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Abstract

:

Anegada, the easternmost island of the Virgin Islands group (Caribbean Sea), is a low Pleistocene carbonate platform surrounded by Horseshoe Reef, the world’s third-largest fringing reef. The western part of the island consists of an extensive beachridge plain (>40 ridges). The sandy carbonate shoreline exists in three morphodynamic domains that exhibit distinctive behaviour over the 59-year study period (1953 to 2012). The northern shore is dominated by westerly longshore drift under fair-weather conditions and cross-shore sediment transport during high-energy events. Storm wave run-up and high nearshore sediment availability contribute to the construction of shore-parallel beachridges. The western end of the island is affected by refracted waves that drive strong erosion and sediment transport. This is reflected in a succession of alternating rapid shoreline recession and progradation phases over the study period. The south–central shoreline is exposed to low wave energy and is stable and colonised by mangroves. The fringing reef plays a dominant role in mesoscale shoreline morphodynamics, both as a sediment source and in wave energy dissipation. Quasi-stable points and embayments suggest a strong influence of the reef framework in controlling the shoreline’s morphology and position. Sediment transfer from the reef to the shoreline appears to take place via shore-oblique, linear sediment transport pathways that develop across the lagoon in response to the modification of incoming waves. Cannibalisation of the shoreline sediment over the past 50 years is leading to straightening of the shoreline planform. This is counter to the long-term (Holocene) development of beachridges and suggests a change from a strongly positive to negative sediment budget.
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1. Introduction


The behaviour of dynamic sandy shorelines on reef islands reflects the interaction of sediment supply and nearshore processes [1,2]. They are thought to be particularly sensitive to sea-level changes [3], variations in the productivity of the coral reef [4], and natural wave variability, including swell events, storms, and tsunamis [5]. Their persistence in a global climate change context is essential for many nations globally [6]. Understanding their mesoscale evolution (over years to decades and from 1 to 100 km in scale [7]) helps in the understanding of their response to gradual changes and extreme events.



Biological productivity is the dominant factor in sediment supply on most reef islands [4], but sediment can also be derived from the erosion of pre-existing carbonate deposits [5]. As coral reefs’ survival is threatened by climate change, future nearshore processes on these islands may differ strongly from the present [4]. Since 1970, coral bleaching and mass mortality events have increased in frequency and extent [6]. It has been conjectured that the global decline of coral reefs will increase the exposure of sandy coasts in hurricane-prone areas that currently benefit from the protection of such reefs [8,9]. In contrast to their sheltering effect, however, reefs can also trap extreme waves in the lagoon, leading to an intensification of damage on the beach [10]. A better understanding of the mesoscale behaviour of sandy shorelines on reef islands is therefore essential.



This paper documents the mesoscale shoreline evolution of the mobile sandy shorelines of western Anegada, a reef-top island in the eastern Caribbean, and interprets these changes in the context of nearshore processes and, in particular, the respective roles of fair-weather and extreme waves. The results add to the understanding of multidecadal shoreline changes on reef islands that are widely believed to be threatened by ongoing and near-future sea-level rise [11,12,13], and whose sediment supply is intimately linked to changes on the adjacent reefs [1,14,15,16].




2. Study Site


Anegada is the easternmost island of the British Virgin Islands (BVI), situated between the Greater Antilles platform and the Atlantic Ocean [17] (Figure 1). Its name (anegada = flooded in Spanish) derives from its low topography and the presence of island-top ponds, rendering it a flooded or drowned appearance. Its long axis runs from east to west, and the shoreline is approximately 37 km, of which 16 km is backed by a beachridge plain. The remainder is an emergent reef platform with a hard, rocky coast of emergent reef material. The island stretches from west to east over 17 km and is, on average, 4 km wide (Figure 2). The highest elevation is 8 m above sea level [18]. The island comprises an elevated Pleistocene carbonate platform in the east, while the west comprises a beachridge complex [17] with salt pans. Mangroves are present along the southeast shoreline. The bathymetry around Anegada is marked by a strong contrast between the steep Atlantic-facing northern and the low-gradient Caribbean-facing southern shorelines (Figure 2).



The island’s climate [19] is dominated by the northeast trade winds and is classified as Aw in the Köppen classification [20]. Outside hurricanes and tropical storms, wind speeds seldom exceed 9 ms−1. The hurricane season extends from June to November, and these generally approach Anegada from the southeast. The temperature varies little through the year, with daily maxima ranging from 25 to 29 °C and minima from 19 to 23 °C. Rainfall averages 890–1000 mm/year and is concentrated in October and November.



The sandy beachridge plains of Anegada have long been known [17,18,21], but no systematic analysis of shoreline changes has been undertaken to date. The northern, Atlantic-facing plain has at least 25 beachridges, while the southern, Caribbean-facing plain contains about 15 ridges. Both sets are composed of well-sorted, well-rounded to sub-rounded carbonate sands [22,23]. These beachridges enclose hypersaline ponds [18,22,24]. Breaches in the beachridges along the northern shore have been attributed to historical tsunami waves [25,26].



The Horseshoe Reef (Figure 1 and Figure 2) forms a fringing barrier along the northern shore of Anegada and is present as patch reefs in the south [18]. It is the source of clastic carbonate sediments on Anegada. Horseshoe Reef is categorised as “at-risk” or threatened” [27]. Caribbean islands experience extreme waves of three types: ground swells generated by distant storms [28], extreme storm or hurricane waves [25,29], and tsunami waves [5,21]. Anegada is dominated by easterly trade winds, and a near-unidirectional easterly wave direction on its Atlantic coast (Figure 3) [17] generates a strong longshore drift. Tsunami waves have been recorded in the BVI [30], and tsunami deposits identified in the central part of Anegada [21,31] have been tentatively dated to post-1650 AD [32] and 1200 to 1500 AD [33].




3. Methods


Fieldwork in November 2012 and February 2015 involved GPS and DGPS mapping, as well as sediment sampling along the entire western coastline from Soldier Point to Settling Point (Figure 2). Standard meteorological data were sourced from the US National Oceanic and Atmospheric Administration (NOAA) buoys archive [35] (Table 1, standard meteorological data). Two NOAA buoys were used to characterise the Atlantic wave climate: buoy 41043 and buoy 41044, 266 km northwest and 673 km northeast of the island, respectively. Buoy 41052 of the CariCOOS (Caribbean Coastal Ocean Observing System) network, 68 km southwest of the island, was used to characterise the Caribbean Sea waves. Monthly averages were compiled and differences between hurricane season (June to November) and non-hurricane season (December to May) were considered. Extreme wave events (swell, storm, and hurricane events) were identified as described by Cooper et al. [28].



