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Highlights  8 

• Extreme dune erosion appears decoupled with hydrodynamic forcing 9 

• River avulsion has resulted in beach lowering 10 

• XBeach modelling shows beach lowering has increased vulnerability of dunes to wave action 11 

 12 

Abstract 13 

Coastal dune systems provide vital natural barriers against storm impacts and coastal inundation. In 14 

times of rising sea levels and uncertainty over increasing storminess, it is critical that dune erosion is 15 

adequately understood and actively monitored. This study investigates the severe erosion of the 16 

climbing dune system at Crantock, an exposed macro-tidal beach in north Cornwall, UK, that before 17 

2013 showed relative stability. In contrast to regional consistency in beach recovery across north 18 

Cornwall since the major storms of 2013/14, Crantock beach and dune system have shown an 19 

acceleration in erosion. This has resulted in dramatic cut-back of the front of the climbing dune system 20 

since 2016, despite the reduced frequency of severe storm events since 2013/14. The decoupled nature 21 

and emergent response of Crantock’s dune system are explained by the shifting channel of the River 22 

Gannel, which has its outflow over the beach. Intertidal bar movement during the recovery from the 23 

2013/14 storm sequence, alongside an ongoing deterioration of the training wall that pinned the River 24 

Gannel to the East Pentire cliffs to the north of the beach, has led to a southward avulsion of the river 25 

that has since lowered the elevation of the beach in front of the dunes. XBeach modelling suggests that 26 

the increased dune erosion can be attributed to a lowering of the beach profile and steepening of the 27 



dune face, indicating that the river avulsion has triggered a step-change in the dune equilibrium and the 28 

onset of dramatic erosional events. 29 
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1. Introduction 38 

Coastal dune systems have long been acknowledged to play a critical protective role against coastal 39 

inundation, acting as natural barriers for coastal communities during large wave and/or storm surge 40 

events (Bruun, 1962; Carter, 2013; Edelman, 1969). As a result, the last 50 years have seen a wealth of 41 

investigation into the drivers of dune erosion to inform more effective management of these vital natural 42 

structures (Carter and Stone, 1989; Doyle et al., 2019; Edelman, 1969; Houser et al., 2008; Pye and 43 

Neal, 1994; Splinter and Palmsten, 2012; Tătui et al., 2014; van Thiel de Vries et al., 2008; Vellinga, 44 

1982). Against the backdrop of rising sea levels (Church et al., 2013), as well as uncertainty over 45 

increasing storminess (Castelle et al., 2018; Palmer et al., 2018), it is critical to monitor and understand 46 

coastal dune evolution and maintain the valuable natural capital they represent (Everard et al., 2010). 47 

Coastal dunes, defined as accumulations of unconsolidated sand that form in the backshore as a result 48 

of aeolian deposition (Hesp, 2005; Nordstrom and Jackson, 2012), are of particular importance as they 49 

can act as a first line of defence for coastal flooding. The development and resulting morphodynamics 50 

of coastal dunes are controlled by several parameters, including sand supply, vegetation cover, aeolian 51 

transport, wave processes, storm erosion (scarping and overwash), sea level and the extent of human 52 

impact (Hesp, 2005). Wave erosion can drive high magnitude responses in coastal dune systems, with 53 

dune retreat >10 m recorded during a single winter season (Castelle et al., 2015; Scott et al., 2016). 54 



Coastal erosion of dunes typically only occurs at high water levels with large wave heights and setup. 55 

Wetting of the dune toe and undercutting through wave action can trigger slope failures or avalanches 56 

that result in large erosion volumes over short timescales (Carter and Stone, 1989). Clustering of storm 57 

events can lead to a disproportional morphological response by lowering bed levels, preventing interim 58 

recovery, and increasing vulnerability of dune systems to erosion from subsequent storm events 59 

(Dissanayake et al., 2015).  60 

 61 

In contrast, aeolian processes operate over much more gradual timeframes, resulting in more subtle 62 

vertical changes on the order of 0.1 m yr-1 of erosion or accretion. Sand deposition and erosion on dunes 63 

is highly dependent upon wind velocities, vegetation coverage, moisture content, surface roughness and 64 

topography (Hesp, 2005). In low wind speeds (but above the critical threshold), deposition is primarily 65 

focused on the stoss side of dune face (particularly if well-vegetated) (Hesp, 2005) or dune toe, and can 66 

result in the formation of a ramp which acts to protect the dune from wave run-up processes and dune 67 

scarping (Guisado-Pintado and Jackson, 2019). Where vegetation coverage reduces, or wind speeds 68 

increase, sediment is transported further up the stoss face and can result in deposition on the dune crest 69 

(resulting in a vertical building of the dune) or in the lee (Arens, 1997; Hesp, 2005). The relative 70 

dominance between aeolian and wave processes acting upon dunes is highly variable through time, with 71 

aeolian transport and building of the dune linked to the ability of the beach face to dry out (Jackson and 72 

Nordstrom, 1997). Wave and wind erosion can both be correlated with storm events; however, aeolian 73 

erosion is typically much lower than wave erosion (Arens, 1997; Guisado-Pintado and Jackson, 2019; 74 

Hesp, 2005).  75 

 76 

The winter of 2013/14 saw an unprecedented sequence of large, storm-induced wave events that 77 

impacted western European coastlines, driven by an unusually strong jet stream and intense polar vortex 78 

(Davies, 2015). It was reported that the 8-week period from mid-December 2013 through to mid-79 

February 2014 was the most energetic wave period recorded on the southwest (SW) coast of England 80 

since at least 1953 (Masselink et al., 2015), and along the Atlantic coast of Europe since at least 1948 81 

(Masselink et al., 2016). The sequence of 22 storms resulted in extensive morphological impact along 82 



the Atlantic Coast of Europe, with many regularly monitored sites in their most eroded state since the 83 

inception of morphological records (Masselink et al., 2016; Scott et al., 2016). Highly exposed beaches 84 

such as Perranporth, (north Cornwall, UK) and Truc Vert (Gironde, France) saw sediment losses in 85 

excess of 200 m3m-1 from their beach and dune systems (Masselink et al., 2016), whilst Vougot 86 

(Brittany, France) saw a retreat of its coastal dune by > 5 m (Suanez et al., 2015). Varying styles and 87 

magnitudes of morphological response were recorded, linked to large scale variability in the 88 

hydrodynamic forcing (waves heights, tides, storm surges), as well as more local factors such as 89 

geology, beach type, embayment size and angle of storm wave approach (Burvingt et al., 2017). Across 90 

the SW of England, a degree of regional coherence in morphological impact was recorded, with four 91 

main classifications of beach response identified (Burvingt et al., 2017). Along the north coast of 92 

Cornwall, findings illustrate that exposed and cross-shore transport-dominated beaches exhibited 93 

synchronous changes in beach volumes over event to multi-annual timescales (Burvingt et al., 2018). 94 

