different camera lenses that could have been used.




4.5. A Preliminary Sediment Budget for the Eastern Entrance


A positive balance of approximately 160,000 m3 of sand is obtained between 1977 and 2007 when the volume eroded from San Remo Beach (~61,000 m3) is subtracted from the gains experienced at Back Beach (~21,000 m3) and Newhaven Beach (~200,000 m3). Considering uncertainties, this gain can be as high as 256,220 m3 and as low as 113,846 m3. This large input of material mostly deposited on the shores of Newhaven Beach is closely related to the vegetation changes that occurred at the Woolamai isthmus since the 19th century.



The introduction of rabbits following European colonisation disturbed the vegetation cover and disestablished the transgressive dune fields that form the isthmus [64]. The dunes have an estimated volume of 12,500,000 m3 of sand [36], and their mobility led to large amounts of sand being supplied from Woolamai Beach to the Cleveland Bight Beach, which prograded up to 80 m from 1867 to 1960. The available sand was transported via longshore currents supplying material for the downdrift shores all the way to Newhaven Beach (Figure 7a).



A further progradation of up to 35 m was experienced at Newhaven Beach during the 1960–1977 period. The progradation continued after 1977 at the expense of the Cleveland Bight Beach, which started to erode following the planting of marram grass in the late 1970s and gradual stabilisation of the migrating dunes [64] (Figure 7b).



Between 1977 and 2007, a maximum recession of 35 m occurred at Cleveland Bight Beach. Despite being almost half of the maximum distance (65 m) experienced at Newhaven during the same period, the steepness of the eroded beach/dune system must have provided a volume close to the 200,000 m3 of sand added to the much flatter Newhaven Beach.



At San Remo, a subaerial volume of 40,000 m3 was removed from the system between 1977 and 2007. This was preceded by aa visual estimation of approximately 25,000 m3 removed between 1960 and 1977. Some of this material was trapped to the east of the marina following the construction of the new bridge in 1969. However, given the ebb-dominance on the eastern side of the channel, it is plausible to assume that most of this material was incorporated to the ever-changing ebb-tide delta. Sand wave configuration forming the ebb-tide delta alternates erosion and accretion along the eastern shores of the channel [36].



Uncertainties remain in relation to the volumetric changes experienced at both ebb and flood-tide deltas. However, given the vast quantities of mud-size particles surrounding the small flood-tide delta [42], minimum volumes of sand are expected to be transported below the bridge during ebb tides, unless significant recirculation occurs. Refinements to this preliminary scheme should include subaqueous calculation using the available nautical charts and bathymetry for the area [32,65]. This can be done even without additional fieldwork by just comparing soundings from historical sources to contemporary charts and available airborne data such as marine LiDAR.





5. Conclusions


This study demonstrates how sediment budgets can benefit from historical DSMs created using SfM photogrammetry applied to archival aerial photographs. We constructed a preliminary budget for the Eastern Entrance of Western Port, Australia, that allows estimates of the surplus of sediment deposited on the beach flanking the shores of Newhaven and the deficit of material at San Remo, on the opposite side of the channel, to be made.



Aerial images collected in 1977 at 1:10,000 scale were used to create a DSM, which was compared to a 2007 DSM generated from LiDAR returns. Fifteen bare ground LiDAR points at minimum disturbed or unaltered areas were used to georeference the 1977 model during the initial phase of the SfM process. A Ground Sampling Distance of 34.3 cm was obtained for this 1977 model. The accuracy measurements and the spatial and distribution of errors against 51 independent points demonstrated the good quality (R2 = 0.998) of the final DSM after point cloud cleaning. An RMSE, SD and MAE of less than 50 cm were obtained with only 15 independent points either under or overpredicting results above this elevation threshold.