Storm and hurricane events that have affected Anegada since 1851 were extracted from the NOAA database [37] (Table 1, hurricane tracks) and processed within ArcGIS v.10.1. As described by Gardner et al. [34], three “buffer” zones were created, of 30 km diameter for storm events up to hurricane category 2, 60 km for category 3, and 100 km for categories 4 and 5. A list of the storm and hurricane events that have affected Anegada was then compiled. These climatic and wave data informed the subsequent wave modelling.



Wave modelling was used to simulate the wave dynamics around Anegada under various scenarios. A combined bathymetry grid was produced in ArcGIS from five different data sources (Table 1). The base grid was from the NOAA US Virgin Islands DEM of 2012 [36]. Combined bathymetric surveys around Anegada [38] and digitised nautical charts were used to create a general bathymetry for the Virgin Islands Bank. Finally, terrestrial and marine LiDAR data collected by the BVI government and USGS in 2013 and 2014 were used to build a 10 m resolution grid for Anegada and part of Horseshoe Reef. To extend the bathymetric grid along the shallow southern lagoon, relative bathymetry [39] was extracted from a 2.5 m high-resolution 2009 GeoEye-1 multispectral satellite image, using the 2013 bathymetry survey and the 2014 LiDAR survey as control points. Only the southern part of the satellite image was selected for this study, as the extracted bathymetry in the northern part overlaps the 2014 marine LiDAR. This procedure extended the combined bathymetric grid over the patch reefs near Pomato Point. The 2.5 m relative bathymetry was resampled at 10 m and merged with the pre-existing 10 m resolution grid.



In the absence of in situ wave measurements, synthetic wave events were modelled for a range of wave and wind conditions as described by Loureiro et al. [40] using SWAN, a third-generation wave model [41]. Significant wave height and wave direction were simulated to provide an insight into wave-induced sediment transport potential and help in the interpretation of observed historical shoreline changes.



Wave conditions were modelled with a four-step nested workflow using a regional 50 m grid (57 × 39 km2), a 20 m grid (33 × 23 km2), a 15 m grid (29 × 17 km2), and an island-scale 10 m grid (23 × 13 km2). The synthetic storm approach used the wind and wave data tabulated in Table 2. Fair weather, swells, and specific storms and hurricane wave conditions were simulated for seven sets of initial wind and wave data (Table 3 and Table 4). The hydraulic roughness of coral reefs is difficult to estimate [42]. Consequently, the Madsen bottom friction of reef areas varied from low (0.25 m) to high (1.8 m) [43]. The bottom friction for other benthic habitats was also added as follows: sand and muds (0.08 m [44]), algae (0.1 m [44]), seagrass (0.2 m [45]), and coral rubble (0.12 m [44]).



Shoreline change analysis was undertaken using historical aerial photos and high-resolution satellite images (Table 1) spanning from 1953 to 2009. The shoreline is clearly identifiable both as the high-water mark (HWM) [46] and the vegetation line [47,48]. The 2002 orthophoto set was available in a digital georeferenced format. The remaining aerial photos were digitised at 1200 dpi and rectified within ER Mapper v.7.2 using the 2002 aerial photoset as a reference for an NAD83-UTM20N geographical projection. Because western Anegada shows little topographic variation, triangulation was used for image rectification [49]. Ground control points included roads, buildings, and distinctive coral patches. A few photos were discarded due to poor quality, clouds and their shadows, a limited number of ground control points (Table 1). Some of the photos with partial cloud cover were rectified because enough control points were visible, but the obscured surface was excluded from further analysis. The HWM and vegetation line were digitised from 1953 to 2009 within ArcGIS 10.1. Some of the digitised shorelines were discontinuous due to the quality of the imagery. The rectification error for digitised shorelines increases with increasing age: the error is 10 m for 1953 and 1959, 5 m for 1966 and 1969, and 2.5 m for 1992.



The Digital Shoreline Analysis System v. 4.0 (DSAS [50]) was used to analyse historical coastal changes. Shapefiles containing the HWM and vegetation lines were created. Shoreline transects were built at 10 m intervals to mirror possible variations in the lagoon’s bathymetry. The net shoreline movement (NSM), shoreline change envelope (SCE), and end point rate (EPR) were calculated and then collated within ArcGIS.



Results are presented for the north and west coasts (1953–2009) and the south coast (1959–2009). Six change intervals between successive HWM shoreline records are covered: 1953–1966, 1959–1966, 1966–1969, 1969–1992, 1992–2002, and 2002–2009. For ease of description, changes were considered for nineteen coastal sections: eight on the northern shore and eleven on the southern shore.




4. Results


4.1. Coastal Geomorphology


The north-facing sandy shoreline from Soldier Point to West End is exposed to wind-generated waves predominantly moving from east to west, and also to ocean swells. The sandy shoreline, however, is sheltered from direct wave impacts by a wide lagoon and a reef crest. At the southwest end of the island (West End to Pomato Point), the shoreline changes orientation and is not sheltered by an offshore reef. This stretch is affected by refracted wind waves and swells that progressively lose energy as they enter the Caribbean Sea. The low-energy southern shoreline is colonised by mangroves and lacks a well-developed sand beach.