Over this 100-km stretch of coast, cross-shore dominated beaches showed coherent behaviours that 95 

were coupled in timing with hydrodynamic forcing despite variations in local characteristics such as 96 

beach size, sedimentology and degree of embayment (Burvingt et al., 2018). Whilst magnitudes were 97 

variable, the coherence of the response has been noted for its critical importance for regional 98 

management.  99 

 100 

Practically all beaches along the north Cornish coast exhibited significant dune erosion during the 101 

2013/14 winter, followed by relative dune stability. (Burvingt et al., 2017). However, the dune system 102 

at Crantock, deviated from this and has seen an acceleration in erosion in recent years (Konstantinou et 103 

al., 2021), with its dune system becoming dangerously steep through scarping, raising public concern  104 

(BBC, 2018; Express, 2019). The onset of the acceleration in erosion appears to coincide with the 105 

migration of the River Gannel’s channel, which has its outflow across the beach. Previous investigations 106 

at Crantock have been medium- to long-term, utilising historical spatial datasets from the Ordnance 107 

Survey mapping archive (Oyedotun, 2014, 2015). Using Digital Shoreline Analysis System (DSAS), 108 

historical shoreline data were compared from five time periods, starting from 1888 up until 2012. 109 

Results indicated that Crantock showed an overall landward retreat. The mean high water (MHW) 110 



contour showed a mean annual rate of change ranging from +0.26 (advance) to 1.00 (retreat) m yr-1, 111 

whilst the mean low water (MLW) contour showed a retreat of 0.25–1.00 m yr-1 along the beach 112 

(Oyedotun, 2014). The retreating MLW and advancing MHW resulted in a steepening of the foreshore 113 

produced by a narrowing of the beach width from approximately 300-400 m in 1888 to 150 m in 2012 114 

(Oyedotun, 2015). However, the datasets used had spatial accuracies of ±10 m and sampling frequencies 115 

of 16–76 years, meaning both the spatial and temporal resolution of the study is low, providing only a 116 

coarse understanding of coastal changes. UK coastal management strategies outline that where 117 

accommodation space, high wind energy and a healthy sediment budget exists, frontal dunes should be 118 

allowed to naturally roll-back to establish a new equilibrium following storm events, which is the 119 

current approach adopted at Crantock (Pye, 2007). In instances where chronic dune erosion is recorded, 120 

nourishment and dune protection or restoration are recommended (Pye, 2007). In order to inform the 121 

effective management of Crantock dune system, it is integral to quantify the rates of dune erosion and 122 

roll-back, as well as understand the reasons for the dune dynamics.  123 

 124 

Contemporary geomorphology has seen a critique of traditional reductionist approaches to geomorphic 125 

enquiry with emphasis placed upon new concepts such as complexity, emergence and contingency 126 

(Murray et al., 2009). The term 'Complex' is applied to describe a system whose properties are not fully 127 

explained by an understanding of its component parts (Gallagher and Appenzeller, 1999), moving 128 

beyond the simple perception of linear cause and effect (Murray et al., 2014). Reductionist 129 

methodologies tend to allude to the fact that a landscape is simply the sum of all the process on-going 130 

in the system, but it is increasingly becoming clear that landscapes are complex non-linear systems, 131 

particularly when examined from the macro-scale (Harrison, 2001). A complex system produces 132 

disproportionate responses to disturbances due to an array of non-linear processes and feedback loops, 133 

which can result in emergent outcomes (Favis-Mortlock, 2013). Emergent behaviour in geomorphology 134 

is the formation of a whole-system output that is often surprising, as a result of the interactions from 135 

many within-system processes (Favis-Mortlock, 2013; Phillips, 2011, 2014). Here, these concepts are 136 

applied to the Crantock beach and dune system, where an apparent acceleration in dune erosion, in the 137 



absence of an evident shift in hydrodynamic forcing, seems to be linked to a switch in river channel 138 

position.  139 

 140 

 The principal aim of this study is to investigate the reasons behind the accelerated dune erosion 141 

observed at Crantock several years after the extreme 2013/14 winter. The two hypotheses presented are 142 

that: (1) the acceleration is a result of the environmental forcing; or (2) it is an outcome of the sudden 143 

shift in river channel position. The objectives of the study are to: (i) quantify dune retreat and place it 144 

within a temporal framework of morphological change observed at Crantock; (ii) relate the timescale 145 

of dune retreat to boundary conditions including hydrodynamic forcing and river channel evolution; 146 

and (iii) conduct numerical modelling to investigate the sensitivity of dune retreat to the presence of the 147 

river channel on the beach face.  148 

 149 

2. Methodology 150 

2.1. Study site 151 

Crantock beach is located in southwest England on the north coast of Cornwall (Figure 1a). The 152 

embayment is lined by the east and west Pentire headlands, with the latter providing a degree of shelter 153 

from the prevailing westerly wave climate from the north Atlantic. The sheltering results in a strong 154 

gradient in wave heights across the embayment, with larger waves breaking to the north, driving a 155 

clockwise current circulation resulting in a headland rip to the south of the beach. Crantock features 156 

low tide bar/rip morphology and a mean spring tidal range of 6.3 m (Buscombe and Scott, 2008; Scott 157 

et al., 2011). The River Gannel estuary flows onto the beach at the northwest corner. The channel was 158 

previously pinned to the East Pentire cliffs by a training wall, which has gradually degraded through 159 

time, and now permits the channel to meander laterally across the beach. Crantock beach is backed by 160 

an extensive grassy dune system (> 20 metres high) that has experienced extreme erosion in recent 161 

years, see Figure 1b. 162 

 163 



The dunes at Crantock are best described as climbing dunes, which are common in Cornwall and occur 164 

‘wherever there is higher ground adjacent to a dune system and sufficient wind energy to drive the sand 165 

up the slope’ (Radley, 1994, p.28). Climbing dunes are often found in close association with cliff-top 166 

dunes and have been used extensively in Quaternary paleo-environmental reconstructions (e.g., Ho et 167 

al., 2017). Their morphodynamic behaviour is expected to be somewhat different from that of foredune 168 

systems; specifically, the fact that they are underlain by impermeable bedrock and water may flow along 169 

the interface of the dune and bedrock under extreme rainfall conditions to the detriment of the dunes. 170 

Additionally, the presence of a dune ramp (Christiansen and Davidson-Arnott, 2004), bridging the ‘gap’ 171 

between beach and dune sand overlying the bedrock, is essential for allowing sand to be blown from 172 

the beach into the climbing dune area. However, the dune erosional processes described in this paper 173 

are mostly the result of undercutting and sediment removal of the dunes by waves. 174 

 175 

2.2. Environmental data 176 

2.2.1. Wave, tide and wind data 177 

Wave data were acquired from a Datawell Directional Waverider Mk III wave buoy, deployed at 178 

Perranporth by the Southwest Regional Coastal Monitoring Programme on 18th December 2008 (PCO, 179 

2019b). Wave data are collected at approximately 14 m depth at mid tide. Meteorological data are also 180 

measured at Perranporth using a Vaisala WXT520 automatic weather station (1st August 2011 – present) 181 

providing wind speed and direction as well as other parameters not used here. Tide data were acquired 182 

from the Etrometa step gauge at Port Isaac, where measurements began on 15th July 2010. All wave, 183 

tide and wind data were accessed freely via the Plymouth Coastal Observatory (PCO) data portal 184 

