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Highlights
e Post-storm recovery patterns were regionally coherent and can be grouped into four main
types.
¢ High energy, fully exposed sites remained a at more eroded state over multiple winter seasons.
¢ Highly embayed sites with strong geological controls appear to be inherently resilient to storms.

¢ Regional monitoring programmes could focus on a limited number of strategically selected sites.

Abstract

Understanding the mechanisms and timescales required for beaches to recover from extreme storm
events is fundamental for coastal management worldwide. Yet the post-storm recovery characteristics
of different beach types have rarely been investigated over multi-annual timescales. Previous work
along the southwest coast of England has suggested that the magnitude and alongshore variability of
beach response to storms can be grouped into four key response types controlled by the level of
exposure, angle of storm wave approach and degree of embaymentisation. This study aims to enhance
our understanding of the spatial and temporal patterns of post-storm beach recovery within this storm
response classification framework. Analysis was based on morphological survey data from 23 sites
along the southwest coast of England collected between 2012 and 2017. We found that beaches that
responded similarly to the unprecedented storm sequence of 2013/14, recovered in a similar manner
too, and that spatio-temporal patterns of post-storm recovery can, for the most part, also be described
by four coherent classes. In terms of complete recovery to pre-2013/14 volumes, 7 of the 23 beaches
we studied recovered >90% of their sediment within 3 years or less, including some of the most
affected sites. The magnitude of intertidal beach volume recovered (in the order of 1-100m3m™) was
well correlated with the storm erosion volume (R=-0.81, p= 0.00) and, importantly, was similar for
beaches within the same response class. Fully exposed, cross-shore dominated beaches experienced
the highest gross erosion and recovery volumes, but showed the lowest net recovery after 3 years
(median: 74% volume recovered), while semi-exposed cross-shore dominated beaches showed lower

gross change, but the highest net recovery (median: 93% volume recovered).In most cases, the spatial



pattern of recovery mirrored that of the storm impact, regardless of whether the beach was cross-
shore or alongshore dominant. The observed coherency within each of the four studied beach
response classes indicates that regional monitoring programmes could make considerable cost savings
by strategically targeting monitoring at representative sites within each class, rather than monitoring

all beaches within a region.
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1. Introduction

Understanding the mechanisms and timescales required for beaches to naturally recover from erosive
events is a fundamental requirement for effective coastal management (Callaghan et al., 2013; Phillips
et al., 2015). Such information also has the potential to save money where engineering solutions are
sought, but natural recovery may have otherwise occured. Beach recovery, however, is often highly
non-linear and compounded by the complex interplay between atmospheric and ocean forcing,
inherited geomorphological controls, and human interventions (Burningham & French, 2017). In
contrast to the relatively short time-scale over which storm-driven changes occur, recovery takes place
over varying and often significantly longer timescales (Brenner et al., 2018), ranging from days (Coco
et al., 2014; Poate et al., 2016), months (Wang et al., 2006; Sénéchal et al., 2015; Phillips et al., 2017),
years (Doddet et al., 2019; Castelle et al., 2017), and even decades (Thom & Hall, 1991; McLean et al.,
2010; Turner et al., 2016; Burningham & French, 2017). In this context, identifying similarities in
observed patterns of beach recovery between sites subjected to the same regional scale forcing, may
provide essential information for coastal management applications (Bracs et al., 2016), and could

provide efficiencies for long-term coastal monitoring schemes.

The 2013/14 winter season was the most energetic winter experienced on the Western European
seaboard since at least 1948 and left most of the coastline in its most depleted state in decades
(Masselink et al., 2015a). Fully exposed sites in the UK (Perranporth) and France (Truc Vert)
experienced sediment losses in excess of 200 m3®m™* (Masselink et al., 2016). Barrier overwash occurred
at many sites (Blaise et al., 2015) and practically all dune systems suffered substantial erosion (Blaise
et al., 2015; Castelle et al., 2015). Storm conditions along the southwest coast of England during that
winter were exceptional with wave heights in the area exceeding average by 40% and total storm
duration was more than twice that of the next ranking season. Most importantly perhaps, the total

number of storm days during that winter was 200% greater than the second most energetic winter



since 1948 (Masselink et al., 2016). Coastal impacts in the region were severe and widespread
(Masselink et al., 2015a; Scott et al., 2016); practically all coastal towns were affected in some way
with widespread flooding and/or damage to infrastructure and coastal defences. Many beaches lost
large quantities of sediment to the extent that some were completely stripped, exposing the
underlying bedrock (Masselink et al., 2015b; Scott et al., 2016) and record wave runup heights were
reported on a number of gravel beaches (Poate et al., 2016). Aside from their intensity, the impacts of
the 2013/14 storms in SW England were characterised by considerable spatial variability controlled by
both storm-specific conditions (wave characteristics associated with storm intensity and storm track),
site-specific characteristics (beach orientation and beach type), and tidal phase (Masselink et al.,

2015bh).