Soldier Point marks the contact between the lithified last interglacial section of the island to the east [25,51] and the unconsolidated Holocene-to-recent beachridge section to the west. Soldier Point is exposed to persistent energetic waves [52], and coral clasts and limestone boulders are scattered over the rock platform. There is little sand, and shrubby vegetation covers a boulder, pebble, and clast coral ridge in the backshore [52]. To the west, a continuous sandy beach extends for over 9 km along the northern shoreline. This is backed by multiple beachridges topped with windblown sand. Occasional, small outcrops of beachrock constitute the only lithified units on this stretch of coast. The planform of the modern sandy shoreline comprises a series of temporally persistent sandy points and intervening embayments (Figure 1). The reef crest extends continuously along the northern coast and is located between 0.3 and 1.3 km seaward of the beach. The seaward face of the beachridges shows variable topography. On prominent points (e.g., Keel Point and Ruffling Point), recent erosional scarps were present during surveys in 2012 (Figure 4A), while along most of the coast the ridges slope gently to the upper beach (Figure 4B). The beach face is typically 10 m wide from the base of the landward ridge to the water’s edge. It is steep and terminates seaward in a well-defined beach step. The beach sands are entirely composed of biogenic grains that are typically well-rounded and moderately–well-sorted [23]. The beach step abuts a shallow subtidal area mantled by fine mud. In the 2012 survey, small shell fragments and fresh seaweed with occasional broken coral clasts were scattered on the beach berm. They were mainly from Acropora palmata (elkhorn coral) and Acropora cervicornis (staghorn coral), and they probably originated during Hurricane Sandy swells.



At the southwest end of the island, the shoreline’s orientation changes abruptly, although the continuous sandy beach continues for a further 4 km. Unlike the north-facing beach, this section is fronted by shallow subtidal sand flats colonised by seagrass. The beach planform here also comprises alternating points and embayments that are temporally persistent. It is backed by a series of beachridges with less dense vegetation than those of the northern shoreline.




4.2. Climate and Wave Environment


Wind and wave data are presented in Figure 3 and Table 5. Swell events were extracted from the three buoy records (Figure 3). No wave height over 4 m lasting more than 6 h was recorded for the Caribbean buoy for the period 2011 to 2013. Twenty swell events (period > 6 s) unrelated to hurricanes were recorded for buoy 41043 between 2007 and 2013. Sixteen swell events were recorded at buoy 41044 between 2010 and 2013.



Using the hurricane influence areas approach [34], 28 storm and hurricane events were identified since 1852 (Figure 5). They varied from extratropical storms (ET) to category 4 hurricanes. Fifteen of these impacted Anegada from 1940 to 2010 (Figure 6), encompassing the period for which shoreline data are available. In the 1940s and 1950s, six tropical storms were recorded. Then, Hurricane Donna (category 4) in 1960 was followed by a quiet period of 25 years with only one tropical depression (in 1975). From 1995 to 2010, there were four hurricanes, three of which were category 4. Of particular interest are Hurricane Donna in 1960 (category 4, approaching from the northeast), Hurricane Omar in 2008 (category 4, approaching from the southwest), and Hurricane Earl in 2010 (category 4, approaching from the northeast). Subsequent to the historical period analysed, the category 5 Hurricane Irma, followed by the more distant category 3 Hurricane Maria, affected Anegada in September 2017.




4.3. Wave Modelling


Figure 7, Figure 8 and Figure 9 show the simulated wave height H (in m) and wave-induced force (in N/m2) for fair-weather and selected extreme wave conditions. Since surge levels were not known, 0.5 m (the maximum tidal range) was added to the MSL for fair-weather and swell waves, while for storm conditions the surge level was set at 1 m, based on measured observations of a surge of this elevation on Anegada during Hurricane Earl (2010) [25].



For fair-weather conditions (Figure 7A) and a ground swell event (Figure 7B) from east to northeast, the wave height drops markedly between the reef crest and the lagoon. The force vectors initially increase on the fringing reef and are then steered by the complex reef morphology. In the northern lagoon, the wave height is between 0.5 and 1.5 m for both fair-weather and swell conditions. For the fair-weather case, H is homogeneous in all parts of the lagoon, while the swell case shows higher H in front of the points and low H in front of the bays. For swell, zones of higher waves coincide with northeast–southwest-orientated linear sandbanks in the lagoon (Figure 2). On the shoreline for both simulations, a few large force vectors are directed onshore, but most small vectors are directed offshore. At Soldier Point, the vector sizes and directions indicate the potential for overwash even for fair-weather or swell conditions. Despite the east–west island orientation and incoming northeasterly waves, wave crests behind the fringing reef are shore-parallel or swash-aligned. This is also evident along the southern shore. For fair-weather conditions on the southwest shore the waves are <<1 m, while for swell conditions H ranges between 1 and 2 m and many force vectors are directed onshore.



Figure 8 shows the modelled wave conditions for three specific storm events, ranging from tropical depressions to category 1 hurricanes. These illustrate the conditions during Storm Eloise (1975 m, Figure 8A), Hurricane Debby (2000, Figure 8B), and Hurricane Omar (2008, Figure 8C). Debby and Omar had similar deep-water wave heights but different approach directions. Omar was unusual because it formed in the Caribbean Sea and ended in the central Atlantic. During Eloise (Figure 8A), although the reef represented a natural barrier to incoming east–northeast waves, H reached 1.5 m in the lagoon and along the shorelines. The wave crests were shore-parallel on the north and southwest shorelines. During Debby (Figure 8B), the wave height reached 2.5 m in the northern lagoon and 1.5 m along the shoreline. The wave crests were shore-parallel. In contrast, during Hurricane Omar (Figure 8C), the wave height reached 2 to 2.5 m along the southwest shoreline. The force vectors were shore-normal and were the strongest simulated for the southern shore. The southwest incoming Omar waves affected the area from West End to Walkover Set Bay, but the northern shore was sheltered from their approach.



Waves during Hurricanes Earl (Figure 9A) and Donna (Figure 10B) both had an east–northeast wave approach and initial deep-water wave heights of 10 and 12 m, respectively. In the lagoon, the wave height (H) ranged from 1 to 3 m for both simulations. Wave-induced stress vectors over the fringing reef and in the lagoon were aligned northeast–southwest for both hurricanes.



For all simulations, the wave heights were markedly reduced across the reef and the wave direction was modified. Whatever the incoming wave direction, the force vectors are shore-normal when they reach the north and southwest shorelines. Although wave-induced force simulations indicate a strong east–west drift along the northern shore, this is concentrated on the reef crest rather than the shoreline. The southwest shoreline has low-energy conditions except for the wind and wave conditions associated with Hurricane Omar. For fair-weather, swell, and storm conditions, distinct northeast–southwest-orientated zones of concentrated wave energy and enhanced force vectors develop in the lagoon and extend from the reef crest to the shoreline. They are best illustrated in the swell wave simulation (Figure 7B). Their orientation and location is consistent with elongated sand stringers that extend from the reef crest to the shoreline throughout the lagoon.