(https://southwest.coastalmonitoring.org/). 185 

 186 

2.2.2. River Gannel 187 

The planform change of the river Gannel was tracked using Light Detection and Ranging (LiDAR), 188 

unmanned aerial vehicle (UAV) surveys, and aerial photography. The channel position was digitised in 189 

ArcMap 10.6 for each time step. The channel has been highly dynamic since the avulsion from its 190 



former route on both seasonal and event scale timeframes, meaning that the data presented here provides 191 

only a coarse picture of the channel migration. Daily mean discharge data from the River Gannel were 192 

downloaded from the Environment Agency’s Hydrology API (EA, 2019). Discharge is measured at the 193 

Gwills monitoring station, a crump profile weir located 2 km upstream from the Gannel estuary (NRFA, 194 

2019) that has been operational since 1969.  195 

 196 

2.3. Morphological survey data 197 

Three types of morphological survey data with varying repeat frequencies have been utilised here, see 198 

Table 1. LiDAR, supplemented with UAV data, has been used to provide an overall picture of the 199 

geomorphic change observed at Crantock Beach from 2008 to 2019. Topographic profile data from 200 

three cross-shore survey lines that extend from the dunes to spring low water (Figure 1a) have been 201 

used to provide a finer temporal resolution dataset. Gaps in the topographic profile time series were 202 

supplemented by extracting profiles from LiDAR and UAV surveys to produce a quasi-annual time 203 

series. All surveys were conducted at, or close to, mean low water springs (MLWS). 204 

 205 

2.3.1. Topographic profiles and LiDAR 206 

Three profile lines are repeatedly sampled across Crantock Beach by PCO (7a01643, 7a01639 and 207 

7a01634), shown in Figure 1a. Data are collected quasi-annually along each of the profiles, with 208 

sampling times primarily dictated by the occurrence of significant storm events. Not all the profiles 209 

have complete temporal coverage, as shown in Table 1. Profile 7a01643 was surveyed each year, whilst 210 

7a01639 is missing three surveys (Feb 2008, Mar 2011 & Jan 2018) and 7a01634 is missing one survey 211 

(Jan 2018). Topographic data are collected by the PCO using RTK-GPS with a quoted accuracy of ± 212 

0.3 m (PCO, 2019c). LiDAR data were also acquired from the PCO, supplied as a 1 m grid with vertical 213 

accuracy of 0.150 m (PCO, 2019a; Wiggins et al., 2019). All available LiDAR data from Crantock 214 

beach were used, spanning from 2008 to 2016, with frequency of surveys varying between 6 months 215 

and 2 years.  216 

 217 



2.3.2. UAV survey 218 

Two UAV surveys were conducted on 10th December 2018 and 26th June 2019 to capture the 219 

morphological change over a winter season. Comparison with post-storm profile surveys shows that 220 

there was limited change between the end of January and June 2019, and the UAV data therefore 221 

represent the storm response over the 2018/19 winter, prior to post-winter recovery commencing. A 222 

quadcopter UAV (DJI Phantom 4 Pro v2) with a 1’’ CMOS sensor with 20M effective pixels was flown 223 

at an altitude of 120 m. The flights were programmed using MapPilot with overlap and sidelap set to 224 

80%. 30+ ground control points (GCPs) were spread across the study area to adequately represent the 225 

variability in topography. GCP points were logged to ± 0.03 m vertical accuracy using Trimble R10 226 

RTK-GPS (Real-Time Kinematic Global Positioning System). Using a ‘Structure from Motion’ (SfM) 227 

approach (Turner et al., 2016; Westoby et al., 2012), overlapping aerial photographs were aligned and 228 

georeferenced using the GCPs in Agisoft Metashape 1.5.3. A dense 3-D point cloud was generated (>50 229 

points m2), which was then interpolated to produce a 1-m digital elevation model (DEM).  230 

 231 

2.4. Assessing morphological response 232 

2.4.1. LiDAR and UAV 233 

DEMs were clipped and divided into 3 zones: dunes, intertidal, and river channel. Zone boundaries 234 

were defined visually using 2008 Aerial Imagery from the PCO to assess the relative change from the 235 

start of the time series. The UAV DEMs have a reduced extent due to survey restraints and were 236 

primarily used for furthering the timeline of dune change. Geomorphic change analysis was conducted 237 

by subtracting two overlapping DEM surfaces to produce a DEM of Difference (DoD) surface, with 238 

each grid cell providing a value of the elevation change between the two DEMs (Wheaton et al., 2010). 239 

The analysis was conducted using the Geomorphic Change Detection 7.4.1 add-in for ArcMap 10.6, 240 

which enables thresholding of the change values to account for measurement uncertainty. Several 241 

methods exist for propagating error through geomorphic change analysis (Bangen et al., 2016; Wheaton 242 

et al., 2010), but here, a probabilistic approach was adopted (Brasington et al., 2003; Lane and Chandler, 243 

2003). Under the assumption that the uncertainty of the DEMs (𝛿𝑧!"#) is normally distributed, with a 244 



reasonable approximation of DEM standard deviation of error (𝜎!"#), it is possible to calculate a 245 

critical error threshold (𝑈$%&') for each DoD grid point using: 246 

𝑈$%&' = 	𝑡((𝜎!"#()) + (𝜎!"#)))        (1) 247 

where 𝜎!"#( and 𝜎!"#) are standard deviations for each DEM, and t is the critical student’s t-value at 248 

a chosen confidence interval (Williams, 2012) where: 249 

𝑡 = 	 |+!"#$,+!"#%|
-.!&!

               (2) 250 

where |𝑍!"#( − 𝑍!"#)| is the change in elevation of each cell in the DoD and 𝛿𝑈!/! is propagated 251 

uncertainty calculated by: 252 

𝛿𝑈!/! = ((𝛿𝑧!"#()) + (𝛿𝑧!"#)))       (3) 253 

The probability of the change occurring by measurement error can then be calculated by relating the t-254 

value to its cumulative distribution function (Wheaton et al., 2010). Here a 95% confidence interval 255 

was used, where all elevation changes in the DoD below 95% confidence are thresholded out 256 

(Brasington et al., 2003; Wheaton et al., 2010; Wiggins et al., 2019). This methodology was applied 257 

using uncertainty values (𝛿𝑧!"#) for LiDAR and UAV data of 0.15 m and 0.04, respectively, following 258 

(Wheaton et al., 2010; Wiggins et al., 2019). 259 

 260 

2.4.2. Topographic profile analysis 261 

The three profiles used here represent transects from the north (7a01643), central (7a01639) and south 262 

(7a01634) sections of the beach/dune system. Volumetric assessments were focused on the dune 263 

system, where only elevations above the toe of the dune were considered. The toe of the dune was 264 

defined as 5 m ODN (approximately 4.8 m above mean sea level), where a clear inflexion point exists. 265 