Masselink et al. (2015b) and Scott et al. (2016) studied the geomorphic storm response of 38 beaches
in SW England using RTK-GPS cross-shore profile data. Two broad response categories were identified,
mainly controlled by beach orientation and degree of embaymentisation: (i) a cross-shore mechanism,
dominant in exposed sandy beaches on the northern coast and (ii) an alongshore mechanism prevalent
on the south coast and sheltered northern coast beaches with an oblique wave incidence angle. These
studies revealed that cross-shore sediment transport processes, in both dissipative and reflective
sandy beaches exposed to mostly shore-normal incident angles, resulted in significant erosion
occurring in the supra- and inter-tidal zones and accretion in sub-tidal bar region. Similarly, exposed
gravel beaches experienced overwash with significant sediment losses landward (Poate et al., 2016;
Scott et al., 2016). Conversely, semi-sheltered beaches exposed to oblique wave forcing were
dominated by alongshore sediment transport mechanisms resulting in little net change but significant

sediment redistribution as a result of longshore transport (Scott et al. 2016; Wiggins et al., 2019a).

Burvingt et al. (2017a) took advantage of the superior spatial resolution and coverage offered by
airborne Light Detection and Ranging (LiDAR) surveys to study the regional variability in coastal
response of 157 beaches in southwest England. They used hierarchical cluster analysis based on
geological variables extracted from the LiDAR data set to assess the similarity between sites and
determine the grouping of beaches. Response type was found to be controlled by the level of exposure
and angle of storm wave approach and degree of embaymentisation. Their analysis identified four key

response classes differentiated by the magnitude and longshore variability of volumetric change:

1. Class 1 beaches (CL1): Large, alongshore uniform response in the order of 100 m3m? (herein,
0(100 m3m?)). These were sites experiencing small wave incidence angles O(10°) and the highest

cross-shore wave power 0(170 kWm?);



2. Class 2 beaches (CL2): Moderate, alongshore uniform response O(50 m3m™). These were sites
experiencing slightly larger wave incidence angles O(20°) and lower cross-shore wave power

0(120 kWm™) compared to CL1 beaches;

3. Class 3 beaches (CL3): Limited response characterized by considerable variability in both the
alongshore and cross-shore directions. Typically, these were short, sheltered beaches, subject to

larger wave incidence angles O(60°) and lower cross-shore wave power O(30 kWm™);

4. Class 4 beaches (CL4): Rotational response characterized by considerable, alongshore variable
response with limited net changes. Typically, sheltered beaches exposed to oblique wave

incidence angles O(55°) and the lowest cross-shore wave power 0(25 kWm?).

Despite the extensive literature on storm impacts (e.g., Houser & Greenwood, 2005; Suanez, et al.,
2010; Castelle et al., 2015; Masselink et al., 2015a; Beuzen et al., 2019; Guisando-Pintado et al., 2019;
Anfuso et al., 2020), the post-storm recovery of beaches and dunes has received less attention until
relatively recently (Scott et al., 2016; Brooks et al., 2017; Castelle et al., 2017; Phillips et al., 2017;
Brenner et al., 2018; Dodet et al., 2019). Typically, beach recovery is associated with mild wave
conditions and long period swell waves (Komar, 1998). Such recovery conditions are not limited to
summer; in fact, post-storm winter conditions have been found to primarily control the timescales for
recovery along the SW coast of England (Scott et al., 2016; Burvingt et al., 2018). Additionally, Dodet
et al. (2019) showed that for the most exposed sites subjected to normal wave approach (i.e., similar
to CL1 and CL2 beaches), highly energetic winters can stall or even reverse the recovery process,
whereas milder winters foster recovery. Meanwhile, more energetic summer wave conditions are vital
for the remobilization of sediment transported far offshore during intense storms (Costas et al., 2005;
Scott et al., 2016). Davidson et al. (2013) also showed that beaches recover sediment faster when
waves remain energetic, albeit less steep than the (time-varying) equilibrium conditions for that site.
Scott et al. (2016) hypothesised that for beaches dominated by a rotational response (i.e., some CL3
and all CL4 beaches), recovery would require longshore sediment transport to be mobilized in the
opposite direction, therefore necessitating bi-directionality in the wave climate. Consequently, the
timescale and magnitude of post-storm beach recovery are often determined by the very factors that

drive storm response in the first place.

The recovery of beaches following the extraordinary 2013/14 winter season has drawn the focus of
sever studies (e.g. Scott et al., 2016; Burvingt et al., 2017b; Castelle et al., 2017; Burvingt et al., 2018;
Dodet et al., 2019). These studies however were limited either by the number of sites included (e.g.,
on site by Castelle et al. (2017); five sites by Dodet et al. (2019)), the number of beach classes (e.g.,
only shore-normal wave approach by Burvingt et al. (2018)), the timeframe of recovery (e.g., one year

by Scott et al. (2016)) and/or the availability of 3D LiDAR data over multiannual timescales (e.g.,



Burvingt et al., 2017b). Importantly, none of these studies proceeded to compare and assess the

recovery characteristics of different beach types over multiannual timescales.