4.4. Historical Shoreline Change


The net shoreline changes are presented in Figure 10. The HWM and vegetation shoreline change results are similar, indicating that the beach width has remained consistent over time. The end point rates (EPRs) are displayed in Table 6 and Table 7. The tables present the local minimum, maximum, average, and mean for each shoreline section.



Prominent progradation was evident in Windlass Bight, Cow Wreck Bay, Walkover Set Bay and Point, and from R1 to Pomato Point (Figure 10). Erosion was recorded at Keel Point and Bones Bight Point on the north shore and from West End to R1 on the southwest coast. The north coast is characterised by recession on the points and progradation in the embayments, with transitional sections in between. The southwest coast is clearly eroding in the west and accreting in the east around Pomato Point.



In Figure 11, the average net shoreline movement (NSM) and end point rate (EPR) of the HWM are shown for each of the six consecutive shoreline records. Each image shows shoreline changes between successive images. Despite gaps in the record due to cloud cover, some differences in temporal behaviour are evident. Windlass Bight shows progressive, unidirectional shoreline changes, while the coastline between Ruffling Point and Pomato Point alternates between strong progradation and strong recession.



Along the north coast, the shoreline behaviour alternates along the shore, with general recession on the points and progradation in the embayments (Figure 10, Figure 11 and Figure 12). Windlass Bight and Bones Bight have complex temporal behaviour (Figure 11). Cow Wreck Bay was clearly prograding, while the shoreline at Keel Point was clearly receding for all three observable periods (1953–1966. 1992–2002. and 2002–2009). The section between West End and Pomato Point alternates between strong recession and strong progradation. The periods 1959–66 on the southwest coast and 1966–69 on the north coast show the greatest spatial extent of shoreline progradation.



Windlass Bight accreted significantly in its easternmost part between 1969 and 1992 (+83.18 m for the HWM and +86.48 m for the vegetation line). The central part was broadly stable and the western part of the bay also accreted (Figure 10). Recession in the central part between 1953 and 1960 was followed by moderate progradation (Figure 11). Bones Bight faces a shallow area of the lagoon. The shoreline shows strong recession in the east (Figure 10), while in the west it ranges from stable to moderate progradation. At the limit between Bones Bight and Keel Point there is a transition area with moderate recession in 1953–1992 and moderate progradation from 1992 to 2009.



The trend at Keel Point is one of consistent shoreline recession, with an EPR of −0.35 m/year for the HWM between 1953 and 2009 (Figure 10, Figure 11 and Figure 12; Table 6 and Table 7). The maximum net change between 1953 and 2009 was −56.5 m for the central part of the point. Although the year-to-year data for HWM are not complete, the change rates appear to be temporally variable. Between 1953 and 1966, the HWM retreated at −0.14 m/year. This increased to −0.95 m/year between 1992 and 2002, and then decreased. Landward of the most seaward set of beachridges at Keel Point, the 1966 and 1969 photos show an area of bare sand (Figure 12) that had become vegetated by 1992. This appeared after the passage of Hurricane Donna in 1960, and it can be interpreted as Hurricane-generated overwash.



Cow Wreck Bay shows extensive progradation (Figure 10, Figure 11 and Figure 12). The median NSM for the vegetation line is +51.77 m. This progradational trend is broadly constant in the year-to-year analysis for the HWM (Figure 11) and the vegetation line. Cow Wreck Point shows little change in its eastern part (Figure 10). The western part, however, shows progradation that was confirmed to be continuing during 2015 fieldwork. Walkover Set Bay and Walkover Set Point show a similar general progradation trend for the period from 1953 to 2009 (Figure 10 and Figure 11). The maximum progradation of the HWM is +62.2 m for the bay and +73.63 m for the point (Table 7). Some year-to-year datasets are missing for the HWM due to the poor quality of the aerial photos. Some recession is evident between 1953 and 1966 and between 1966 and 1969 (Figure 11 and Figure 12). The trends are similar for the vegetation lines (Table 7): some recession is observed, but overall strong progradation is dominant. Moreover, the vegetation trend between 1992 and 2002 in Figure 11 for this area points to stabilisation of the shoreline. The West End section shows moderate progradation in the north and recession in the south (Figure 11 and Figure 12). In the eroding area (from West End to Ruffling Point), initial progradation was followed by recession (Figure 11).



The southwest coast from Ruffling Point to Pomato Point’s cuspate foreland and then east to Settling Point (Figure 10, Figure 11 and Figure 12) is the most dynamic in the study area. The 600 m long shoreline between Ruffling Point and R1 experienced recession from 1953/59 to 1992, followed by progradation up to 2009 (Figure 11). The adjacent shoreline (RPR1) of similar length shows numerous changes in rate and direction. These involve recession (1959 to 1966), stabilisation (1966 to 1969), progradation near the R1 point (1969–1992), recession (1992–2002), and renewed stabilisation between 2002 and 2009 (Figure 11). The HWM and vegetation line do not show the same temporal behaviour in this section: the vegetation lags behind the shoreline progradation, indicating that stabilisation by vegetation is a slower process than sand accretion to the beach face.



The R1 point accreted and prograded to the east between 1969 and 1992 (Figure 11). After 1992, the cuspate foreland disappeared and the coastline became straighter. From R1 to R2, the coast exhibited only progradation from 1959 to 2009 (Figure 10, Figure 11). Then, from R2 to Pomato Point West (PP1 and PP3 in Table 6 and Table 7), the shoreline advanced from 1959 to 1992, retreated from 1992 to 2002, and advanced back to the 1992 level by 2009. From Pomato Point East to Setting Point (PP2 and PPSP in Table 6 and Table 7), the data are incomplete due to the quality of the aerial photos. In the first set (1959 to 1969) and second set (1992 to 2009), no major changes were observed. East of Settling Point, discontinuous mangroves occur.





5. Discussion


The drivers of shoreline changes at multidecadal timescales are complex and involve both dynamic (predominantly wave-forcing) and geological (e.g., sediment supply, antecedent topography) factors and their interactions [53,54]. As in most studies of multidecadal shoreline changes, information on relevant geological parameters is lacking for Anegada, and interpretation relies largely on the observation of linkages between dynamic forcing and morphological change. These then permit inferences regarding sediment supply and geological influences.



