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Infrequent but high energy storm events can radically modify coastlines, at times displacing significant sediment volumes and changing shoreline configuration. More frequent and stronger Atlantic storms over the last 40 years have heightened the potential risk to coastal environments, population and infrastructure. Understanding local environmental forcing conditions and associated variables involved in coastal impact and response, can better inform future coastal management planning. This study examines the coastal impacts of two separate storms that occurred at Five Finger Strand, on the northwest Irish coast, in late 2017 (Storm Ophelia) and mid-2018 (Storm Hector). Using forcing parameters (wind speed and direction, wave heights and wave run up) along with 3D topographic surveys, impacts are examined for both storm events. For Storm Ophelia, shore-oblique to shore-parallel waves (2 m in height) coincident with low tide (∼0.8 m) were recorded. This resulted in minimal erosional impact which was corroborated by a new proxy storm impact index, “Storm Dune Trimming” (value of >0.03) as well as a sediment displacement volume of 8,300 m3, largely confined to the intertidal area with only limited foredune edge erosion. Storm Hector, on the other hand, a lower energy event than Storm Ophelia, resulted in much more pronounced sediment displacement (13,400 m3 in the intertidal area) and significantly more dune scarping (Storm Dune Trimming >0.09) due to better synchronicity of forcing factors such as high tide level, high wave heights and onshore wind direction. We conclude that storm energy is not always a direct indicator of coastal impact and that synchronicity of local forcing factors and antecedent beach conditions appears to be the most relevant in actual coastal response on sandy beaches. This study, therefore shows the importance of particular environmental parameters and their simultaneous timing in forcing change and is an important insight into which parameters may be more risk-relevant in producing erosion along many sandy, dune-fringed coasts of NW Europe.
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INTRODUCTION

Storm impact along sandy coasts globally is driven by various local factors, including accommodation space and physical forcing parameters which help drive coastal dynamics (Cooper and Orford, 1998). The extent and range of impact variability can be high, even over small coastal stretches and minor morphologic alterations to beaches as result of dune vegetation, soil development and slope changes can influence beach response (Carter and Stone, 1989). Other characteristics of the subaerial beach, such as the elevation of the dune toe, foredune height, and the presence of nearshore subaqueous sandbars help determine the response of local morphology alongshore (Splinter et al., 2018). Changes in frequency and occurrence of storm-groups (Ferreira, 2006), as well as storm clusters (Dissanayake et al., 2015) can also intensify coastal morphological impacts.

The majority of storms impacting the Atlantic coastline of Europe form in the western mid-latitude wind belts as extratropical storms (Lozano et al., 2004). This movement of cyclones aligns along track corridors (Hayden, 1981) and displays an inter-annual variability (Schmith et al., 1998). Winter climate and storm occurrence and its corresponding relationship with large-scale patterns of atmospheric variability, such as the North Atlantic Oscillation (NAO), have been widely studied (Hurrell, 1995; Dawson et al., 2002). Indeed, a strong relationship was found between wave climate variability in the North Atlantic region and the NAO index (Dawson et al., 2002, 2004; Dodet et al., 2010). Studies from Lambert (1996) and Schinke (1993) have shown that more intense storm events have occurred since 1970 in the northern hemisphere. The Global Tropical and Extratropical Cyclone Climatic Atlas data (GTECCA, 1996) was used to show that storms normally originate from the west, with most focussing SW of Iceland (Lozano et al., 2004). In a comparative study, Feser et al. (2015) also found that from early 70s until the mid-1990s, there has been increased storm activity over the North Atlantic area (north of 55–60°) in agreement with the variability long-term proxies including the NAO.

Strong coastal storms particularly affect the western/north-western coasts of Ireland (Cooper et al., 2004; Backstrom et al., 2015). Historically, both its hard coasts (Scheffers et al., 2009, 2010; Erdmann et al., 2017) and sandy coasts (Cooper et al., 2004; Kandrot et al., 2016) are influenced by remnants of Atlantic Hurricanes reaching Ireland. Events such as the 1839 ‘Night of the big wind’ (Shields and Fitzgerald, 1989) a Category 3 Hurricane and 1961’s Hurricane Debbie (Hickey and Connolly-Johnston, 2012), demonstrate the potential impacts of receiving these events. More recently, Loureiro and Cooper (2019) show that in Ireland there is a strong relationship between positive phases of the NAO and highly energetic winters, with a greater number of storms per winter over the past 67 winters. For this period, they conclude that winters in the northwest coast of Ireland are becoming stormier.

The western coast of Ireland has therefore become attuned to generally high-energy wave settings, with localised sediments adjusted to this elevated energy forcing. In this regard, these beaches therefore usually require an amalgamation of forcing events to provoke substantial impact (Cooper and Jackson, 2003) with extreme storms resulting in dramatic shoreline erosional responses. These impacts manifest as rapid erosion of foredunes but are typically followed by shoreline readjustment (Cooper et al., 2007) and sediment recirculation within coastal cells with sand being returned to the coast in post-storm recovery periods (e.g., Backstrom et al., 2015).

In this study, we focus on two recent storm events that reached the coast of Ireland in the 2017–2018 period. Storm Ophelia arrived to the western coast of Ireland on the 16th October 2017 which at landfall was a “post-tropical storm” but was earlier labelled as a Category 3 hurricane (NOAA, 2017), the most eastern Category 3 Atlantic hurricane recorded (NOAA, 2017; United Kingdom Meteorological Office, 2017). This high-energy storm produced sustained winds of more than 34 knots and induced significant wave heights of 26.1 m at the Kinsale gas platform located at −100 m depth (Met EIREANN, 2017). Secondly, we examine Storm Hector, an unusually energetic summertime storm generated from a deep low-pressure system that was deflected toward the northeast to Ireland by a strong jet stream. It made landfall early on the 14th June 2018 with mean wind speeds between 65 and 80 km/h, with the highest recorded gusts reaching 111 km/h at Mace Head, Co. Galway (around 3:00 am) (Met EIREANN, 2017).