In this paper we aim to enhance the understanding of natural post-storm recovery processes and
timescales following the extreme wave conditions of the 2013/14 winter through two objectives: (i) to
establish the extent and spatial patterns of recovery of 23 beaches along the SW coast of England over
multiannual timescales (2014 to 2017) within the existing storm response classification framework; (ii)
to investigate the progression of recovery at bi-annual temporal resolution, and the role of

hydrodynamic forcing in the recovery cycle (2012 —2018).

2. Methods

2.1. Study Area

The SW coast of England includes the northern facing coast, which is fully exposed to the prevailing
westerly Atlantic storm waves, and the southern coast which ranges from sheltered to exposed
depending on location and local shoreline orientation. The tidal regime is mostly macrotidal with a
mean spring tidal range of 9.6 m at Bossington (the easternmost site on the north coast) (ATT, 2020a),
decreasing to 5.5 m at Whitesand Bay at the western tip of Cornwall, and further to 4.4 m at Start Bay
on the south coast of Dorset (ATT, 2020b). The coastline includes more than 150 mostly embayed
beaches with highly varied geomorphology in terms of beach type, sediment characteristics, shoreline
orientation and geology (Scott et al., 2011). Typically, beaches are backed by cliffs and are often
fronted or underlain by rocky platforms. Some sandy beaches are backed by active dune systems or
engineering structures, whilst most gravel beaches form barrier systems and are backed by coastal
lagoons and/or low-lying coastal plains (Masselink et al., 2015a; Scott et al., 2016). The selection of

study sites included in Figure 1 and summarized in Table 1, was based on four independent criteria:

1. The grouping based on Burvingt et al. (2017a) classification scheme with the aim of providing an

equally weighted sample of beach clusters;
2. Sampling north- and south-facing coast beaches equally where possible;

3. Beaches that do not exhibit highly localized processes/features (e.g., major engineered control
structures, rivers or estuaries, etc) that reduce the relevance of the findings to other beaches

globally;

4. The availability of spatially and temporally adequate data for the quantification of both the

geomorphic response to the 2013/14 winter storm season and the subsequent recovery.

2.2. Quantification of beach response and recovery



Computed changes in beach sediment volume represent changes to the inter- and supra-tidal region
that took place between three epochs (pre-storm: 2012; post-storm: 2014; and latest: 2017) and are
based on data collected as part of the ongoing South West Coastal Monitoring Programme

(http://southwest.coastalmonitoring.org/). To enable the comparison of temporarily consistent data

for each epoch either Real Time Kinematic Global Positioning System (RTK-GPS) baseline topographic
survey (BS) data collected by the Channel Coast Observatory (CCO) or airborne LiDAR data captured by

the UK Environmental Agency (EA) (http://www.channelcoast.org/) were utilized. These data were

used to construct digital elevation models (DEMs) of beach surfaces using ESRI ArcGIS v.10.6..
Subsequently, comparisons between epochs were used to quantify beach response (pre- to post-

storm), subsequent recovery (post-storm to latest) and resulting overall change (pre-storm to latest)

at all 23 sites.
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Figure 1. (a): Map of the southwest of England showing the site number and location of all study sites,
as well as their classification according to Burvingt et al. (2017a). See Table 2 for survey site details.
The locations of the nearshore directional wave buoys at Perranporth (PP), Penzance (PZ), Porthleven
(PL), Looe Bay (LB), and Start Bay (SB) are also included. The four selected representative study sites
that exhibit typical characteristics of each of the four distinct beach classes are indicated by a star and
are further discussed in Section 2.3. (b,c): Average monthly significant wave height (b), and peak wave
period (c) measured by the Perranporth (red, north coast) and the Start Bay (blue, south coast)
directional wave buoys. (d): directional wave rose for Perranporth (PP) and Start Bay (SB). Measured

wave data represent a 12-year record from 2007 to 2018.

The sporadic and inconsistent spatio-temporal coverage of data (Table 1) meant that data representing
each epoch spread over periods ranging from 2—3 months (post-storm epoch) to over a year (pre-storm

epoch). Nevertheless, seasonal topographic changes observed in the region prior to 2013/14 were


http://southwest.coastalmonitoring.org/
http://www.channelcoast.org/

negligible compared to those that occurred during the 2013/14 winter, and spring beach volumes
during 2012 and 2013 were very similar (Masselink et al., 2016; Scott et al., 2016). Notwithstanding
these limitations, changes in beach volume derived from this dataset are considered representative of

the response of beaches to, and recovery from, the winter season of 2013/14.