Anegada’s geographical position exposes it to extreme waves of Atlantic and Caribbean origins. Storms can be particularly effective in alongshore redistribution of sand [55] and/or offshore transport [56]. Their impacts are strongly dependent on the trajectory of the storm relative to the coast [57,58], and they are not uniformly distributed in time. The study period contains two broad storminess intervals (Figure 5): a calm period from 1960 to 1995, and a period with multiple extreme wave events from 1995 to 2009. For the Atlantic Basin, the storm and hurricane activity periods have been linked to the position of the Atlantic Multidecadal Oscillation (AMO) and the North Atlantic Oscillation (NAO) [59], but also to the Madden–Julian Oscillation (MDO) [60] or the El Niño–Southern Oscillation (ENSO) [61]. Combined, the AMO and NOA cyclically drive the position of the hurricane corridor in the Caribbean and storminess in the North Atlantic. Strong hurricane activity happens when warm sea-surface temperatures (AMO-positive), mainly in the Western Atlantic, face a mild-to-cold humid Arctic winter (NAO-positive). This was the case for the end of the 20th century (1985 to 2003) [59], during which period only Hurricane Luis (1995) hit Anegada.



Since 2003, the combined positive AMO and negative NAO have been driven by a warm sea-surface temperature and low solar activity (i.e., cold winters in the Artic) [59]. This should result in more storms in the Atlantic Basin than over the Caribbean Sea, with extratropical cyclones reaching Northwestern Europe. Two hurricanes (Omar and Earl) impacted Anegada in 2008 and 2010, respectively. However, Omar was a hurricane that developed in the Caribbean Sea and headed east. Its formation was due to a combination of an easterly MDO and warm sea-surface temperatures. The easterly MDO drove the hurricane track east–northeast instead, directing it to the Gulf of Mexico. Finally, the hurricane season of 2017 saw two extreme hurricanes (Irma and Maria) crossing over or nearby Anegada. Although this study does not extend to these two events, they are consistent with the trend of increasing storminess since 2003.



The main direction of wave approach at Anegada is from the east (Figure 3) and east–northeast for storms and hurricanes (Figure 4). As the tidal range is minimal (under 0.5 m), wave energy is focused at the same level of the beach face, except during storm surges. Because the offshore transition of the reef edge is steep, storm surges are likely to be small. However, storm surges and swashes are high enough to leave a drift line above the maximum tide line. The steep slope and high bottom friction of the reef decrease incoming storm wave energy on the north coast. The easterly main wave direction drives a unidirectional longshore drift from biogenic sediment sources on Horseshoe Reef and the emergent Pleistocene section of the island. The transfer of sediment from the reef to the shoreline appears to take place via linear zones of high wave energy (Figure 7) that traverse the lagoon under all simulated wave conditions. The orientation and extent of these zones are similar to sand stringers visible on satellite and air photographs (Figure 11) that extend from the reef crest across the lagoon to the sandy shoreline. The high degree of rounding and sorting of the beach’s sand grains indicates that they have undergone significant abrasion and transport from the reef source.



Although both points and embayments have been subject to changes in shoreline position over the >50-year study period, their multidecadal persistence on this mobile sandy shoreline suggests that they are controlled by long-term topographic effects of the reef crest on incident waves. The long-term shoreline change results show three distinct morphodynamic domains (i.e., zones encompassing areas of similar multidecadal shoreline changes) in west Anegada (Figure 13):



	
The north coast shows general shoreline progradation in the embayments and recession on the headlands;



	
The section from West End to Pomato Point shows strong temporal and spatial variability in shoreline behaviour, with spatially alternating recession and progradation;



	
East of Pomato Point, the shoreline shows little-to-no change.






These three behaviours are broadly consistent between 1953 and 2009, except for a period of more widespread progradation in the 1960s, when the frequency of storms was low.



Wave modelling suggests that storm events affect each of these zones in different ways. In the north, increased wave heights and wave-induced stress during storms intensify the longshore drift on the reef crest. The increased wave energy in the lagoon may be linked to sediment transfer from the points to the embayments, and storm run-up is able to deliver sediment to the supratidal zone to build shore-parallel beachridges. On the southwest shoreline, refraction of storm waves initiates periodic erosion and a southerly drift of sand that accumulates at Pomato Point. It is likely that some eroded sand accumulates in subtidal sand banks south of Anegada. These could act as a sediment source for subsequent storms approaching from the south or west. On the south coast, sheltered conditions permit the development of mangroves.



Wave modelling shows that much of the incident wave energy is intercepted and the force vectors are highly modified by the reef. There is also a clear difference in energy focusing and shoreline wave heights between fair-weather and storm conditions (Figure 13). Along the north shore, the embayments are generally accreting (Windlass Bight, Cow Wreck Bay, and Walkover Set Point Bay), while the points are generally eroding (Keel Point and Cow Wreck Point) (Figure 10, Figure 11 and Figure 12). This implies the development of a series of coastal cells within which sediment is eroded and deposited. Cannibalisation of existing sediment from the points and accumulation in the intervening downdrift embayments is consistent with the implied east–west longshore drift and a trend toward straightening of the shoreline. Erosion at Keel Point, for example, appears to supply the fast-accreting downdrift shorelines at Cow Wreck Bay and Walkover Set Bay (Figure 10 and Figure 11). Sand accretion at Windlass Bight and Bones Bight at the eastern end of the beachridge system implies sediment transport directly from the adjacent updrift reef and shoreline deposits and/or from the immediately fronting reef crest (1200 m wide) (Figure 2). The maturity of the beach sediment suggests abrasion and sorting consistent with longshore transport over a significant distance and/or time. This is supported by the shore-oblique wave energy vectors at Windlass Bight (Figure 7, Figure 8 and Figure 9), while significant shoreline progradation is evident in the shoreline change analysis (Figure 10 and Figure 11).



The presence of headlands suggests different formative conditions than those prevailing at present. The lack of storms from 1960 to 1995 (Figure 6) may have preferentially allowed accretion on the points. The period of storminess that started at the end of the 1990s is still ongoing due to the AMO and NDO variations, and this could have initiated the erosional trend at the points that was observed in the shoreline change analyses. However, reef morphology also affects island shorelines [62], and the position of the headlands could also be linked to breaks in the fringing reef (Figure 7, Figure 8 and Figure 9). Near these reef breaks, the model results show that swell can increase and storm waves can reach the beach.