Coastal response to events like these, as well as post-storm recovery behaviour, have been shown to be spatially highly variable, even between adjacent coastal sites (Guisado-Pintado et al., 2014) and can be attributed to differences in local hydrodynamic regimes (Burvingt et al., 2017). Beach morphology (Haerens et al., 2012), regional and local geology (Jackson et al., 2005; Jackson and Cooper, 2009) all dictate site-specific response. Some studies (e.g., Karunarathna et al., 2014) have shown that beach and dune erosion from a clustering of storms could be more impactful than an isolated, single event with similar overall energy. However, the final impact could be strongly influenced by the chronology and sequence of storms in a cluster (Dissanayake et al., 2015). Further, the complex interplay between variables such as offshore wave height and pre-existing bathymetry often controls the coastal response (Coco et al., 2014). Forcing factors such as wave heights coinciding with higher water levels during storms, has been shown to dictate actual coastal damage-response (Masselink et al., 2016a,b) and further changes in dune morphology, based on the relative tidal range reached (Costas et al., 2005). Additionally, the orientation of a coastline compared to the storm direction and average winds, can also influence the incoming wave angle approach, inducing shelter effects and helping force the beach/dune into transporting sediment into the cross-shore and alongshore dimension (Castelle et al., 2015). Finally, the physical characteristics of beach-dune systems such as their dune toe elevation and overall dune height (Houser, 2013), the presence of subtidal sandbars and beach-slope’s angle, can in combination, induce a physical response (Splinter et al., 2018).

The objective of this study is to investigate the associated coastal impacts from two storm events with different energy levels such as Storm Ophelia (October 2017) and Storm Hector (June 2018). We focus on morphological changes within an intertidal zone and dune edge that occurred on the north-western sandy beach of Five Finger Strand during the storm peaks of both events. The direction of the storm, its intensity (significant wave height, wave period and speed of winds), storm duration locally, tidal stage and water level surge, as well as the intertidal morphology under pre- and post-storm conditions are examined. To better understand the forcing and response of dune coasts under particular conditions, we propose and test a new impact index “Storm Dune Trimming” which examines the potential dune trimming of specific storm events. We compare the actual local impact induced by both storm events to demonstrate the importance of synchronicity of forcing parameters in determining coastal impact response.

STUDY AREA

Western Irish coastlines are defined by hard geology with a cover of glacial materials, providing important sedimentary sources for its beaches (Burningham and Cooper, 2004). Basaltic headlands and cliffs punctuate the coast, while sandy beaches and large coastal dunes are present in coastline re-entrants (Jackson et al., 2005). Only 44% of its coastline can be classified under a high energy category (Devoy, 2008).

Five Finger Strand is situated on the Inishowen penninsula in County Donegal, western Ireland (Figure 1A). The beach, 1.7 km long and 350 m wide, is backed by a vegetated sand dune system that can reach heights of around 25 m with an average dune toe height that ranges from 2.0 to 3.0 m relative to mean sea level (Figure 2B). Its beach is classed as dissipative (Wright and Short, 1984) and runs north to south between Five Fingers rocks and Lagg Point at Trawbreaga Bay (Figure 1A). In the south, a tidal inlet presents a large ebb tide delta system with a concomitant, ebb channel. Sand shifts between the ebb tidal delta, estuary and the beach/dune system, driven through tidal inlet changes (Cooper et al., 2007; O’Connor et al., 2011). Nearshore intertidal bars are also present at Five Fingers Strand and their dynamics show clear seasonal and inter-annual variability (Jackson et al., 2016). Typically, during winter time (Oct-Feb) the site’s northern beach and dune profiles (P1-3 in Figure 1B) displays quite flat topography with little to no bar formation, thereby rendering the beach and dune toe edge more exposed to higher energy storms and surges during the region’s storm season. Conversely, in spring and summer, bars start to reform (and migrate toward the nearshore) along the northern profiles, as there is enough accommodation for them after the beach flattens earlier in the year. Conversely, the southern part of the Strand (P4-P5 in Figure 1B) are devoid of nearshore bars for most seasons and only in late summer does an infrequent nearshore bar form which is preceded by an intertidal channel. The beach sediment is carbonate-rich terrigenous sand (mean grain size 0.3 mm and largely homogenous across this zone) with a subordinate gravel component overlying a cobble/gravel base of glacial sediments.
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FIGURE 1. (A) Generallocation of the western coast of Ireland and the Five Finger site showing the M4 wave buoy position and SWAN grid point location. (B) Map of study area in north-western Ireland showing location of the TLS survey, time lapse camera and cross-shore profiles.
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FIGURE 2. Pre-Storm Ophelia (A) and Storm Hector (B) topo-bathymetries extracted from TLS surveys with numbers representing depths. Note differences in antecedent conditions of the submerged and subaerial beach at Five Finger Strand. (C) shows the subzones used for comparisons in the DoD analysis. (D) shows an alongshore section of dune toe height before Storm Ophelia (partially adapted from Guisado-Pintado and Jackson, 2018) and Storm Hector where the blue arrows represent the cross-shore profiles.



Ireland’s west coast beaches are largely meso-tidal (2–4 m) environments. Five Finger strand has a spring tidal-range of 3.5 m with average significant wave heights around 2.2 m and wave periods of 9 s, with predominant winds from the southwest (Jackson et al., 2005, 2016). Dominant swell wave approach is from the west and southwest and fully refracted within the headland-embayment system (Jackson et al., 2016; Guisado-Pintado and Jackson, 2018). Five Finger strand is therefore a high energy Atlantic beach system that has been modally adjusted to a large swell wave environment that undergoes important morphological changes over various spatial and temporal scales (Cooper et al., 2007; Guisado-Pintado et al., 2017).