More involved methods to define toe elevation exist (Wernette et al., 2018); however, due to the 266 

variability in dune and beach slope over the time series, a consistent, albeit approximate toe position 267 

was used. Dune retreat was considered by calculating the centroid (centre of mass), tracking each 268 

profile’s vertical and horizontal trajectory through time. The role of aeolian process in dune roll-over 269 

was assessed by calculating the amount of dune gain at the top or lee of the dunes over time.  270 

 271 



2.5. Threshold analysis  272 

In order to relate the boundary forcing conditions and the morphological response recorded at Crantock, 273 

a threshold analysis was conducted. Dune erosion at Crantock beach only occurs when high spring tides 274 

coincide with large waves, allowing swashes to reach the toe of the dune. As such, the number of hours 275 

above a significant wave height (Hs) threshold and water level (WLOD) threshold were calculated per 276 

season, where winter is defined as November to March and summer as April to October. The threshold 277 

analysis was conducted using three scenarios:  278 

1. Extreme waves and extreme water level – 5% exceedance Hs, WLOD >/= MHWS; 279 

2. Extreme waves and high water – 5% Exceedance Hs, WLOD >/= MHW; 280 

3. Extreme water level and high waves – 10% exceedance Hs, WLOD >/= MHWS. 281 

5% and 10% exceedance Hs values were 3.18 and 2.68 m, respectively, based on data from 2008 to 282 

2019. MHWS and MHW are 3.40 and 2.55 m ODN (Ordnance Datum Newlyn), respectively. Data 283 

points were extracted where both thresholds were met, with each data point representing 30 minutes 284 

based upon the sampling frequency, which was summed to give total hours above combined threshold 285 

per season. 286 

 287 

2.6. Numerical modelling 288 

The process-based numerical model XBeach was used to investigate the dependence of dune erosion 289 

on initial beach morphology, and to test the hypothesis that the intertidal profile in front of the dune 290 

system altered by the changes in the River Gannel has been instrumental in causing the accelerated dune 291 

erosion. The aim was not to reproduce the observed dune erosion, but to look at the sensitivity of the 292 

dune response to the initial beach morphology; therefore, the model was not formally calibrated and 293 

validated. 294 

 295 

XBeach can simulate wave propagation, wave induced currents, sediment transport, and morphological 296 

changes, solving the time-dependent short wave action-balance equations, roller energy equations, the 297 

non-linear shallow water equations of mass and momentum, sediment transport formulations, and bed 298 



updating (Roelvink et al., 2015). In the ‘surf beat’ mode of XBeach used in this study, the variation of 299 

the short-wave envelope is estimated on the scale of wave groups, an approach which is valid for 300 

dissipative and intermediate beaches where swash motions are predominantly in the infragravity band, 301 

and short waves are mostly dissipated by the time they reach the shore (Roelvink et al., 2018). The 302 

XBeach model has proven to have a high level of predictive skill, particularly over the event timescale, 303 

and has been shown to replicate observed impacts of storms on coastal dune systems (Bolle et al., 2011; 304 

McCall et al., 2010; Splinter and Palmsten, 2012; Van Dongeren et al., 2009).  305 

A sensitivity analysis was conducted in XBeach using the southern profile (7a01634) at four time-steps, 306 

when the profile was in differing states:  307 

1. January 2013 – before the 2013/14 storms; 308 

2. March 2015 – before the first notable dune erosion phase; 309 

3. October 2016 – before the second major dune erosion phase; 310 

4. January 2019 – latest full survey to test the present vulnerability. 311 

 312 

Due to a lack of subtidal surveys, each profile was merged with an offshore single-beam bathymetry 313 

collected by the PCO in August 2007. A variable grid resolution was used in XBeach, using the Courant 314 

number to optimise the grid spacing. A coarse resolution of 50 m was used at the offshore model 315 

boundary (-20 m ODN), whilst at the coast the grid spacing was 1 m, ensuring a sufficient balance 316 

between spatial resolution required and computational time.  317 

 318 

Each simulation was run for 10 hours and the resultant erosion above the dune toe (at 5 m ODN) was 319 

calculated. In addition to varying the starting profile as described above, Hs at the offshore boundary 320 

was varied between 3 and 8 m with a fixed tide level of 4 m ODN (representing MHWS + 0.5 m storm 321 

surge), and tide level was further varied between 2 and 6 m ODN with a fixed Hs of 4.2 m (1% 322 

exceedance Hs). Mean values of wave direction and period from waves exceeding 1% Hs were 323 

calculated and used in all simulations. A total of 80 simulations were run; Table 2 summarises the input 324 

parameters used. All other model parameters were set to default with Morfac = 1. 325 

 326 



3. Results 327 

3.1. Forcing conditions 328 

Summary plots of significant wave height (Hs), high tide water level (WLOD), mean daily river discharge 329 

(Q) and wave direction are presented in Figure 2. The Hs time series (Figure 2a) shows a clear seasonal 330 

trend, with wave heights markedly higher on average over winter (Hs = 1.93 m) compared to lower 331 

average wave heights in summer (Hs = 1.23 m). The highest Hs measurements (> 6 metres) occurred in 332 

winter 2013/14 and 2017/18. The 8-week moving average of Hs reveals a more typical condition within 333 

each winter period, demonstrating that winter 2015/16 had relatively consistent high Hs, as well as 334 

demonstrating that, on average, the 2013/14 winter had the highest consistent peak in Hs. Wave direction 335 

(Figure 2d) is concentrated in a westerly direction, with an average wave angle of 282˚ (shore normal 336 

= 300˚) which also demonstrates limited seasonal or storm variability. Mean peak wave period (Tp) was 337 

10.5 s but showed a similar seasonal variation to Hs, with longer mean Tp in winter and shorter mean Tp 338 

in summer. 339 

 340 

Figure 2b displays the high tide sequence over the time series, displaying periods of exceptional high 341 

water when spring tides have combined with storm surge, predominantly in the winter months. The 342 

2013/14 winter in particular shows a number of exceptional water levels, with very dense packing of 343 

peaks likely linked to the high number of storm surges that winter. The winters of 2012/13, 2014/15 344 

and 2017/18 also show extreme periods of WLOD. Daily mean discharge of the River Gannel (Figure 345 

2c) shows extreme periods of discharge in winters, up to >10 m3s-1 in winter 2012/13. As the Gannel 346 

has limited groundwater input, these peaks are linked with runoff during storms.  347 

 348 

3.2. River Gannel channel migration 349 

Results from the river Gannel planform change show that the river has had two distinct channel 350 

pathways (Figure 3). From March 2008 to March 2014 (and for potentially 100+ years preceding), the 351 

channel was pinned to the north Pentire Cliffs, reaching the sea at the most northerly point of the beach 352 

at MLWS. In the last few hundred metres of the river, there was evidence of lateral adjustments, but the 353 



channel was mostly stable. From March 2016 until the most recent survey in June 2019, the channel 354 

has avulsed, forming a new channel that flows along the beach and has much higher lateral variability. 355 