At West End, the shoreline changes to a northwest–southeast orientation. Here, easterly waves are refracted around the point to generate a southeast-directed longshore drift. The net shoreline trends point to loss of sediment from the northwest and accumulation in the southeast under the dominant refracted drift direction. However, the marked temporal variability in shoreline behaviour in this section indicates that sediment is periodically delivered to West End from the northern shoreline (causing local accretion), after which it is transferred toward Pomato Point or onto the Virgin Islands Bank (reflected in erosion at West End). The model results (Figure 7, Figure 8 and Figure 9) show the importance of longshore sediment transport in this area. The dominant easterly waves have a limited effect on the south coast, where only swells and south-approaching storm waves affect the shoreline. On the south coast beyond Pomato Point, the shoreline changes are minor. The prevailing low wave energy on the Caribbean side of the island results in mangrove-fringed shorelines, highlighting the low wave energy there [63].



The observed multidecadal shoreline behaviour points to alongshore movement of sediment in a series of longshore cells whose position is controlled by the influence of the reef crest on incident waves. The shoreline changes suggest a high degree of reworking of existing beach sediment along the shore. This is somewhat at odds with the long-term geomorphological evolution of the island. The multiple beachridges behind the modern shoreline suggest a strongly positive sediment budget for much of the island’s existence, whereas cannibalisation of existing sediment is suggested in the past half-century. The inferred ongoing input of reef sediment to the beach via linear sand stringers thus appears to be less than the volume of sediment being transported along the shore and points to a contemporary negative sediment budget.




6. General Discussion


Globally, an estimated 100 million people benefit from risk reduction from the presence of a reef [9,64]. Coral reefs around Anegada reduce incoming waves’ height and energy. The significant drop in wave height for all modelled conditions matches the 85–95% wave attenuation measured elsewhere [9,65].



Carbonate tropical islands are perceived to be at risk from global climate change [6], rising sea levels [3], and reef degradation [4]. The recorded shoreline changes at Anegada, however, point to an active sedimentary system involving carbonate sediment input from Horseshoe Reef, its transport along the north shore under longshore drift, and then rapid dispersal to the south side of Anegada or into subtidal shoals of the Virgin Islands Bank. In the mesoscale, this results in spatially and temporally variable rates of shoreline change in response to changes in energy input (moderated by storms).



The multidecadal shoreline change rates—both positive and negative—reported for Anegada are similar to those of other carbonate island shorelines [3,66,67,68,69], although the erosional and depositional areas on Anegada occur in close alongshore proximity, suggesting longshore linkages in sediment source and deposition. The majority of carbonate atoll islands are stable or accreting (i.e., increasing in area) [70], in spite of rising sea levels. This suggests the widespread existence of generally positive sediment budgets in carbonate-producing systems. The general accretionary status of Anegada over the course of the Holocene (as evidenced by its multiple beachridges) is similarly indicative of a strongly positive reef-derived sediment budget. However, shoreline changes in the past 50 years suggest a reduced sediment input and a switch to reworking and cannibalisation that may be linked to a reduction in reef sediment delivery.



On a fringing reef like Anegada, reef growth is vertical, creating little accommodation space for sediments on the reef itself [71]. Reefal sediments are instead transported ashore, forming the beachridge plain. The recurrence of extreme wave events influences the reef framework’s development [72,73,74] and is essential to avoid reef burial by sediments in the long term, but it should not be too short, so as to avoid permanent damage [74]. The coral reef’s biological state—living or dead—may influence its shoreline protection and sediment supply functions [74]. Caribbean reefs have been particularly threatened since 1970, and many are considered to be endangered [6,53,75], although Horseshoe Reef is in a moderate condition [18]. The shoreline change rates on Anegada are moderated by sediment supply and wave energy modification from this reef. The historical changes reported here may reflect a long-term change or a short-term low-sediment-supply interval that is not detectable in the multi-century record of beachridge plain evolution.




7. Conclusions


This study describes mesoscale shoreline changes around the beachridge plain of western Anegada island. The island is situated at the junction of two marine domains: Atlantic incoming extreme wave events impact the island regularly, while Caribbean Sea events are rare. A unidirectional longshore drift occurs along the north coast, related to the main incoming wave direction. This drives a large-scale westerly movement of carbonate sediments, especially on the reef crest, but also on the shoreline. Along the northern shore, longshore drift shifts sediment from east to west and results in the creation of a series of sediment cells, within which points are cannibalised to feed the embayments. A very active zone at the southwest of the island reflects variations in sediment supply and dispersal from the northern shoreline. East of Pomato Point, the presence of mangroves is consistent with a low-energy, stable shoreline. A mechanism for carbonate sediment transfer from the reef crest to the shoreline is suggested by the development of linear zones of higher wave energy that coincide with sand stringers running obliquely across the lagoon.



Extreme wave events have affected the island at various times during the study period, and two broad storm regimes were identified—one calm period up to 1995, and a period of more regular and intense storm activity since then. Higher-energy storm events produce strong run-up along the shoreline in areas where beachridges form. A combination of reef-derived sediment supply and storm run-up is essential for beachridge formation.



Nearshore processes depend on the direction of approach of storms or hurricanes. In the north, as shown by the modelling, the fringing reef acts to strongly reduce incoming waves’ energy and redirects the waves to a swash-aligned regime, creating a persistent configuration of points and embayments. This highlights the reef morphology’s importance in the definition of Anegada’s mesoscale coastal processes. In a climate change context with progressive reef decline, the future resilience of such tropical carbonate islands depends largely on the reef status for both sediment supply and wave protection. The historical changes observed suggest that the island may be shifting from a positive to a negative sediment budget. Whether this is the start of a long-term secular trend or a shorter-term fluctuation cannot be determined at present, but our results highlight the need for further investigation of linkages between reef status, carbonate sediment production, and sandy carbonate islands’ stability in a climate change context.
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Figure 1. Geographical setting of the Virgin Island group and the island of Anegada. The bathymetry is displayed in 500 m intervals. The position of CariCOOS Buoy 41052 is shown. 
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Figure 2. Anegada island and the surrounding bathymetry. The western side is represented by a 2009 GeoEye-1 satellite image (5 m resolution, natural colours), while the eastern part is represented by the 2002 aerial photo set (10 m resolution). Combined bathymetry originates from this study. The isobaths have a 5 m step for 0 to 50 m, and then a 50 m step for the deeper values. 
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Figure 3. Wave height, wind direction, and wave direction retrieved from the three buoys: (A) Position of the buoys relative to the island of Anegada [34]. (B) Buoy 41044, northeast of Saint Martin. (C) Buoy 41052, south of Saint John. (D) Buoy 41043, northeast of Puerto Rico. 
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Figure 4. Ground photographs of the eroding (A) Keel Point and accreting (B) Pomato Point sectors of the carbonate sandy shoreline of Anegada; for locations, see Figure 2. 
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Figure 5. Map of mean storm and hurricane frequency (events/year) for the North Atlantic, on which are superimposed tracks of hurricanes that have directly impacted Anegada. The name of the storm is displayed at the end of the storm track. 