STORM OPHELIA AND STORM HECTOR CHARACTERISTICS

Storm Ophelia

The remnants of Hurricane Ophelia struck the British Isles in mid-October 2017 under the status of an extra-tropical storm. The Hurricane developed originally southwest of the Azores from a persistent low-pressure system, allowing it to travel to north-eastern Europe (NOAA, 2017). Storm Ophelia reached Ireland on the 16th October and was re-classified as a “post-tropical” cyclone (Guisado-Pintado and Jackson, 2018) but still retained gusts of up to 130 km/h were recorded. Storm Ophelia made landfall at 10am (1100 UTC) October 16th.

Storm Ophelia’s highest gust was 156 km/h with a SSE direction, which was recorded in Roche’s Point (Co. Cork) at 10:59 am, further north at Malin Head (Co. Donegal), a maximum wind gust of 106 km/h was reached at 19:30 h on the 16th of October with an overall direction of SSW. Storm Ophelia, despite initial expectations, lost its energy as it travelled north toward the study site. Around Malin Head (Figure 3A) significant wave heights ranged from 1.78 m on the 16th October at 9:00 am to 1.28 m when the storm had passed the study site (18th October) as shown in Figure 3C, with associated 4–5 s wave periods. The maximum wave height, 2.22 m, was reached at 6:00 pm (17th October, Figure 3B). Wave direction varied from 170 (S) to 220 (SW) during the storm event, which is parallel to main beach orientation of the study site.
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FIGURE 3. Spatial and temporal evolution of Storm Ophelia (A–C) and Storm Hector (D–F) as they moved across the northwest coast of Ireland. Location map highlights the study site (black square) and hydrodynamic conditions (Significant wave heights) from the Marine Institute East Atlantic SWAN wave model.



Storm Hector

Storm Hector occurred in the second half of June 2018 and was formed by an unusually strong jet stream forced by a cold air mass from Polar Regions meeting a warm air mass from the tropics. The storm reached the western Ireland coast on Wednesday the 14th June around midnight, producing 2 days of gales on the 13th and 14th, followed by frontal systems crossing toward Scotland on the 20th June.

Storm Hector’s highest gust was 61 knots (113 km/h), the highest June gust since 2005. The month’s highest 10-minute mean wind speed was 48 knots (89 km/h), and its highest June 10-min wind speed since 2005.1 In Northern Ireland, gusts of 64 knots (119 km/h) and 60 knots (111 km/h) were recorded.2

The strongest winds from Storm Hector over the northern coast of Ireland were coincident with high spring tides, leading to coastal flooding and wave overtopping in many coastal areas of Co. Donegal and Co. Galway. Storm Hector arrived at the study site around 3:00 am on the 14th of June (Hs = 2.5 m) and lasted until the 15th June 6:00 am were significant wave heights dropped below 2.5 m (Figures 3E,F). The storm had reached a maximum significant wave height of 4.0 m south of Malin Head (14th June 9:00 am) (Figure 3D). Mean wave period of 6 s were recorded closest to the study site. While offshore, the Marine Institute M4 buoy (54.99°N 9.9°W), recorded a wave height of 6.53 m (T = 8.9 s) at 9:00 am on the 14th of June. The storm showed a mean wave direction of 220–270° (W and WSW), perpendicular to the main coast orientation.

METHODS

Wave and wind data have been analysed as Storm Ophelia and Storm Hector moved over Ireland’s western coastline, with particular reference to Five Finger Strand, using hourly data from various meteorological stations over a 24-h period encompassing both storms. To investigate the response at Five Finger Strand beach and dune system detailed before and after topographic data were acquired using a Terrestrial Laser Scanner (TLS) to quantify changes in the intertidal and subaerial beach areas as well as across the beach/dune topography (Table 1). Continuous monitoring of derived wave run-up and further storm-dune interactions during the occurrence of both events was carried out using a fixed, time-lapse camera over-looking the site.

TABLE 1. Main characteristics of the storm events studied and the topographic surveys performed to monitor geomorphological impact.
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Hydrodynamic Conditions During the Events

Offshore and Nearshore Modelled Wave Conditions

Modelled wave conditions at intermediate depths (−20 m) for analysing wave forcing close to the site was performed using the East Atlantic SWAN Wave Model output from Ireland’s Marine Institute. The model uses the nearshore wave model SWAN (Booij et al., 1999; Ris et al., 1999) at a 0.025 degrees resolution (1.5 km) for a domain covering the Irish waters. The Global Forecast System (GFS) by the National Center for Environmental Prediction (NCEP) and the Fleet Numerical Meteorology and Oceanography Center (FNMOC) through Wave Watch 3 data model, provide boundary conditions. The model provides 3-hourly significant wave height (Hs), wave period (T) and wave direction (D). The nearest grid point to the site (55.332°N, 7.40°W; −20 m depth and located 2.7 km offshore) was used for extracting wave forcing (see Figure 1A). Wave analysis covered periods from pre-storm TLS surveys of the beach, from the 19th September 2017 until Storm Ophelia and from the 30th of March 2018 until the occurrence of Storm Hector respectively.

Water Levels and Wind Forcing

Tide levels were extracted every 6 min from the Malin Head tide gauge at 55.37°N, −7.33°W (see Figure 1A). The tidal dataset was combined with the height of the dune toe, taken previously from the TLS and GPS data along the back-beach (Figure 2D), and used to assess potential erosion of dune toe areas. Total water levels were calculated as the combination of the tide level and run up heights (Ruggiero et al., 2001; Young et al., 2016; Castelle et al., 2017). Stockdon et al. (2006)’s formula for dissipative beaches discerned that the level was exceeded by 2% of waves (R2%).

Real-time wave run-up and dune toe encroachment monitoring was supplemented by a fixed, time-lapse camera system (Brinno TLC200) set to capture images twice an hour. As a result, images spanning the whole monitoring period and particularly during the occurrence of the storm events (see Tables 1, 2) helped (qualitatively) to image features such as sand lags/deposits and actual run-up encroachments.