The beach areas were identified on high-resolution aerial photographs provided by the Plymouth
Coastal Observatory (PCO) and digitized in ArcMap 10.6. To ensure consistent comparisons between
DEMs, a region of interest (ROI) was defined such that it was covered by data for all three epochs. For
each site, the seaward extent of the ROl typically extended from Spring Low Water Level (SLWL), while
the landward extent included the active beach and dune, but excluded relatively static elements such
as rocky outcrops, buildings, and cliffs. The resulting polygon shapefile defined the beach change
envelope (BCE) over which all further analysis was performed. It should be stressed that only the sub-
aerial and inter-tidal areas were included in this study. However, it is acknowledged that for some
systems, more than one third of total sediment transport occurs in the subtidal zone (Bracs et al., 2016;
Valiente et al., 2019b; Wiggins et al., 2019a). It should therefore be noted that sediment exchange

within the subtidal zone, including exchanges between adjacent subembayments, is not assessed.

Table 1. Study site characteristics and spatio-temporal structure of survey data. Site number, local
name, response classification (CL1 — CL4; Burvingt et al., 2017a), coast (N: north; S: south), beach
orientation and length as measured and used in this study. Selected representative sites used in the
detailed timeseries analysis are indicated with an asterisk. Sediment characteristics (S: sand; G: gravel)
and beach type and morphology (D: dissipative; I: intermediate; R: reflective; LTBR: low tide bar/rip;
NB: non-barred; LTT: low tide terrace; LTT+BR low tide terrace and bar/rip) are included where
available (Scott et al., 2011). Finally, survey types (BS: ground-based RTK-GPS survey; Li: airborne

LiDAR survey) and month, in number format, representing each epoch are also included.

Survey type - date

Sediment type; Pre- Post-

Length  Beach Type - storm storm Latest

#  Site Cl Coast Or. (km) Morphology (2012) (2014) (2017)
01 North Bude 1 N 270° 0.70 S/ - BS-03 Li-03 BS-07
02  Perranporth 1 N 285° 3.37 S%2/D-LTBR3 Li-03 Li-03 Li-02
03  Watergate Bay 1 N 290° 3.10 S%2/D-LTBR3 BS-08 Li-03 BS-04
04 Whitesand Bay* 1 w 300° 1.10 S2/I - LTT+BR Li-02 Li-04 Li-04
05 Crantock beach 2 N 315¢ 0.88 S%2/D-LTBR3 BS-06 Li-03 BS-02
06 Croyde Bay 2 N 270° 0.84 S%2/ D-LTBR3 Li-05 Li-04 Li-02
07  Fistral Beach* 2 N 300° 0.85 S2/I-LTT+BR3 BS-03 Li-03 BS-02

08 Newquay 2 N 330° 1.05 $?/D Li-04 Li-03 BS-02



09 PraaSands 2 S 210° 14 S%; 1 - LTT+BR3 BS-08 BS-07 BS-05

10 Seaton Beach 2 S 165° 0.70 GY/I-LTT Li-03 Li-04 Li-03
11 Westward Ho! 2 N 285° 2.18 S, D-NB-D3 Li-05 Li-04 Li-02
12 Widemouth Sand 2 N 280° 0.80 S%, D BS-08 Li-03 BS-06
13  Bossington 3 N 340° 3.20 G; - Li-05 Li-06 Li-04
14  Looe 3 S 135° 0.24 SL1-LTT3 Li-03 Li-04 Li-03
15 Millendreath 3 S 165° 0.16 S; - Li-03 Li-04 Li-03
16 Pentewan Sands 3 S 120° 0.85 - - BS-09 Li-04 BS-01
17  Plaidy 3 S 155° 0.21 - - Li-03 Li-04 Li-03
18 Porthmeor* 3 N 3450 0.52 S2; | — LTT+BR3 Li-04 Li-04 Li-04
19 Beesands 4 S 100° 1.50 GL; R Li-03 Li-03 Li-04
20  Carbis Bay 4 N 10° 0.90 S%, D-NB-D3 Li-04 Li-04 Li-04
21  Carlyon* 4 S 170° 1.26 SL R Li-03 Li-04 BS-01
22 Seaton (Ax.) 4 S 180° 2.15 G - BS-03 Li-05 BS-04
23 Slapton Sands 4 S 115° 5.10 G, R-R3 Li-03 Li-03 Li-04

! data obtained from Wiggins et al. (2019b)
2 data obtained from Valiente et al. (2019a)

3 data obtained from Buscombe & Scott (2008)

2.2.1. Airborne LiDAR survey data

LiDAR data consist of point cloud elevation data (xyz) collected using laser scanner technology. The EA

provides both pre-processed raster data (1000x1000 gridded raster tiles with 1-m resolution) and raw
point cloud data (minimum point density requirement: 16 points/m?), allowing the user to apply
custom filtering and interpolation in ASCII format. Many studies have shown that this level of accuracy
does not compromise the value of LiDAR data for the study of coastal morphological change (Saye et
al., 2005; Pollard et al., 2019), but as coastal environments can exhibit topographic changes of the
same order, the uncertainty must be accounted for (Stockdon et al., 2002; Wheaton et al., 20103;
Wiggins et al., 2019a), as per the method described in Section 2.2.3. Pre-processing includes the image
mosaicking, filtering of spurious data, and the removal of water areas. Data is then regridded to 1-m
resolution in 1-km tiles. The final LiDAR data products are delivered as unfiltered Digital Surface Model
(DSM) or filtered Digital Terrain Model (DTM) in ASCIl format (EA, 2015) and have a vertical
measurement accuracy of +0.15 m RMSE (Stockdon et al., 2002; Middleton et al., 2013; Wiggins et al.
2019a).