The point at which the channel has avulsed was the location of an old training wall that initially held 356 

the river in place from at least the early 1900s (Frith, 1928). Although there is a paucity of available 357 

data during the year the channel switched, accounts from residents suggests it occurred in 2015 and, 358 

therefore, it did not occur during the 2013/14 storms, as the data shows the channel was still in its 359 

original position at the end of winter 2014 (Figure 3). 360 

 361 

3.2. Morphological response 362 

3.2.1. Qualitative changes to Crantock dunes 363 

Figure 4 shows a sequence of four aerial images of the Crantock dune system. Changes from 2001 to 364 

2005 are mainly losses in vegetation cover, supposedly due to tourism pressures, but with limited 365 

changes in the dune morphology apparent. The first two images also show extensive transport of sand 366 

inland from the beach into the dune system, facilitated by wide dune ramps blanketing the underlying 367 

bedrock. There is vegetation on the climbing dune deposits, but no vegetation on the slopes down to the 368 

beach or above the high tide line, and there are no fore dunes present. This situation was also present in 369 

2009 (not included due to poor image quality). The image taken in 2017 shows that the sand ramps have 370 

almost completely been removed and the image taken in 2020 shows at some locations the underlying 371 

bedrock (white dashed lines). The image taken in 2020 shows the steep dune face, practically a scarp, 372 

indicated by the red dashed line in the image, but there does seem to be some indication that the dune 373 

ramps are beginning to rebuild as a result of aeolian transport from the beach. The retreat over this 20-374 

year period is 40-50 m, but, as demonstrated later, most of this occurred over the period 2015–2019 (no 375 

aerial images are available for the period 2009–2017). 376 

 377 

3.2.2. Volumetric change 378 

The geomorphic change analysis indicates that the intertidal region at Crantock was net erosional over 379 

the from 2008 to 2016 (-54,290 ± 46,402 m3). The dunes also experienced net erosion, which, due to 380 



the additional surveys collected, is known to have continued to at least 2019 (-175,419 ± 22,287 m3). 381 

However, over the study period, the morphological response was quite variable over time and space. 382 

Four primary epochs of change were observed: 2008–2012, 2012–2014, 2014–2016 and 2016–2019. 383 

These epochs are distinguished by the spatial pattern of change observed, the position of the channel 384 

and the dune response recorded (Figure 5). The full inter- and supra-tidal response within the 385 

embayment across the four epochs is presented in Table 3. 386 

 387 

From 2008 to 2012 (Epoch 1), Crantock shows relative stability, with evidence of overall accretion of 388 

53,665 ± 28,142 m3. Much of the accretion occurred in the intertidal zone, shown in Figure 5a as a band 389 

of blue across the mid-beach, as well as some accretion at the toe of the dune. There was some evidence 390 

of erosion in the dune zone; however, this was isolated to localised blowouts at the dune crest, and 391 

accretionary zones are observed in the lee of the dune front surrounding the blowouts. Only the river 392 

channel was net erosional over the study period; however, this was very marginal. Much of the erosion 393 

in this epoch was focused around the channel/dune/beach interface, attributed to the lateral adjustment 394 

of the river Gannel.  395 

 396 

2012 to 2014 (Epoch 2) covers the major storms of winter 2013/14 and shows an almost reverse 397 

response to Epoch 1, with the mid intertidal zone showing erosional losses and scarping at the toe of 398 

the dune. There was some evidence of accretion in the lower intertidal region. Significant erosional 399 

losses are made around the channel position on the beach, with a focused area around the training wall. 400 

Despite some scarping of the toe of the dune, the dune system was relatively stable, as evidenced in 401 

Figure 6. Overall, Epoch 2 shows a modest, and barely statistically significant, net sediment loss of -402 

40,233 ± 33,025 m3. 403 

 404 

2014 to 2016 (Epoch 3) shows more severe erosion of both the intertidal and dune areas than Epoch 2. 405 

Notable areas of erosion appear in the upper intertidal and south end of the beach, while there was 406 

evidence of a bar building at the north headland at the former location of the river channel, which 407 

avulsed during this epoch. There was evidence of scarping of the dune toe during this epoch; however, 408 



from Figure 6, it is clear that the dune volume had not yet significantly decreased below the 2008 409 

volume. Conversely, the intertidal volume continued to decrease at a similar rate to that experienced 410 

over Epoch 2, and dropped significantly below the 2008 volume. The River Gannel shows evidence of 411 

channel shifting but maintains a stable sediment volume. Total loss over Epoch 3 was -93,962 ± 31,469 412 

m3. 413 

 414 

 In Epoch 4 (2016 to 2019), the overall net loss was -157,207 ± 16,368 m3, which is higher than all three 415 

previous epochs, despite the smaller survey area. The dunes and upper intertidal beach exhibit severe 416 

levels of erosion, most notably at the south, with elevation differences of up to -16.5 m indicating an 417 

extensive cutback of the high dune face. Results also show high levels of accretion in the lee of the 418 

frontal dunes, suggesting an accelerated roll-over on the now bare dune faces. There was a mixed 419 

response in the river Gannel area. The loss in dune volume during this period was extreme, equating to 420 

a net loss of -126,604 ± 8,135 m3.  421 

 422 

The sediment volume time series for the intertidal, dune and river area is shown in Figure 6 and reveals 423 

that, while the intertidal volume decreased sharply between 2012 and 2016, the dune volume did not 424 

change significantly from the 2008 level until at least 2017, at which point it began to decline rapidly. 425 

Despite the dramatic change in the river’s position on the beach face, the river Gannel sediment volume 426 

did not vary significantly over the study period. 427 

 428 

3.2.3. Profile change 429 

Figure 7 shows a time series of topographic profile data for the north, central, and south profiles between 430 

2008 and 2019.  There was a markedly different response at the north end of the beach to that of the 431 

south end of the beach over the study period, with little dune erosion and a stable dune toe at the north, 432 

compared to extreme dune erosion and toe retreat at the south end of the beach. There was a clear 433 

gradient in erosional impact, with dune loss increasing further south along the dunes. Figure 7 reveals 434 

that the distinctive dune retreat at the south and central profiles did not start until 2013 and was followed 435 



by substantial cut-back during 2015 and 2017/18. In contrast, the northern profile, only 400 m away, 436 

remained relatively stable during these events, and even experienced some toe progradation.  437 