TABLE 2. Storm characteristics for each surveyed period pre- and post-Ophelia and Hector storms.
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Additionally, the wind regime was assessed during the passage of both storm events using the Malin Head meteorological station (shown in Figure 1A) operated by Met Eireann: The Irish Meteorological Service. Ten-minute average wind speeds (knots), wind direction (degrees) and Mean Sea Level Pressure (hPa) were extracted to examine wind forcing (speed and direction) during storms Ophelia and Hector.

Characterisation of Storm Events

Storm thresholds are usually site specific, with wind speed-based values ranging from 7.6 to 15.3 m/s in Atlantic coastal areas (Lozano et al., 2004). Here, we define storm events as those with a peak significant wave heights (Hs) above 10% exceedance of wave height, previously determined as being Hs > 3 m (Guisado-Pintado and Jackson, 2018). To determine the storm duration we used the 5% of exceedance meaning that a wave induced storm is noted only when Hs exceeds the 5% exceedance wave height (Masselink et al., 2016a,b) and ends with it falls below this limit. For the study site, the 5% exceedance wave height was set at Hs = 2 m. A minimum threshold for storm duration of 12 h was considered (to guarantee the events extend over high tide).

Given that storm events can differ significantly in terms of duration, wave power and morphological impact, the use of environmental proxies help to classify and compare storm events for a specific site. Proxies allow analysis of the variation in storms and their geomorphological impact, based on variables such as the frequency, duration, wave power and category (e.g., Dolan and Davies, 1992; Rangel-Buitrago and Anfuso, 2011). Two proxies were used to characterise storm climate during the study period: the Storm Severity Index (SSI) and the Storm Impact Potential (SIP) both developed by Zãinescu et al. (2017). In addition, a new index called Storm Dune Trimming (SDT) is proposed here to account for the potential dune trimming of a specific storm event.

The SSI quantifies the total energetic strength of an individual storm, based on the wind speed and its duration, and is based on work by Lamb and Frydendahl (1991):
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Where: V = wind speed and T = total duration of a given speed (h).

In order to measure the potential coastal impact of a storm, the morphologic index (SIP) was used as it accounts for the angle of wind direction (α) and the shoreline orientation (θ) itself, which in the case of Five Finger is mostly N-S. Maximum impact is therefore assumed for storms from the NW to SW (i.e., for angles between 200° and 300°) for this site. Lower impacts correspond to storms that approach the coast with a longshore or slightly oblique strike to the shore direction (N–NNW; S–SSW). For this proxy, offshore wind directions are not taken into consideration.
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Where: V = wind speed and T = total duration of a given speed (h).

Finally, the Storm Dune Trimming (SDT) proxy is designed to estimate the total water level (water level and run up) reached by a storm and thus the potential dune impact. The proxy is a measure of the number of hours for which total water levels of a specific onshore storm event is above the average and lower dune toe height.
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Where: TWL = total water level, Th = total duration of wave height above dune toe (h) and α = wave direction.

Topographical Change Analysis

Topographic changes, driven by the storm events, both in the intertidal area and subaerial beach, were quantified using a FARO Focus 3D × 330 TLS. The TLS survey produced a dense point cloud, extending from the dune toe toward the intertidal environment. Surveys were undertaken during low tide conditions, revealing a large part of the intertidal area to around −1.5 m (see Figures 2A,B) and ranging landward over front sections of the dunes (up to +20 m).

Topographic surveys were performed along the northern section of Five Finger Strand (Figure 1B), selecting a 420 m × 250 m area of interest (≈105,000 m2). For Storm Ophelia pre- and post-storm surveys were 6 weeks apart (Guisado-Pintado and Jackson, 2018), whereas for Storm Hector a pre-storm survey was carried out 13 weeks before the event and the post-storm took place 8 days after the event (Table 1). A total of 29 scan station locations were established across the site for each event, ensuring good coverage. We used 6 target spheres as reference Ground Control Points (G) (Figure 1B) georeferenced into the Irish National Grid coordinate system using a RTK dGPS (Trimble 5800) with an accuracy of 0.03 m in x, y and z.

TLS-generated Point Clouds were post-processed to create Digital Surface Models (DSMs) from pre- and post- conditions of the storm events. The Geomorphic change detection (GCD) add-in in ArcGIS (Wheaton et al., 2010) allowed surface volume variations (DEM of Difference, DoD) and topographical comparisons (vertical changes) of each pair of surveys. The total volumetric change (dQtotal in m3) relates to the difference in volume of the post- and pre-storm surface utilising the DEM, and areal change (dAtotal m2) is the amount of area undergoing erosion/deposition after each event and over subsequent TLS surveys during the recovery process. To guarantee the quantification of morphological changes at different beach sections as well as the comparison of driven impacts of both events (storms Ophelia and Hector), four zones were delimited following Guisado-Pintado and Jackson (2018). These relate to (1) lower areas from mean sea level (MSL) to lowest level surveyed by TLS, (2) an intertidal channel, (3) between MSL and the shoreline (dune toe) and; (4) the upper area from the shoreline to the top of the dune edge (Figure 2C). Finally, five cross-shore profiles (Figures 1, 2) extracted from DTM surveys where analysed to assess alongshore and cross-shore morphological changes between the two storm events.

RESULTS

Wind Forcing

Wind is one of the main environmental variables that dictates the characteristics of locally generated waves at the coast, with speed and direction of wind critical in driving potential beach impacts from a storm. Wind patterns and resulting wave climates during storms Ophelia and Hector were significantly different, with storm events that occurred between the pre- and post TLS surveys also being dissimilar in power, orientation and duration.