2.2.2 RTK-GPS survey data



Pole-mounted RTK-GPS baseline survey data were collected on foot with a minimum point density of
4 sample points per 5 m? (0.8 points/m?) and have a vertical measurement accuracy of +0.03 m RMSE
(Harley et al., 2011; Amante, 2018). Data points were imported into ESRI ArcMap10.6 and interpolated
to 1-m raster DEMs to ensure compatibility with the LIDAR data set. Areas of low sampling density and
high surface complexity were excluded from the ROI to avoid localised interpolation errors. The inverse
distance weighting (IDW) interpolation method was selected for this study as it has been shown to be
effective in processing a large number of unevenly spaced data points and producing DEMs for coastal
applications (Zhang et al., 2015; Danielson et al., 2016). To negate distant neighbours, IDW power was
set to two and the search radius was limited to the closest 12 points. In addition, interpolation was
limited to the area of interest using the BCE in order to prevent spurious interpolation outside the

survey area.

2.2.3. Uncertainty analysis

When generating DEMs of difference (DoDs) for the quantification of geomorphic change, it is essential
to discern the probability that observed change is real and not due to errors introduced by surveying
methods or procedures (Wheaton et al., 2010b). For morphological surveys, the type of instrument
used for measurement, the sampling strategy, the complexity of the measured surface (primarily
surface slope, curvature and roughness) and interpolation methods all contribute to the potential
uncertainty of the derived DEM surface (6{pg) (Heritage et al., 2009; Bangen et al., 2016). Assuming
the horizontal components of uncertainty in vector topographic survey data (i.e., x, y, z point clouds)
have a negligible influence on the derived surface differences, actual elevation (z,.;), modelled
elevation (zpgy) and some measure of uncertainty (6¢) can be related as follows (Wheaton et al.,

2010a):

ZpEM = Zger T 6, (1)

A common approach to managing DEM errors involves specifying a spatially uniform minimum level of
detection (LoD) to distinguish between actual surface changes and noise (Fuller et al., 2003; Lane et
al., 2003; Milan et al., 2011). Here, the LoD was defined based on uncertainty estimates (RMSE) for
features extracted from interpolated topographic data as described in Table 2. Uncertainty in the
derived DEM estimates can then be propagated into the DoD using standard linear error propagation
theory combined with some measure of DEM precision derived from quality control precision

estimates (e.g., standard deviation, RMSE) (Brasington et al., 2000; Wheaton et al., 2010b):

LoD = 6{pop = \/SZnewz + 8(0[0!2/ (2)

where 6{p,p is the propagated error and 8., and 6{,;4 are the individual errors associated with the

DEMs used to produce the DoD. Elevation differences smaller than the LoD, are excluded from further



analysis as it cannot be assumed with adequate certainty (here considered within the bounds of RMSE

error) that they correspond to real change.

Table 2. Summary of survey method DEM uncertainty (RMSE) based on relevant literature and

resulting DoD uncertainty (RMSE) estimated using Eq.(2)

DEM uncertainty DoD uncertainty
Survey type Reference
(69) (6¢pop)
Baseline RTK-GPS 0.054 m (Wiggins et al., 2019a) 0.08 m

(Brenner et al., 2018;
Airborne LiDAR 0.150 m 0.22 m
Wiggins et al., 2019a)

Combined LiDAR & RTK-GPS 0.16 m

2.2.4. DoD generation and volume budget estimation

Volumetric changes were computed on a cell-by-cell basis as the product of the thresholded surface
elevation change and the surface area of each cell (1 m?) and summed into erosional and accretional
categories to produce the net volumetric changes within the spatial extent of the DoDs, dQ,,;. The
gross volume change, dQ g, (i.e., the sum of the absolute values of erosion and accretion), was also
calculated as a measure of the total amount of sediment mobilized. Net recovery was then computed
as the overall volumetric change observed over the study period (pre-storm to latest epochs) as a
percentage of change during storm responce phase. Volume changes were then normalised by beach

longshore length, Ly, and expressed in volume change per unit beach width (dQy, dQNgT) to enable
comparison between sites.
To assess the longshore variability of CL4 beaches, the BCE was divided in longshore sections based on

the location of pivot points revealed by the topographic data (Figure 2). Volume difference budgets

were estimated for each section and phase (response, recovery, overall change).
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Figure 2. Beach Change Envelope (BCE) used for alongshore budget segmentation estimations shown
for: Slapton Sands (a); Beesands (b); Seaton (c); Carlyon Bay (d); and Carbis Bay (e). The profiles used
for calculating beach volumes representative of the two beach extremities for Carlyon Bay are also

indicated.