 438 

3.2.4. Dune centroid change 439 

To further quantify the retreat of the dune, the centre of mass (or centroid) at each time step was 440 

calculated (Figure 8). It is important to note that the dune centroid changes are not strictly 441 

intercomparable between the three profiles, as the central and northern profiles cover a large area of 442 

backdune, whilst the southern profile ends just behind the dune crest. Nevertheless, changes in the dune 443 

centroid reveal how the overall position of the dune has evolved at each alongshore location. The 444 

substantial increase in centroid elevation in the southern profile (4.9 metres) was driven by the 445 

significant scarping of the dune toe, and signifies a narrowing of the dune base. The horizontal change 446 

in the centre of mass indicates the overall retreat of the dune and is arguably more representative of 447 

overall dune behaviour than considering the dune toe position alone. Annual averaged rates for dune 448 

centroid retreat for the south, central and north profile are 2.3, 1.1 and 0.2 m yr-1, respectively, but these 449 

averaged rates mask the sporadic and at times extreme retreat that occurred. At the southern profile, the 450 

dune centroid retreated 27 metres over the 11.5-year time series. Much of this change occurred in two 451 

time-steps, from March 2015 to March 2016 and from October 2016 to March 2018, representing a 452 

retreat of 13.5 and 12.5 metres respectively (Figure 8). The centre of mass in the central profile shows 453 

a much lower magnitude of retreat over the time series (12.5 m). The central profile similarly shows a 454 

stepped sequence of retreat however there are more steps evident but each with much smaller increments 455 

of change (<5 m) than in the south. The north profile overall shows relative stability in the horizontal 456 

and vertical position, with some oscillation seaward and landward and an overall retreat of just 2.5 457 

metres over the time series.  458 

 459 

3.3. Comparison of environmental forcing to dune response 460 

Volumetric change over time for each profile is presented in Figure 9a. The results quantify the major 461 

erosional events witnessed on the southern profile as -208 m3m-1 from March 2015 to March 2016, and 462 



-521 m3m-1 from October 2016 to March 2018. From the volumetric time series, a weaker erosional 463 

signal is shown in the central profile between October 2016 and March 2018. There was a mixed 464 

response between March 2015 and March 2016, with the central profile showing minor erosion and the 465 

northern profile showing minor accretion. Coherency in the response of the three profiles finally occurs 466 

between 2017 and 2018 when all three simultaneously lost sediment. In the years where a spring and 467 

autumn survey are present (2016, 2018 and 2019), a gradual recovery in sediment volumes was apparent 468 

following each winter; however, the magnitude of these recoveries was dwarfed by the large-scale 469 

erosion events. 470 

 471 

There was a clear decoupling of dune erosion with environmental forcing conditions, as signified by a 472 

lack of alignment between periods of significant dune loss (Figure 9a) and periods featuring a large 473 

number of combined high wave and tide events (Figure 9b), which would be expected to drive dune 474 

erosion. Two outstanding seasons of combined high wave and water levels in winter 2013/14 and 475 

2015/16 appear to have had a limited impact on the dune volumes, while, in contrast, significant dune 476 

losses occurred between October 2016 and March 2018 when the number of combined high wave and 477 

tide events was far fewer. This suggests that emergent behaviour might be influencing the dune 478 

evolution at Crantock.  479 

 480 

3.4. Beach morphological control on dune erosion 481 

Due to the lack of correlation between hydrodynamic forcing and dune erosion, the possibility that 482 

erosion has increased due to the river channel lowering the beach in front of the dune was considered. 483 

A series of 80 model runs were conducted in XBeach to test the sensitivity of dune response to the 484 

initial profile. Firstly, the modelling results (Figure 10) confirm that, for a given profile, dune erosion 485 

is enhanced by large waves and high-water levels. Predicted dune erosion increased by 1.5–2 times as 486 

the forcing wave height Hs was increased from 3 to 8 m (Figure 10e). Predicted dune erosion increased 487 

threefold as water level increased from MHWS to MHWS + 1.5 m (Figure 10f). However, there is also 488 

an evident sensitivity of dune erosion to starting morphology. While water level exerted the greatest 489 



control on dune erosion overall, varying the starting profile resulted in a similar range of dune erosion 490 

to that caused by increasing the offshore wave height. The smallest beach volume (October 2016, 1967 491 

m3m-1) resulted in a doubling of the dune erosion compared to the largest beach volume (January 2013,  492 

2266 m3m-1), for each wave height considered. The initial morphology also showed increasing influence 493 

as water level was increased in the model.  494 

 495 

Panels a-d in Figure 10 demonstrate the spatial pattern of modelled dune erosion for each of the four 496 

starting profiles, under a single set of forcing conditions (1% exceedance Hs = 4.2 m, water level just 497 

below the dune toe elevation = 4.5 m ODN). The January 2013 and March 2015 starting profiles (pre-498 

river switch) are similar and result in comparable scarping at the dune toe and similar dune losses of - 499 

98 m3m-1 and -110 m3m-1
, respectively. These relatively modest dune losses can be attributed to the 500 

healthy intertidal beach volume and gently sloping dune face prior to the river switch, which enhance 501 

wave dissipation and reduce the vulnerability of the dune to slumping, respectively. The October 2016 502 

starting profile (post-river switch) has a significantly lower intertidal profile fronting the dune than the 503 

earlier profiles due to the river cutting a parallel course in front of the dune, as well as a steepened dune 504 

face. This profile shows the most significant dune loss at -145 m3m-1 under the modelled conditions. 505 

The January 2019 starting profile resulted in less dune loss (-118 m3m-1) than the 2016 profile, but is 506 

still impacted more than the pre-river switch profiles and exhibits erosion up to 25 metres elevation as 507 

the dune steepens even further, showing a severe vulnerability of the dune face.  508 

 509 

The results also demonstrate that a large amount of sediment eroded from the dune accumulates in the 510 

sub- and inter-tidal zones, and it is likely that while the intertidal beach has been lowered by the presence 511 

of the river, the dune losses are starting to restore equilibrium by ‘nourishing’ the beach face and 512 

therefore helping to dissipate wave energy before it impacts the dunes. This may explain why the 2019 513 

starting profile exhibits less dune loss than the 2016 profile despite the already steepened dune face, as 514 

it has a slightly higher intertidal volume. 515 

 516 



4. Discussion 517 

Firstly, it is essential to consider the environmental conditions over which this study is set. The 518 

hydrodynamic forcing time series from 2008 to 2019 is highly seasonal, but also shows inter-annual 519 

variability linked to extreme storm sequences. Central to this time frame is the unprecedented sequence 520 

of highly energetic wave events during the winter storms of 2013/14 (Masselink et al., 2016), which 521 

resulted in extensive morphological impacts along much of the European Atlantic coastline (Castelle et 522 

al., 2015; Masselink et al., 2015; Scott et al., 2016). Neighbouring beaches such as Perranporth, 523 

Watergate and Fistral experienced fairly dramatic intertidal and dune erosion during the storms, whilst 524 

Crantock showed modest losses to the beach face and toe of the dune. Previous explanations of a muted 525 

response from dune-backed beaches have linked this behaviour to an injection of large amounts of 526 

sediment onto the beach as a result of dune erosion (Burvingt et al., 2018), balancing out the overall 527 

sediment loss. However, Crantock shows only modest dune scarping during this period, despite the 528 

2013/14 winter having the highest number of hours above the combined wave and tide hydrodynamic 529 

threshold (Figure 9b) in at least a decade. The reduced response may therefore be explained by 530 

Crantock’s slightly reduced level of exposure (Burvingt et al., 2017), owing to its highly embayed shape 531 

and oblique orientation to the principal wave direction. Another notable difference between Crantock 532 

and other exposed north Cornish beaches has been in the recovery period following the 2013/14 storms. 533 