During Storm Ophelia, winds reached a maximum of 38 knots (70 km/h) at Malin Head station which were sustained for around 3 h (Figure 4A). However, as shown in Figure 4B, the wind direction was mostly shore-parallel and varied from a predominantly southern direction (about 180°) to SSW (220°) as the storm passed through the site (17th October 2017 at around 18:00 h). At Malin Head during the passage of the Storm Ophelia, sea level pressure reached a minimum of 979 hPa (Figure 4C). Storm Hector’s pattern was somewhat different. A maximum wind speed of 37 knots was recorded during the storm but lasted for only 1 h (see Figure 4A), although sustained winds over 18 knots were recorded for the remainder of the storm. Predominantly onshore winds with an average direction of 220–270° (WSW) were recorded over the site during the passage of Storm Hector. Minimum pressure at sea level never fell below 985 hPa (Figure 4C). In both cases, mean wind speeds during the storms were around 27 knots at Malin Head station (Figure 4A) and changes in wind orientation conditions produced a 5–10 knots decrease in wind speeds (Figures 4A,B).
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FIGURE 4. Time-series of wind conditions during both storm events at Malin Head Station. From above (A) 10-min wind speed (knots), (B) wind direction (degrees) and (C) Mean sea level pressure (hPa). Red and blue boxes represent Storm Ophelia and Storm Hector coincidence at Five Finger Strand respectively.



Wave Climate and Storm Occurrence: Evolution and Characterisation

The hourly evolution of Storm Ophelia along the western seaboard of Ireland (Figures 3A–C) reveals that the storm’s intensity gradually dissipated as it travelled north, whereas during Storm Hector energy conditions reached their maximum level at northern Irish latitudes as the storm moved toward the western seaboard (Figures 3D–F. In the case of Storm Ophelia, and according to Guisado-Pintado and Jackson (2018), three storm wave events (onshore directed with orientation varying from 318° to 324°) were recorded in between topographic and TLS surveys and before the occurrence of Storm Ophelia (see Table 2 and Figure 5A). The peak of the first storm (S1) occurred on the 2nd Oct at 03:00 am during high tide (1.21 m), producing a total water level (TWL) of 2.13 m. A second highest synchronisation between wave height and water levels took place on the 4th October between 16:30 and 18:00 h, where TWL peaked to 2.2 m (see Figure 5C). The second storm (S2: 10th Oct 18:00 h) began 5 days later and over its duration was coincident with several cycles of high tide (1.47 m) resulting in a maximum TWL of 2.5 m and thus above average dune toe height (2 m height as shown in Figure 2D). S2 peaked during the night of 10th October at 9:00 pm and couldn’t be recorded by the TLC but hours later (11th October between 09:00 and 10:00 am) a second peak resulted in TWL of 2.07 m as evidenced in Figure 5D, affecting the dune toe line in the most southern sections. Six hours after the end of S2, a third storm occurred (S3: 13th Oct 15:00 h). S3 presented two peaks, one on the 14th at midnight with a maximum TWL of 1.86 m and a second the 14th at midday where TWLs were around 1.8 m, in both cases below mean dune toe height (Figure 5E). Twenty-four hours after the end of S3, at 3:00 am, Storm Ophelia struck south western Ireland. At the Five Finger site, on the 16th October at around 6:00 pm, the storm was coincident with a low tide, producing TWLs up to 1.4 m and hence below the average height of the dune toe at the time as shown in Figure 5F. Given the fast tracking speed of Storm Ophelia, sustained high wave energy conditions were limited and the average significant wave height was <2.5 m at Five Fingers Strand. Interestingly, using the standard storm analysis, which includes a certain threshold criteria (duration and 10% of exceedance of significant wave height), Storm Ophelia may not actually be characterised as a storm ‘event’. On the other hand, two of the three storm events (S1 and S2) that impacted Five Finger before Storm Ophelia, had the potential to produce dune trimming and shoreline retreat with the calculated TWLs (Figure 5B) and observed time-lapse images (Figures 5C,D). Neither Storm Ophelia nor the preceding storm (S3), however, had synchronised conditions (coincident with high tide and sustained onshore winds) with which to impact the dunes.
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FIGURE 5. (A) Shows the wave climate time-series spanning Storm Ophelia where the left Y-axis accounts for Hs (grey line) and right Y-axis represents wave direction in degrees (top black line). Graph (B) represents the Total Water Level (TWL) based on wave run-up for each storm event (from Guisado-Pintado and Jackson, 2018) where blue arrows show the water level position from the time-lapse camera pictures. Squares highlight storm events that occurred between TLS/topographic surveys with S4 corresponding to Storm Ophelia. Pictures (C–F) show corresponding time-lapse images where peak storm wave height and/or the highest synchronisation of both wave height and water level during each storm analysed (S1–S4). Note that red arrows point to the maximum wave run up.



Storm Hector hit the western coast of Ireland during the 14th of June 2018. As the storm travelled north it increased in strength and the strongest winds were recorded across Northern Ireland before spreading eastwards across Scotland, northern England and north Wales. The storm lasted for 21 h and a maximum wave height of 4.06 m was recorded for the site. At the peak of the storm (14th June at 06:00 am), maximum water levels of 2.92 m were reached, given its coincidence with spring tide (2.21 m) and provoking the storm surge surpassing the average dune toe height for the site (Figure 2D). Wave run-up, as recorded by the time-lapse camera (see Figure 6D), reached the dune toe across the beach. However, in the spring of 2018, two other storms preceded Storm Hector at the site (Figure 6A and Table 2). The first storm (S1) began on the 17th April with its peak coincident with high tide (1.37 m) although TWLs achieved (2.3 m) were slightly below average dune toe height for north sectors but could have affected the dune toe in southern areas (see Figure 6B). One month later, S2 began on the 9th of May and lasted for 57 h. Despite its duration, the storm was coincident with neap tides and although morphological changes in the intertidal and supratidal occurred, wave run-up did not effectively reach the dune base. The peak of S2 occurred at 3:00 am on the 10th of May with a TWL of 2.02 m. A second peak took place 12 h later, resulting in maximum water levels below dune toe (TWL = 1.59 m) as can be seen in the time-lapse image (Figure 6C).
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FIGURE 6. Wave climate time series spanning Storm Hector (A), where the left Y-axis accounts for Hs (black line) and right Y-axis represents wave direction in degrees (top grey line). Note that in this panel black empty squares highlight storm events occurring between TLS/ topographic surveys (S3 corresponds to Storm Hector). (B–D) represent measured water levels and calculated Total Water Level (TWL) based on wave run-up for each storm event considered (left hand). On the right, time-lapse images representing either the storm’s wave height peak or the highest synchronisation of both wave height and water level during each storm analysed (S1–S3). Note that red arrows point to the maximum wave run up reached.