2.3. Temporal patterns of beach recovery and links to hydrodynamic forcing

The progression of beach recovery was investigated over the period 2014 to 2018 using bi-annual
cross-shore beach profile data at four selected sites that exhibit a behaviour in response to wave
forcing typical of each of the four beach types (Bracs et al., 2016; Stéphan et al., 2019) herein,
representative sites. Three sites were selected on the north coast (Perranporth, CL1; Fistral, CL2; and
Porthmeor, CL3), and one on the south coast (Carlyon Bay, CL4). Survey dates for each site are included
in Table 3. The overall beach volume was estimated as the alongshore average profile volume between
the landward and seaward extent of the BCE. The recovered sediment volume was then estimated for
each autumn survey (typically between August and October) as the difference in beach volume relative

to the spring 2014 (post-storm) survey.

The control of hydrodynamic forcing on beach recovery was investigated over an extended period
(2012 to 2018) by comparing the biannual profile data for the four representative sites with wave
forcing data. Wave forcing proxies were calculated using measured wave data obtained from
nearshore Datawell Directional Waverider (DWR) Mk Il buoys operated by the PCO as described in

Section 2.4. Wave buoy locations are shown in Figure 1.



Table 3. Profile survey dates for the four representative beach sites. Wave buoys used for the

assessment of beach forcing at each site are also included: Perranporth (PP) and Start Bay (SB).

Profile survey dates

Buoy 2012 2013 2014 2015 2016 2017 2018
Perranporth PP Jun/Oct Mar/Sep Mar/Sep Feb/Aug Mar/Oct Mar/Oct Mar/Oct
Fistral PP Mar/Sep Jan/Sep Jan/Sep Feb/Aug Mar/Oct Feb/Oct Feb/Oct
Porthmeor PP Feb/Sep Jan/Nov Mar/Sep Feb/Sep Mar/Oct Jan/Oct Feb/Sep

Carlyon Bay SB Sep/Nov Jun/lul Apr/Jul/Oct Feb/Apr/Sep Feb/Jun/Sep Jan/Nov Feb/May

2.3.1. Sites exposed to unidirectional, shore-normal hydrodynamic forcing

For sites located on the north coast and exposed to the Atlantic storm approach (CL1, CL2 and CL3),
incoming wave power was normalised with respect to the long-term (2007 — 2018) average. Beach
volume changes were also normalised by their range and mean to produce a volume change index
(VCl) ranging from O (representing the most eroded state) to 1 (representing the most accreted state):

Vel = (dv—-dv)—(dV-adV) p,in
(dV_W)max_(dV_W)

) (3)

min
where dV; are the profile-derived beach volume differences between time steps, and dV is the mean

beach volume change. Normalised wave power was then compared with the VCI to investigate the

relationship between wave power and beach volumes.

2.3.2. Sites exposed to bi-directional oblique forcing

CL4 sites are exposed to two dominant wave directions and typically exhibit a rotational, response. To
quantify the geomorphic change observed at such sites and assess the influence of directional wave
power, the methodology proposed by Wiggins et al. (2019b) was adopted. Firstly, cross-shore profiles
from opposing ends (east and west) of Carlyon Bay (Figure 2d) were used to calculate beach sediment
volumes and establish the degree of synchronicity between the two ends of the beach. A positive
correlation coefficient indicates an in-phase response, suggesting the dominance of cross-shore
transport mechanisms, whereas a negative correlation coefficient indicates an out-of-phase response,
suggesting an alongshore-dominated behavioural response. Finally, a rotation index (RI) was defined

as the difference between the normalised volumes at the two beach ends:
RI = VW —VE (4)

where VW |, VEare the beach volumes calculated for the west and east sections of the beach
respectively for each time step. A large positive Rl indicates clockwise rotation whereas a large
negative Rl an anticlockwise rotation. Small Rl values represent limited change and/or dominant cross-

shore change.



2.4. Wave forcing analysis

Data from the Perranporth DWR buoy were used to represent the wave forcing for the three
representative sites on the north coast (Fistral, Porthmeor and Perranporth). Start Bay wave buoy was
used to represent wave forcing at Carlyon Bay beach, due to the similarity in exposure (Figure 1). All
buoys obtain data at a 3.84 Hz frequency and record values averaged over 30-minute intervals, with a
nominal accuracy of wave height and direction measurements of 3% and 1.5 degrees, respectively

(Dhoop & Thompson, 2017; Dhoop & Thompson, 2019).

Instantaneous wave power (P) was calculated using Airy wave theory for random sea-states at
intermediate depths with measured data (wave buoy depth range: 10-15 m) from the following

relationship:

1
P=EC, = 1—6ng,ZnOCn (5)

where p and g are water density and gravitational acceleration taken as 1025 kgm and 9.81 ms?,
respectively, H,,, for deep/intermediate depths can be approximated by measured significant wave
height (H) (Holthuijsen, 2007), C, is wave group velocity, n is the group and C is wave celerity
estimated for intermediate depths using the wave length approximation proposed by Fenton & McKee

(1990).