Quantification of volumetric changes along the two sides of the Eastern Entrance was calculated between 1977 and 2007. The 2007–1977 DoD showed that Newhaven Beach accreted approximately 200,000 m3 during the 30-year period, while on the eastern side of the entrance, San Remo Beach lost about 61,000 m3 and Back Beach gained 21,000 m3. Additional information from aerial photographs taken in 1960 and 1977 and a historical nautical chart published in 1867 provided important information for the formulation of the budget. These auxiliary sources of data indicated that the large input of material deposited on the shores of Newhaven Beach is closely related to the vegetation changes that have occurred at the Woolamai isthmus since the 19th century, and that an estimated amount of approximately 25,000 m3 was removed from San Remo Beach between 1960 and 1977.



Following European colonisation, destabilisation of the vegetation cover made the transgressive dunes of the Woolamai isthmus mobile and large amounts of sand were transported to the Eastern Entrance. This has provided sediments for the shoreline progradation experienced along the western side of the channel. After gradual stabilisation of the migrating dunes in the late 1970s, the shores of Newhaven continued to accrete, but this time at the expenses of the updrift beaches which started to erode. At the San Remo side of the channel, a negative balance of approximately 65,000 m3 was estimated since 1960 (40,000 m3 from 1977 to 2007 plus 25,000 m3 from 1960 to 1977). Fate for this volume of sand is yet to be determined. However, the ebb-dominance conditions on the eastern side of the channel suggests that most of this material was incorporated to the ebb-tidal delta. Future assessments to the volumetric changes experienced in the subaqueous part of the entrance should refine the preliminary budget presented in this study.
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Figure 1. Study sites of San Remo and Newhaven located on the Eastern Entrance of Western Port, Victoria. A rocky seawall runs along the entire length of San Remo Beach and Childrens Beach. Important features described in the text are labelled. Basemap imagery from ArcGIS Online. 
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Figure 2. Areas covered by triangle meshes for the historical model (a) and colour-coded number of overlapping images (b). White crosses represent photographic locations while green circles show individual GCPs added to model. 
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Figure 3. The 1977 DSM extent and orthomosaic. Coloured points show the elevation difference (m) for each of the 51 points used in the accuracy assessment between the 2007 LiDAR data and the 1977 DSM. Negative values (cold colours) indicate elevations higher than LiDAR, while positive values (hot colours) denote elevations lower than LiDAR. The frequency distribution of errors and model evaluation parameters are included as insets. 
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Figure 4. Footprint of the auxiliary georeferenced aerial photographs taken in 1960 and 1977 and nautical chart insert published in 1867 used in the formulation of the sediment budget (a). Zoomed-in area showing chart details between San Remo and Newhaven (b). Chart publicly available at the State Library Victoria. 
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Figure 5. DSMs (a,b), DoD (c), photomosaics (d,e) and digitised shoreline (f) comparison. Specific DSMs (g,h) and DoD (i) show erosion observed at San Remo-Childrens beaches, whereas 2007 DSMs show subaerial deposition (accretion) experienced at Back Beach (j) and Newhaven Beach (k). Negative values (red) in DoDs indicate areas of erosion, whereas positive values (blue) indicate areas where deposition occurred. An absolute value of 0.5 m based on the RMSE was used to represent areas of no change (yellow). Auxiliary digitised shorelines are added for comparison (f). The 1977 DSM (a) and photomosaic (d) are available as Supplementary Materials. 
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Figure 6. Oblique views in 1977 (left) and 2007 (right) at San Remo Beach (a,b), Back Beach (c,d) and Newhaven Beach (e,f) showing the eroding vs. depositional contrasting behaviour experienced along the shoreline on the eastern side of the channel, and the accretion experienced on the western side. Elevation profiles over time extracted from a section of the Newhaven Beach shows approximately 50 m of progradation since 1977 (g). 
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Figure 7. Preliminary sediment budget scheme for the Eastern Entrance before (a) and after (b) stabilisation of mobile dunes in the Woolamai isthmus. Arrow thickness indicates inferred volume of sediment transported. Accretion experienced from 1977 to 2007 is represented in orange, while numbers represent approximate volumes (in 1000 m3). Aerial photograph inserts show disturbed and established vegetation following Marram grass planting in the dashed area. 
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