A key aspect of our study is the use of storm proxies to examine individual storm events in terms of intensity, duration and potential morphological impact. Resulting proxies were calculated for the seven events: three preceding events before Storm Ophelia, Ophelia itself, two storms preceding Storm Hector and for Storm Hector. Table 3 shows calculated proxies and some significant differences between storm events. Previous to Storm Ophelia, S1 displayed the greater SSI and SIP values, inducing significant dune trimming (SDT = 0.11) due to both its duration (more 100 h) and its coincidence with several cycles of high tides. Similarly, S2, which occurred 10 days before Storm Ophelia, had a Storm Severity Index of 721 with a strong potential morphological impact (SIP = 566.12) and impacted the dunes as confirmed with the SDT value and TLC images (Figure 5D). On the other hand, S3 and Storm Ophelia resulted in lower values of SSI and SIP. In both cases, storm duration was too short to cause morphological impact in the intertidal and dune field (SDT < 0.05), although Storm Ophelia with shore-parallel winds could have had an important role in sediment transport across the base of the frontal dune line and supratidal areas.

TABLE 3. Calculated proxies for each storm recorded at the study site.
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Storm proxies for the events preceding Storm Hector as well as Storm Hector itself, show that despite S2 (May 2018) presenting similar and greater values of SSI and SIP respectively than Storm Hector, the effective morphological impact on the dunes and subaerial beach was minor (SDT = 0.01). The S2 had an overall duration of 60 h but it coincided with neap tides resulting in lower TWLs. On the contrary, Storm Hector despite it only lasting a third of S2 duration, was synchronised with Spring tides resulting in a SDT of 0.9 and thus giving dune toe erosion (Table 3 and Figure 6C).

Morphological Changes and Beach/Dune Response Patterns

The analysis of the morphological response from both events was carried out using two pairs of DTMs from TLS point clouds at 0.5 m resolution. As described by Guisado-Pintado et al. (2019), this method helps compare topographic and volumetric changes between surveys across a beach/dune continuum. Total volumetric change (dQtotal in m3) relates to a difference in volume between the post- and pre-storm periods using the DEM, whereas areal change (dAtotal m2) is the area with erosion/deposition.

The morphological response after Storm Ophelia shows that volumetric differences are significantly focussed in the alongshore, with a distinct North-South picture revealed (Figure 7A). The blue colour scale shows areas where deposition (gains) is prevalent, with a deposition volume of +9,464 m3 covering 0.39 km2 (around 38% of the surface) and located around the intertidal channel with a net gains in volume of +7,309 m3 (Figure 9B) for the whole area (Guisado-Pintado and Jackson, 2018). This deposition is particular evident across profiles P1 and P2 and P4 where the differences in elevation are around +0.5 m. Red areas represent erosion/sediment loss and is represented by 62% of the total surface area. A total volume of 15,481 m3, representing 0.66 km2, is ubiquitous over the lower (−7,140 m3) and upper beach area (−6,040 m3; Figure 9B) and represents −0.8 m in elevation change around profiles P3 and P5, as shown in Figures 8C,E. Finally, the southern dune face (at P4 and P5), where the minimum dune toe heights are found, accounts for a loss of −1,860 m3 due to dune trimming during the previous storms (around 0.5 m change in elevation) as shown in Figures 7A, 8D,E.
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FIGURE 7. Spatial representation of topographic changes measured pre- and post-Storm Ophelia (A) and Storm Hector (B) at the study site. Four zones (dune face, upper beach, intertidal channel and lower beach area) are defined where topographic changes are evident. Note that cross-shore profiles are represented with black dashed lines.
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FIGURE 8. Diagrams (A–E) correspond to five cross-shore profiles used to compare topographic changes (see Figure 1B). Pre-Storm Ophelia is represented by the black line and post-Storm with a black dashed line. Red line corresponds to pre-Storm Hector and the post-Storms profile is shown with a dashed red line.
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FIGURE 9. Total volumetric changes (m3) detected from DoD analysis corresponding to the combined effect of both main storms (A). The bars show the budget segregation at defined beach areas for comparative purposes. Graphs (B,C) represent the volumetric changes induced by Storm Ophelia (from Guisado-Pintado and Jackson, 2018) and (C) Storm Hector respectively with errors bars.



For Storm Hector, the spatial topographic changes detected in the DoD analysis suggest that a northern lobe of sand was stripped and relocated to the middle-north of the study area (Figure 7B), whereas southern profiles underwent erosion (Figures 8D,E). A general lowering of the southern area (≈−0.20 m of elevation change) and across all zones is found (with a net loss of −7,400 m3, Figure 9C) and 97% of area experiencing erosion. Further north (P1-P2), the blue colour scale indicate areas of deposition (gains) which dominates 86.5% of the northern part of the study site, with a total volume of deposition of +14,300 m3. Across this area, changes in elevation reach up to +0.45 m, particularly across P1 as shown in Figure 8A. The area comprising the dunes shows a pattern of the higher portions of dune with erosion (red) suggesting that sediment had slumped to the base of dune (blue) with an exception at P3 (Figure 8C). This result is in line with previous results that showed that a maximum TWL of 3 m was above dune toe height in the majority of the coastal stretch (except around P1 and P2), invoking dune trimming during the storm. Finally, it is clear that sediment gains occurred in the lower beach (75% deposition with an average volume of 10,000 m3, Figure 9C) and in the dune area (91% deposition at P1 and P5 as in Figures 8A,E) whereas losses are evident in the upper beach around the southern part of the study site (P3–P5), where it accounts for −3,900 m3 (60% of the zone experienced lowering), and in the intertidal area (Figure 9B), except at P3 which small changes are detected.