At highly exposed beaches, such as Perranporth and Watergate the sheer magnitude of the wave heights 534 

and periods took sediment far offshore to a deep-water bar (Scott et al., 2016), and as a result, energetic 535 

waves with long periods were required to bring sediment back onshore, resulting in a gradual, multi-536 

annual recovery. Crantock on the other hand has experienced an acceleration in erosion since 2014, 537 

rather than gradual recovery.  538 

 539 

Within the morphological response at Crantock, there is an apparent delay between the erosional loss 540 

experienced on the beach, initiated by the 2013/14 storms and the erosion in the dune system, which 541 

begins to occur over the 2015/16 winter. There are two distinct phases of dune erosion recorded in the 542 

time series, the initial phase between March 2015 and March 2016 is only really experienced at the 543 



southern end of the dune system (-208 m3m-1), with the central dunes showing minor erosion (-44 m3m-544 

1) and the northern dunes showing a net accretion (+76 m3m-1). The same north-south gradient is 545 

somewhat evident in the second erosion phase (October 2016 to March 2018); however, the magnitude 546 

is significantly higher (-520 m3m-1 in the south, -183 m3m-1 in the central dunes, and -127 m3m-1 in the 547 

north), despite the lower hydrodynamic forcing over this period. The rate of dune retreat is very 548 

significant with an along-coast averaged dune retreat over the period 2008-2019 of 2.3 myr-1, and much 549 

of this retreat happening in the two erosional phases identified. In comparison to other sites (Castelle et 550 

al., 2015; Scott et al., 2016; Suanez et al., 2015), the dune erosion experienced at Crantock shows equal 551 

or higher magnitudes of change but has occurred over a period with significantly lower hydrodynamic 552 

forcing. The results demonstrate that the first hypothesis, that the acceleration in dune erosion is directly 553 

linked to the hydrodynamic forcing (wave, tide or river discharge), can be rejected. 554 

 555 

The second hypothesis presented here is that the switching of the River Gannel between March 2014 556 

and March 2016, resulted in a lowering of the beach and subsequently accelerated dune erosion. The 557 

winter of 2014/15 saw particularly low energy wave conditions, resulting in more constructive waves 558 

returning sediment onshore. From Figure 5c, it is clear that the sediment accumulates in the old channel 559 

position, meaning higher amounts of fluvial energy would be required for the channel to retain its 560 

pathway. During the same winter, the Gannel exhibited significantly low discharge, thus making the 561 

river more amenable to a forced avulsion. During low flows the river is less likely to keep up with the 562 

sediment accumulation from constructive waves, and combined with the degradation of the training 563 

wall, the channel shifted to find the path of least resistance, leading the river to flow across the beach. 564 

A lower beach elevation increases the depth of water at the toe of the dune during a storm event that 565 

coincides with MHWS, meaning large waves with higher energy can act upon the dune face (Armaroli 566 

et al., 2012; Cooper et al., 2007). As a result, even weaker magnitude winters, can produce a 567 

disproportionately large response in dune erosion. The lower beach level results in a higher amount of 568 

basal wetting and undercutting, increasing the risk of avalanche failure (Carter and Stone, 1989). As a 569 

result of the channel avulsion and a subsequently persistent wet beach face, it is likely that aeolian 570 

transport and therefore dune recovery has been hindered. The high dunes at Crantock have likely 571 



developed due to the river being pinned against the north headland from the early 1900s, at least, 572 

according to historical imagery (Frith, 1928), allowing the beach face to dry out more frequently and 573 

aeolian processes to develop the dunes over a 100+ year period. 574 

 575 

1-D XBeach model runs, using two fixed hydrodynamic conditions on four different initial beach 576 

profiles, indicate a clear sensitivity of dune erosion to beach level, with a markedly different volumetric 577 

and cross-sectional result following the modelled storm event. This dependency of dune erosion 578 

magnitudes on beach morphology has been recorded previously in modelling of storm clustering effects 579 

on dunes (Dissanayake et al., 2015; Splinter et al., 2014), where proceeding storms in a cluster can have 580 

a reduced impact than anticipated as the morphology adjusts. The reduced magnitude of the January 581 

2019 dune erosion volume may be explained by the shift of the toe of the dune higher and further 582 

landward than that of March 2016, reducing the access to the dune of the subsequent storm (Dissanayake 583 

et al., 2015). Pre-storm beach swash slope has been shown to play a significant role in determining 584 

relative dune erosion (Splinter et al., 2014). The results presented here support the importance of beach 585 

morphology in controlling dune erosion; however, in this case, beach morphology is further modified 586 

by a switching river channel rather than solely antecedent hydrodynamics. More broadly for coastal 587 

modelling applications, the results presented here highlight the sensitivity of beach and dune response 588 

in a given model to the starting profile, emphasising a need to correctly select or test the initial beach 589 

morphology before a given model is run.  590 

 591 

Crantock beach and dune system show an emergent geomorphic response, where it is evident that the 592 

sum of the apparent environmental processes are disproportionate to the morphological outcome 593 

observed (Favis-Mortlock, 2013; Phillips, 2003). In the years following the major 2013/14 winter storm 594 

sequence, when a recovery of the intertidal zone was expected, the river Gannel avulsed, resulting in 595 

the unexpected contingent outcome of extreme dune erosion. The interaction between fluvial, aeolian 596 

and coastal processes resulted in highly localised erosion, with a severe magnitude in the southern dunes 597 

at Crantock. The results presented here demonstrate that underlying the complexity of the geomorphic 598 

response observed at Crantock there is generative simplicity, with the overall response attributed to a 599 



sequence of simple, local interactions between the river channel, beach and dune system. The concepts 600 

of emergence and complexity have been more widely adopted in fluvial geomorphology but remain 601 

relatively underutilised in coastal morphodynamic literature. Particularly in such interconnected 602 

geomorphological systems such as Crantock Beach, it is crucial to look beyond a simple reductionist 603 

approach. Crantock is a prime example of an emergent behaviour in coastal geomorphology where the 604 

formation of the whole-system output is surprising – a dune system experiencing extreme erosion that 605 

appears decoupled from the hydrodynamic forcing.  606 

 607 

There are relatively few studies showing similar dune and river mouth dynamics from other beach 608 

systems. However, across the local region alone, similar processes may have occurred at the Hayle and 609 

Camel estuaries (Cornwall, UK), which both have rivers adjacent to eroding sand dunes. For example, 610 

at the Hayle Estuary, an end to sluicing of the deep-water channel for navigation has resulted in a 611 

significant change to the estuary morphology, allowing sand accumulation in the mouth of the estuary 612 

and subsequently a narrower and more variable river mouth position that has altered the tidal prism and 613 

influenced sediment transport rates adjacent to the rivermouth (Golowyn, 2004; Penwith District 614 

Council, 2002). The response at Hayle and Crantock beaches to changes in river geometry highlight the 615 

sensitivity of sandy dune systems to nearby fluvial processes, especially where some form of human 616 

intervention has taken place to modify the river dynamics. 617 

 618 

 619 

5. Conclusion 620 

This study presents an interpretive and open-ended geomorphic analysis into the emergent behaviour 621 

of a climbing dune system at Crantock Beach, north Cornwall. In the subsequent years following the 622 

major 2013/14 storms, where extreme erosion was observed across the South West of England, the 623 

morphological response of the dunes at Crantock appears to have become decoupled from 624 

hydrodynamic forcing with the most significant cutbacks in relatively low winter wave-tide conditions. 625 