Figure 5. Map of mean storm and hurricane frequency (events/year) for the North Atlantic, on which are superimposed tracks of hurricanes that have directly impacted Anegada. The name of the storm is displayed at the end of the storm track.



[image: Jmse 11 01725 g005]







[image: Jmse 11 01725 g006] 





Figure 6. Storm and hurricane intensity from 1940 to 2010, and historical shoreline records: The size and colour of the top bar corresponds to the hurricane category, as in Figure 5. The name of the storm or hurricane is displayed on the top of the bar. 
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Figure 7. Simulated fair-weather (A) and swell (B) conditions models for west Anegada. The colour map represents the wave height H, and the arrows are the wave force direction and intensity. 
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Figure 8. Tropical depression to category 1 hurricane model results for west Anegada. The colour map represents the wave height H, and the arrows are the wave force direction and intensity (length). (A) Tropical Depression Eloise (1975). (B) Category 1 Hurricane Debby (2000). (C) Category 1 Hurricane Omar (2008). 
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Figure 9. Category 3 and 4 hurricane models. The map represents the wave height H, and the arrows are the wave force direction and intensity. (A) Category 3–4 hurricane conditions like Hurricanes Earl (2010) and Hugo (1989, itself not affecting Anegada but the rest of the BVI (Hubbard, 1992) [8]). (B) Category 4 Hurricane Donna (1960) conditions. 






Figure 9. Category 3 and 4 hurricane models. The map represents the wave height H, and the arrows are the wave force direction and intensity. (A) Category 3–4 hurricane conditions like Hurricanes Earl (2010) and Hugo (1989, itself not affecting Anegada but the rest of the BVI (Hubbard, 1992) [8]). (B) Category 4 Hurricane Donna (1960) conditions.
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Figure 10. Shoreline changes for the HWM and the vegetation line. The length of each transect corresponds to the shoreline change envelope (in metres) of each of the shorelines. The colour scale corresponds to the end point rate (in metres/year; same class values for the two figures) for each type of shoreline, with a colour scale of red representing strong erosion, orange representing light erosion, yellow representing no changes, light green representing light accretion, and green representing strong accretion. 
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Figure 11. High-water mark SCE and EPR changes for all sections and all years. Same colour scale as Figure 9; only minimum and maximum values are changing. Note that the scale present on (A) is the same for all 6 images, and all of the changes are displayed on the 2009 satellite image. 
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Figure 12. Shoreline changes at Walkover Set Bay and Keel Point during the study time. Note the washover fan appearing between 1953 and 1966 behind Keel Point. 
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Figure 13. Long-term changes vs. short-term changes: (A) Longshore transport for west Anegada. (B) Storm overwash for west Anegada. 
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Table 1. Data used in the study.






Table 1. Data used in the study.





	
Data

	
Date

	
Description

	
Source






	
Fieldwork

	
2012 and 2015

	
Fieldwork observations.

	
This work




	
Aerial photos

	

	
The sets have a range of preservation quality; 1953 to 1992 are scanned and rectified

	
DDM (BVI)




	
Agency

	
Mission name

	
Altitude (feet)

	
Number of tiles

	
Number of tiles used




	
1953

	
RAF

	
Leeward Islands

N. 9

	
2500

	
26

	
23




	
1959

	
USAF

	
VM 88 1372MCS

	
5000

	
6

	
5




	
1966

	
RAF

	
//

	
5000

	
18

	
16




	
1969

	
//

	
103-VI-2

ANEGADA

	
6250

	
20

	
17




	
1992

	
Geomatics

	
LWI92-011

	
2000

	
22

	
20




	
2002

	
//

	
//

	
//

	
90

	
90

	




	
Satellite image

	
2009

	
GeoEye-1 image in panchromatic (0.5 m resolution) and 4 colour bands (blue to infrared, 2.5 m resolution)

	
GeoEye




	
Standard meteorological data

	
Accessed 2014

	
Wind and wave data collected from 3 different buoys over different periods from 2007 and 2013

	
NOAA




	
Hurricane

tracks

	
Accessed 2015

	
Storms and hurricanes are listed per season for the North Atlantic; wind speed gives the classification on the Saffir–Simpson scale

	
NOAA




	
Bathymetry data

	
2012

	
NOAA US Virgin Islands DEM from 2012 (Grothe et al., 2012 [36])

	
NOAA




	
Various

	
BVI nautical charts

	
BVI

Govt.




	
2013

	
Bathymetric survey of Anegada (unpublished)

	
BVI

Govt.




	
LiDAR

	
Terrestrial

21

January 2014

	
Bare-earth terrain model by Quantum Spatial for the Puget Sound Lidar Consortium; Optech Orion M300 sensor system; Cessna 210 Caravan aircraft

Fredericks, X., ten Brink, U.S., Atwater, B.F., Kranenburg, C.J., Nagle,

D.B., 2016, Coastal Topography—Anegada, British Virgin Islands,

2014: U.S. Geological Survey data release, http://dx.doi.org/10.5066/F7GM85F3

	
USGS




	
Marine 19–20

March

2014

	
LiDAR survey led by C. Wayne Wright, USGS; Experimental Advanced Airborne Research Lidar, version B,

	




	
emitting three simultaneous 532 intervals; Cessna 310 aircraft; nanometre laser pulses at 700 picoseconds

	




	
Benthic habitats

	
1992

	
Shapefile of the benthic habitats of the BVI

	
BVI

Govt.