Overall morphological changes induced by the seven storms analysed represent a positive net volume difference of 772 m3 in the lower beach area and 6,596 m3 in the intertidal as shown in Figure 9A. Negative net volume differences are found in the upper beach area, where after the balance of the erosion and deposition induced by the storms, represents a net volume of –6,859 m3. Finally, the dune facing area shows the smallest net volume difference accounting for the comparison of the two DoD with a value of +244 m3.

DISCUSSION

Understanding the response of sandy coastlines to high-energy storm events is important for effective coastal management. Many studies have deliberated on their actual impact, defining a whole suite of outcomes from a range of forcing factors available from site to site and event type (Coco et al., 2014; Guisado-Pintado et al., 2014, Loureiro et al., 2014; Backstrom et al., 2015; Burvingt et al., 2017). Storm duration and intensity are now established as key variables in dictating the degree of change that may occur along sandy beach and dune coastlines (Dolan and Davies, 1992; Masselink et al., 2016a,b) but to date, these are largely generalisations with only a limited number of studies comparing storm response and effective combinations of driving factors for beach/dune response (Castelle et al., 2015; Phillips et al., 2017, Guisado-Pintado and Jackson, 2018; Splinter et al., 2018). The examination of antecedent surface changes and the definition of storm thresholds is extremely relevant to anticipate subsequent responses (Gervais et al., 2012) as storm buffering and shoreline response are a direct result of intertidal configuration. A paucity of studies on these dynamic systems is caused by the requirement for regular pre- and post-storm environmental monitoring to gather an appropriate range of information required at sufficient spatial and temporal levels. Poor temporal data on beach and dune topography, hydrodynamic and atmospheric variables at most coastal sites means that insufficient time-series’ are available for adequate analysis of process-responses mechanisms driving changes.

Here, using two high-energy storm events, we show that the occurrence of what are deemed automatically as impact storms may not always play out as predicted. We isolated a number of key environmental variables under pre-storm and post-storm periods from both Storm Ophelia (October 2017) and Storm Hector (June 2018) to provide a range of conditions and responses to better examine which parameters may prove more effective at inducing (or not) changes on the sandy intertidal and back-beach areas of a beach/dune site in NW Ireland along a high-energy coastline.

The work highlights the importance of having a set of synchronised environmental variables that, when combined, can have a highly significant impact in driving actual morphological changes on sandy beaches and dunes. The use of two separate and quite different storm events provides a range of forcing parameters to better examine those more effective parameters at play.

Storm Duration

The duration of a storm (effectively the speed of the storm track) largely commands how long the high magnitude event will retain those energy levels at a particular site and thereby enhances the coincidence with high-tide. Storm Ophelia for example, was a rapidly tracking event, albeit of very high energy levels, which passed over the site relatively quickly, reducing its impact compared to Storm Hector which pushed its energy into a more temporally concentrated period to create more sustained conditions. Storms that are ‘held’ in place longer will naturally coincide with the regular high tide level cycles at sites and therefore impact, particularly dune toe erosion from wave run-up processes, will be magnified (e.g., Cooper et al., 2004). This ‘held’ erosive phase unfolded during Storm Hector, where we saw much more dune toe erosion than with Storm Ophelia (see Figure 7). The Storm Dune Trimming index (SDT) value for Storm Hector for example, was over four times greater than during Storm Ophelia, indicating that the storm was coincident with high tide levels (Figure 6D). Similarly, Storm Hector had a Storm Severity Index (SSI) over three times that of Storm Ophelia (Table 3) which suggests that overall, this induced a more severe morphological impact on the beach/dune which is in line with Figure 7B, where substantial changes in topography are more evident. In this sense, the proposed proxy seems to represent quite well the potential dune trimming from a storm event. Furthermore, storm events that occurred before Storm Ophelia (i.e., S1 and S2) showed high values of SSI, SIP and STD, suggesting that some of the intertidal changes observed in the post-storm survey could be associated with the passages of these two high-energy events as suggested by Guisado-Pintado and Jackson (2018).

Sediment and Spatial Surface Changes

The Storm Impact Potential (SIP) of Storm Hector was 1.67 times that of Storm Ophelia’s suggesting a much more effective sediment movement and displacement of intertidal and supratidal beach sand under Storm Hector conditions. This again is likely due to Storm Hector being effectively held over the site longer and forming a more effective direction (onshore winds with W to SW orientation) than Storm Ophelia, which gave time for waves to modify topography.

Comparison of pre- and post-Storms Ophelia and Hector surface topographies and their cross-shore profiles, the two major storms (Figures 7, 8), show localised displacement patterns that illustrate interesting responses of the beach surface. This finding indicates where waves have preferentially stripped and deposited sand as result of forcing in pre-storm and during storm conditions. For Storm Ophelia, the upper and lower sections of the beach show strong erosional patterns, with a central band of deposition running along North to South as previously discussed by Guisado-Pintado and Jackson (2018). For Storm Hector, sediment has been removed primarily from the northern and southern sections (upper and lower beach as seen in P2, P4 and P5) and then relocated further to the middle of the beach (around P3), depositing and building up the beach surface local to the erosion (Figures 7B, 8C). Further erosional lowering of the intertidal beach is then evident, again in the southern sections of the site (Figures 8D,E). Storm Hector’s ‘held’ position may have allowed more focussing of wave energy with a more onshore component of the storm compared to Storm Ophelia given that storm duration was coincident with onshore winds that were highly synchronised with high tide levels at the site. This resulted in a significant change on the front dunes, undergoing sediment loss due to dune toe trimming and resultant collapse that can be seen as depositional areas (91% of deposition) in the DoD (Figures 7B, 9C). In the case of Storm Ophelia, cross-shore sediment transport processes seem to be responsible for sediment lost in the upper beach and in the intertidal channel whereas morphological changes observed along the dune face are indicative of alongshore processes and exchanges. This finding shows that alongshore dune retreat is heterogeneous and driven by particular dune morphology present, antecedent beach volumes and likely nearshore bathymetric configurations.