For the north coast (Perranporth DWR buoy), which experiences a unidirectional wave climate,
average seasonal wave power was calculated for winter (December to March) and summer (May to

September) seasons and normalised by:

py =2F (6)

Psta

where P, P and P4 are the seasonally-averaged, long-term (2007-2018) mean, and standard
deviation of wave power, respectively, each calculated separately for the winter and summer seasons.
Large positive (negative) Py represent seasonally-averaged wave conditions that are significantly

higher (lower) in power than the long term average.

For the south coast where a bi-directional wave climate is dominant, the relationship between the
directional wave power balance and the morphological response was explored. For this purpose, and
following Wiggins et al. (2019b), the wave power directionality index (WDI) was computed to represent

the balance between the relative contributions of the two dominant wave directions. as:

P¢—Pg)—(Pg—P
_ (Ps E)a(s E) (7)

WDI



where (Ps — Pg) is the difference between southerly and easterly directional wave power for each

time interval between surveys, (Ps — Pg) is the long-term average difference and o is the long-term

standard deviation of directional power difference (Ps — Pg).

The winter and summer average power of easterly waves and southerly waves was then calculated
between 60° to 115° (easterly) and 115° to 240° (southerly) directions, from the Start Bay buoy. High
positive WDI values would indicate the dominance of the primary directional mode (southerly), while
high negative values indicate a higher proportion of the secondary directional mode (easterly). The
WDI was then compared with the Rl and correlations were obtained between the two. A positive
correlation coefficient would indicate an in-phase response, suggesting the dominance of cross-shore
transport mechanisms, whereas a negative correlation coefficient would indicate an out-of-phase

response suggesting the behavioural response was alongshore dominated.
3. Results

3.1. Hydrodynamic forcing

The time series of monthly-averaged significant wave height, peak period and wave power from the
Perranporth (north coast) and Start Bay (south coast) wave buoys are presented in Figure 3. Significant
interannual variability and a clear seasonal signal are evident. The north coast clearly experiences more
energetic conditions, particularly during the winter season (winter Hg=2.02 m and T},= 12.1's; summer
Hg=1.22m, T,= 9.2 s) while conditions affecting the wave climate in the south coast are considerably
milder (winter Hg= 0.92 m and T,,= 9.1 s; summer Hg=0.48 mand T,= 7.3 s). The dominant wave
direction on the north coast is westerly (285°) in contrast to the south coast which experiences a bi-
directional wave climate with the main direction from the southwest (150°-210°) and the secondary
component from the east (80°-130°) (Figure 3c). The difference in wave conditions prevailing along
the north and south coasts is clearly evident in Figure 3 and both the severity of the 2013/14 winter
and the relative mildness of the 2016/17 winter (Hg= 1.9 m m and T,,= 12.0 s) are also apparent (Figure
3). The period following the 2013/14 winter included the third (2015/16), fourth (2014/15) and sixth
(2017/18) most severe winter seasons since 2007. Furthermore, the period between 2012 and 2017
also saw both the highest and lowest WDI since 2007 (1.90 in 2014 and -2.50 in 2018, respectively),

suggesting considerable variability in the directional balance of easterly and southerly storms.
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Figure 3. Wave parameter time series derived from DWR buoy measurements at Perranporth (a, c)
and Start Bay (b, d) between January 2007 and December 2018: significant wave height (a, b); peak
period (c, d); wave power (f). Storms (coloured circles) are identified as wave events during which Hg
exceeded the 1% exceedance wave height (4.51 m at Perranporth and 2.55 m at Start Bay) and storm
duration was defined as the period during which Hgremained above 5% exceedance (3.44 m and 1.76
m at Perranporth and Start Bay respectively). (g): Directional wave roses derived from the Bideford
Bay (BD); Perranporth (PP); Porthleven (PL)Start Bay (SB); Bideford Bay (BD); Looe Bay (LB); and Start
Bay (SB) DWR buoy data (2007-2018).

3.2. Recovery from the 2013/14 winter storm season

Typical response patterns of the four beach types are included in Figure 4. This demonstrates that the

spatial pattern of recovery for CL1, CL2, and CL4 beaches closely mirrored the pattern that occurred



during the storm response epoch (Figure 4a-d). The cross-shore dominated CL1 and CL2 sites exhibited
an alongshore uniform recovery pattern whereas for CL4 beaches, recovery was dominated by
alongshore sediment transport resulting in rotation in the opposite direction to response. This suggests
that beaches returned to an overall equilibrium planform shape during their recovery. The exception
to this is CL3 beaches, where the spatial pattern of recovery did not mirror the storm response pattern.
In contrast to the other beach types, response and recovery for CL3 beaches was typically spatially

variable across-shore and alongshore.
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Figure 4. Examples of typical behaviour of beach clusters. Top panels: DoDs representing response
(RSP), recovery (RCV) and overall (OVL) sediment volume changes for Perranporth (CL1) (a), Fistral
(CL2) (b), Porthmeor (CL3) (c) and Carlyon Bay (CL4) (d). Bottom panels: corresponding total gross and

net volume changes observed at Perranporth (e), Fistral (f) and Porthmeor (g). Overall changes at



Carlyon Bay (h4) as well as changes observed in the east (h1), transition (h2) and west (h3) sections of

the beach are also included. Whiskers indicate measurement uncertainty.