 





Table 2. Wave and wind input parameters for the different wave models.
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Storm Event

	
Physical Inputs

	
Parameters

	
-

	

	




	
Wave Height

(m)

	
Wave Period

(s)

	
Wave Direction

(Nautical Degrees)

	
Wind Speed

(m.s−1)

	
Wind Direction

(Nautical Degrees)






	
Fair weather

	
1.8

	
6

	
90

	
6

	
100




	
Swell

	
4

	
8

	
130

	
8

	
110




	
TD Eloise

	
3

	
7

	
90

	
15

	
90




	
H1 Debby

	
5

	
7

	
90

	
33.5

	
135




	
H1 Omar

	
5

	
7

	
200

	
24

	
200




	
H3/H4

Earl/Hugo

	
10

	
10

	
90

	
56

	
90




	
H4 Donna

	
12

	
12

	
110

	
66

	
110











 





Table 3. Physical settings for SWAN model runs.






Table 3. Physical settings for SWAN model runs.





	
Storm Event

	
Water Level

(m)

	
Physics—Run




	
GEN 3

	
WCAPpi

ng

	
QUADrupl

ets

	
WINDGro

wth

	
FRICti

on






	
Fair weather

	
0.5

	
JANSS

EN

	
OFF

	
OFF

	
OFF

	
MADse

n




	
Swell

	
0.5

	
JANSS EN

	
OFF

	
OFF

	
OFF

	
MADse n




	
TD Eloise

	
1

	
JANSS

EN

	
OFF

	
OFF

	
OFF

	
MADse

n




	
H1 Debby

	
1

	
JANSS

EN

	
OFF

	
OFF

	
OFF

	
MADse

n




	
H1 Omar

	
1

	
JANSS

EN

	
OFF

	
OFF

	
OFF

	
MADse

n




	
H3/H4

Earl/Hugo

	
1

	
JANSS

EN

	
OFF

	
OFF

	
OFF

	
MADse

n




	
H4 Donna

	
1

	
JANSS

EN

	
OFF

	
OFF

	
OFF

	
MADse

n











 





Table 4. Diffraction settings for SWAN model runs.






Table 4. Diffraction settings for SWAN model runs.





	
Storm Event

	
DIFFRACtion




	
50 m

	
20 m

	
15 m

	
10 m






	
Fair weather

	
Yes

	
Yes

	
Yes

	
Yes




	
Swell

	
Yes

	
Yes

	
Yes

	
Yes




	
TD Eloise

	
Yes

	
Yes

	
Yes

	
Yes




	
H1 Debby

	
Yes

	
Yes

	
Yes

	
Yes




	
H1 Omar

	
Yes

	
Yes

	
Yes

	
Yes




	
H3/H4

Earl/Hugo

	
Yes

	
Yes

	
No

	
No




	
H4 Donna

	
Yes

	
No

	
No

	
No











 





Table 5. Average wave and wind conditions for the three buoys.






Table 5. Average wave and wind conditions for the three buoys.













	Average All Data
	Hsig (m)
	Dir (deg)
	T (s)
	Wind

(m/s)
	Wind Dir

(degT)





	Northeast Puerto Rico

(41043)
	1.82
	91.80
	5.91
	6.28
	101.68



	Northeast Saint Martin

(41044)
	1.93
	81.41
	6.16
	6.17
	106.17



	South Saint John (41052)
	1.04
	103.14
	
	6.08
	88.07



	Hurricane season
	Hsig (m)
	Dir (deg)
	T (s)
	Wind

(m/s)
	Wind Dir

(degT)



	Northeast Puerto Rico
	1.68
	92.74
	5.72
	6.17
	103.95



	Northeast Saint Martin
	1.79
	91.46
	5.90
	6.21
	103.10



	South Saint John
	1.01
	104.65
	
	5.98
	93.35



	Out of hurricane

season
	Hsig (m)
	Dir (deg)
	T (s)
	Wind

(m/s)
	Wind Dir

(degT)



	Northeast Puerto Rico
	1.97
	90.54
	6.12
	6.41
	99.36



	Northeast Saint Martin
	2.08
	61.32
	6.42
	6.13
	109.24



	South Saint John
	1.08
	101.33
	
	6.20
	81.74










 





Table 6. North coast sections’ HWM end point rates from 1953 to 2009.






Table 6. North coast sections’ HWM end point rates from 1953 to 2009.





	North Coast

Section
	Min
	Max
	Average
	Median





	WB

(n = 243)
	−0.69
	1.47
	0.24
	0.18



	BB

(n = 179)
	−1.36
	0.41
	−0.03
	0.1



	KP

(n = 190)
	−0.91
	0.88
	−0.35
	−0.47



	CWB

(n = 110)
	0.05
	1.37
	0.95
	0.98



	CWP

(n = 27)
	−0.04
	0.53
	0.15
	0.04



	WSB

(n = 75)
	0.16
	1.12
	0.56
	0.48



	WSP

(n = 33)
	0.14
	1.31
	0.8
	0.89



	WE

(n = 63)
	−0.82
	0.47
	−0.2
	−0.19










 





Table 7. South coast sections’ HWM end point rates from 1953 (only RP) or from 1959 to 2009 (all of the others).






Table 7. South coast sections’ HWM end point rates from 1953 (only RP) or from 1959 to 2009 (all of the others).





	South Coast

Section
	Min
	Max
	Average
	Median





	RP

(n = 31)
	−1.07
	−0.49
	−0.72
	−0.7



	RPR1

(n = 92)
	−1.38
	0.04
	−0.55
	−0.51



	R1

(n = 42)
	−0.86
	1.74
	0.31
	0.48



	R1R2

(n = 35)
	0.98
	1.63
	1.35
	1.35



	PP1

(n = 37)
	0.4
	1.24
	0.7
	0.61



	PP2

(n = 38)
	−0.29
	0.01
	−0.13
	−0.14



	PP3

(n = 22)
	−0.12
	1.31
	0.35
	0.01



	PPSP

(n = 106)
	−0.52
	0.31
	−0.22
	−0.18



	SP1

(n = 28)
	−0.05
	0.34
	0.11
	0.1



	SP2

(n = 30)
	−0.17
	0.18
	−0.03
	−0.04



	SP3

(n = 88)
	−0.43
	0.25
	−0.11
	−0.13
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