The onset of extreme dune erosion at Crantock can be attributed by the shifting River Gannel that has 626 



its outflow on the beach. Shifting intertidal sediment during the recovery of the 2013/14 storms, 627 

combined with a degradation of the training wall, allowed the river to freely migrate across the beach. 628 

XBeach modelling reveals that the shifting river channel resulted in a lowering of the beach level, which 629 

has increased the vulnerability of the dunes and resulted in extreme dune erosion. 630 

 631 
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Figure 1. (a) Location Map of Crantock beach with survey profiles (Plymouth coastal Observatory profile codes) and 

polygons highlighted. Aerial photograph from 5th May 2013 (PCO, 2019b). Port Isaac Tide gauge, Perranporth Wave 

Buoy and Meteorological station are highlighted in the regional map. (b) Photographs of Crantock beach taken in (i) 

August 2016 and (ii-iv) January 2020 by Christopher Stokes. 
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Table 1. Topographic survey data acquired to assess the morphological response at Crantock.  

 Year 

Survey Data 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

Profiles1,2 Feb   Mar Jun Jan Mar Mar Mar  Jan, Mar Jan 
LiDAR1 Mar Mar Oct  Apr  Mar  Mar, Oct    

UAV           Dec Jun 
1 Data provided by the PCO. 
2 Profile data is supplemented with profiles extracted from LiDAR and UAV datasets. 
 

 

 

Table 2. XBeach input parameters for sensitivity analysis of beach lowering on dune erosion. 

Input Parameter Values (min: increment:max) Explanation 

Wave Height (HS) 3:0.5:8 m, and 4.2 m Storm wave heights, and 1% exceedance Hs 
Water Level 2:0.5:6 m ODN MHWS - 1.5 m to MHWS + 2.5 m 

Wave Period (Tp) 12.5 s Mean storm wave period. 
Wave Angle 285˚ Mean storm wave angle. 
Grain Size 0.28 mm D50 value. 

 

 



 

Figure 2. Environmental boundary conditions over the study period. (a) Significant wave height (HS) measured by the 

Perranporth Wave Buoy in ~14-m depth, overlaid with an 8-week moving average and 5% exceedance threshold. (b) 

High tide water elevation (WLOD) with MHWS threshold (3.4 m ODN). (c) Daily mean discharge from the River Gannel 

(Q). (d) Summary of wave directionality. 
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Figure 3. River Gannel planform change from 2008 to 2019 and the location of the training wall. Digitised in ArcMap 

10.6 using LiDAR, aerial photographs and UAV data. Overlaid onto 2013 aerial photographs from the PCO.  

 

 

Table 3. Summary of morphological response at Crantock beach between 2008 and 2019. 

  Net Sediment Volume Change (m3) 

Epoch Description Dunes Intertidal River Gannel  Total 

1. 2008–2012 Stable and some accretion on the 

beach and toe of dunes. Minor 

erosion in channel. 

+16,376  

±7,097 m3 

+42,833  

±18,579 m3 

-5,545  

±2,466 m3 

+53,665  

±28,142 m3 

2. 2012–2014 Erosion on beach and toe of dunes, 

accretion in the channel. 

-6,004  

±4,542 m3 

-53,889  

±25,623 m3 

+19,659  

±4,860 m3 

-40,233  

±33,025 m3 

3. 2014–2016 Continuation of beach erosion and 

accelerated erosion of dunes. Minor 

erosion in channel. 

-24,203  

±5,539 m3 

-65,081  

±23,348 m3 

-4,678  

±2,583 m3 

-93,962  

±31,469 m3 

4. 2016–

20191 

Severe erosion in dunes and top of 

the beach, a mixed response in river 

Gannel mouth. 

-126,604  

±8,135 m3 

-27,166 

±5,348 m3 

-3,436 

±2,885 m3 

-157,206 

±16,368 m3 

1 2016-2019 epoch has reduced coverage of the Intertidal and River Gannel. Only the Dune polygon is fully surveyed. 

 



 

Figure 4. Aerial photographs showing the evolution of the Crantock dunes from 2001 to 2020 (GoogleEarth). The red 

dashed line in the top-left panel represents the seaward edge of the vegetated dune in 2020, shown in the bottom-right 

panel. The white dashed lines in the bottom-right panel represents where bedrock outcrops on the beach. The scale bar 

represent 100 m. 

 

 

December 2001 December 2005 

July 2020 May 2017 



 

Figure 5. Morphological response of Crantock beach over 4 epochs: (a) 2008–2012; (b) 2012–2014; (c) 2014–2016; (d) 

2016–2019. The bar graphs represent volumetric change across the entire survey area for each epoch. Change in elevation 

is represented by different colour intensities of red (erosion) and blue (accretion), where an absence of colour shows no 

detectable change above the 95% probabilistic threshold. 
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Figure 6. Volume time series from 3 zones at Crantock Beach: Dune (triangles), Intertidal (squares) and River Gannel 

Channel (circles). Black lines represent the net volume difference relative to the first survey on 9th March 2008. LiDAR 

data until 16/10/2016 with additional UAV data on 10/12/2018 and 26/06/2019 (dunes only). 
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Figure 7. Topographic profile data from the North, Central and South profiles of Crantock Beach. The profiles have been 

vertically offset by 10 m to bring out the annual morphological changes (tick marks on the y-axis are every 10 m). The 

exposed bedrock on the profiles observed in 2018 and 2019 have been identified based on the feature codes provided in 

the survey data. 



 

Figure 8. Change in the horizontal and vertical position of the centroid of the dune through time for (a) southern-most 

profile (7a01634), (b) central profile (7a01639), and (c) northern-most profile (7a01643). The size of the markers is 

relative to the percentage volume lost between each time step, exaggerated to the power of 3 for visual effect.  

(a) South (b) Central (c) North 



 

Figure 9. (a) Dune volume time series from the south, central and north profiles at Crantock beach against (b) number of 

hours per summer (April to October) and winter season (November to March) where significant wave heights (Hs) and 

water level (WLOD) are sufficient to activate the dune face. Three threshold scenarios are defined here: 1) 5% exceedance 

Hs and MHWS; 2) 10% exceedance Hs and MHWS; and 3) 5% exceedance Hs and MHW. 
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Figure 10. Model results from a sensitivity analysis conducted in XBeach. Results show the dune erosion response (e 

and f) under varying wave height (e, with water level = 4 m ODN) and water level (f, with Hs = 4.2 m) from 4 different 

initial profiles: (a) January 2013; (b) March 2015; (c) October 2016; and (d) January 2019. Post-storm profiles in a-d 

show the outcome from model runs with 1% exceedance Hs (4.2 m) and water level just below dune toe elevation (4.5 m 

ODN). 
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