Further, the observed vertical dune face differences in P4 (Figure 8D) between Storm Ophelia and Storm Hector seems to be the result of large-scale slumping and sediment cascading down the front dune face. Sediment is then re-worked and trimmed vertically to create the new profile found around the time of the Storm Hector event. In Profile 5 (Figure 8E), the lateral retreat of the dune face is due to wave erosion of the dune toe and sediment being moved offshore onto the back beach profile (vertical accretion pattern compared to Storm Ophelia cross-shore profiles). However, the changes found in the same profile, for instance the offset of P5, is likely the result of all intervening (smaller) storm and lower energy events occurring in the time period between the field campaigns (September 2017 to June 2018) and not just the product of the two storms, particularly Hector.

Differences in the alongshore response to high-energy events have been widely discussed. Several authors have argued that this range of responses can play out at different scales, from meters up to 1 km, depending on a combination of physical and dynamic variables (Harley et al., 2009, Gervais et al., 2012; Haerens et al., 2012; Houser, 2013; Loureiro et al., 2014; Splinter et al., 2018). A myriad of physical static factors such as coastline orientation and exposure to predominant wave direction, existence of emerged landforms (capes and rocky headlands), submerged morphological features (nearshore bars), underlying geological control (Jackson et al., 2005; Jackson and Cooper, 2009) as well as antecedent morphology conditions (e.g., beach slope, intertidal channels), and dynamic environmental variables such as wave height and tidal levels, wind speed, direction and duration and the synchronicity of all of them can lessen or enhance actual beach response. In terms of quantification of areal and volumetric changes (Figure 9), a noticeable variability alongshore (Figure 7) and in the cross-shore (Figure 8) exists. In Storms Ophelia and Hector, post-storm topography, an alongshore variability pattern is evident whereas the spatial configuration of sediment exchanges and actual distribution are dissimilar. This result suggests the important role of environmental variables (particularly wave energy and run up) not only in the generation of morphological changes but in the reorganising of sediment into different available spaces (Coco et al., 2014) along and across the beach/dune system. This is particularly the case for pre-Storm Hector intertidal beach configuration where summer conditions may have accentuated morphology by the presence of nearshore bars (qualitative TLC imagery reinforces the presence of bars).

Pre-event “Storms” and Adjustment of Antecedent Topography

Pre-storm events (S1-S2 for Storm Ophelia) may also have played a very important role in sculpting the intertidal topography so they cannot be ignored in the analysis. As a result, their cumulative effect may have added significantly to the actual Storm Ophelia event. Two of the three pre-Ophelia events have significantly higher SSI and SIPs and resulting SDTs than Storm Ophelia, sometimes by a huge margin. In addition, two of these events coincided with high tide and thus TWLs reached were above mean dune toe heights (Figures 5C,D and Table 2), particularly along the southern part of the site. Likewise, the two preceding storms of Storm Hector were (combined) at or exceeding the values of its SSI and SIP, albeit resulting in half of the SDT of the Storm Hector event itself, potentially due to neither of them accounting for TWL above the mean dune toe height or neither of them lasted beyond a high tide cycle whereas Storm Hector did (Figure 6D and Table 2). This highlights the importance of any pre-events that help adjust the antecedent surface beach conditions and possibly dictating future beach response, depending on pre-established surface heterogeneity.

It must also be recognised that any post-storm recovery of the intertidal and dune toe area may restore the beach topography into somewhat different configurations than its previous form and therefore subsequent hydrodynamics may undergo a different set of behavioural patterns than that of previous events.

CONCLUSION

Using two, quite different high-energy storm events, a range of conditions and responses has enabled examination of the relative importance of forcing factors on shoreline change dynamics on sandy beach and dune systems. In order to fully assess beach response several key parameters, deemed significant in driving coastal changes, including storm duration and orientation, storm track line speed, local wave height and tidal water levels were isolated and analysed. Field observations and modelling results show that synchronicity of variables is crucial in driving the effectiveness of those storm-induced changes along sandy, dune-fringed coastlines.

Antecedent intertidal beach configuration, as well as pre-storm clustering events, appears to play important roles in dictating coastal response. Using a Storm Severity Index (SSI) and Storm Impact Potential (SIP) to characterise what the site was subjected to, does not necessarily always result in actual dune retreat, with field observations showing that effective storm dune trimming might not materialise if other factors such as high tide and storm duration are not synchronised. However, the new proxy Storm Dune Trimming index resulted in an accurate proxy for potential and effective wave run-up and subsequent dune trimming, as qualitatively demonstrated by time-lapse camera images collected during the storms.

The study shows that for a more complete understanding of coastal response we need to have a myriad of forcing and response data captured over sufficient time periods, before, during and after high-energy events. Despite having an intensively monitored site such as in this study, understanding detailed relationships between forcing dynamics and actual coastal response is fraught with difficulties, with various feedbacks active in the system, which ultimately complicates the final storm-response of the beach/dune zone. Even with very high-energy events such as Storm Ophelia, anticipated to cause significant coastal impact, a much smaller event such as Storm Hector proved to be much more effective at causing morphological (SIP and SDT) change due to having better synchronicity of forcing factors.

Ultimately, the study confirms that having higher frequency monitoring at sites goes some way toward bridging the gaps in our understanding of coastal response to storm activity. This will help improve how such systems need to be managed in the future. The coastal-dune response observed in this research provides regional and local coastal managers with an estimation of the degree of impact that can be expected with the passage of these types of high-energy storms and should inform coastal risk actions and plans along sandy, dune-fringed coastlines.
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