Table 4. Normalised total net volume differences (dQy) corresponding to response (RSP), recovery

(RCV) and overall (OVL) change, as well as resulting overall and annual recovery (R.) observed over

the study period at all sites.

Site dQy (m*m) Rc

No Cl Site RSP REC OoVL overall (%) rate (%/yr)
01 1 North Bude -199 +46 132438 -65 +18 6719 20+3
02 1 Perranporth -200+70 139 +60 -48 £32 76 £16 2615
03 1  Watergate Bay -110+32 85131 -23+13 79+11 264
04 1  Whitesand Bay -145+44 46 +29 -101 +40 30+27 1049
05 2 Crantock beach -70 44 -51 +42 -113 +26 -60 37 -21+13
06 2 Croyde Bay -58 +46 7542 251424 144 +41 51+14
07 2 Fistral beach -80+31 82131 549 106 +11 36+4
08 2 Newquay Bay -27+20 25+17 -2%4 93+14 3245
09 2 PraaSands -71+7 6817 36 96 +8 3443
10 2 Seatonbeach -31+14 17 £10 -17 +11 47 +37 16+13
11 2 Westward Ho! -77 44 55137 -6+12 92 +16 3246
12 2 Widemouth -91433 67 +28 -23+16 74 17 2315
13 3 Bossington -12+11 12 +10 1+7 106 £59 37+21
14 3 Looe -23+11 19+10 -75 70+21 24+7
15 3 Millendreath -55+18 37 17 -14 12 7523 2618
16 3 Pentewan Sands -8+14 -5+16 549 37 +105 13438
17 3 Plaidy -4+2 2+1 -1#1 66 +29 23+10
18 3 Porthmeor -29+16 5411 -24 +11 16 £39 5+13
19 4 Beesands -14 +6 -23+7 -37149 -167 +67 -54+22
20 4  Carbis 17 +14 -349 13+13 76 77 25126
21 4 CarlyonBay -11+10 718 -317 76 £70 28425
22 4 Seaton (Ax.) 015 245 243 663 +806 2274276
23 4 Slapton Sands -20+10 77 -1249 37 +46 12+15

Following the 2013/14 winter, the recovery at CL1 beaches showed large, uniformly distributed

(disregarding rip channels) movements of sediment (average dQy =-163 m®m™) from offshore onto

the inter- and supra-tidal zones (Table 4; Figure 4a), resulting in significant net accretion (average dQy



=100 m3m?). Over the three-year recovery period studied here, most CL1 beaches recovered almost
three-quarters of their lost sediment (median R.= 74%), though one example (Whitesand Bay)
recovered only 30%. CL2 beaches exhibited similar spatial patterns of recovery with more moderate,
but still mostly longshore-uniform sediment movement (median dQy= 61 m®m™). Smaller volumes of
sediment were mobilized at CL2 beaches than CL1 beaches during both storm impact and recovery
phases, but interestingly, CL2 sites achieved higher overall levels of recovery (median R = 93%) (Figure
5a). Common to both groups was a spatial recovery pattern that directly mirrored that of the storm
impact, despite the impact occurring over a single winter and the recovery occurring over a three-year

period.

Most CL3 beaches experienced limited overall volumetric change (median dQy = -6 m®m?), with
modest erosion over the storm period and modest recovery over the recovery period. Gross and net
volume changes were therefore low at CL3 sites. Unlike CL1 and CL2 beaches, CL3 beaches exhibited
spatially non-uniform patterns of erosion and recovery (Figure 5a), with both cross-shore and
alongshore variation occurring, and markedly different spatial distributions during the storm impact
and recovery phases. Finally, CL4 beaches differed markedly from the other beach types in that they
exhibited the smallest net changes in response to the 2013/14 winter (response range -20 m®m™* <
dQy < 17 m®*m™; median dQy=-11 m®m?), but significant gross volume changes occurred at opposing

ends of these alongshore dominated beaches (range 23 m®m™ < dQNgr < 141 m®*m%; median dQNgT

= 41 m3m™) (Figure 4h). Segmentation analysis of the DoDs indicates that considerable sediment
exchange took place in the longshore direction, transporting sediment from one extremity of the beach
to the other (Figure 5b,c). Recovery for these beaches therefore mostly constituted sediment moving
in the opposite alongshore direction resulting in beach rotation (median dQy = 2 m®m™), but in some
cases did not balance the storm induced change (e.g. Slapton Sands and Beesands, both sub-
embayments of Start Bay) (Figure 5b,c). Out of the 23 sites included in this study, Crantock Beach (CL2)
and Beesands (CL4) were the only two sites that continued to erode over the recovery period, losing a

further 50+42 m3m™ and 23+7 m3m™, respectively and this will be discussed further in section 4.

The largest sediment volumes were mobilized for CL1 beaches during both storm and recovery phases
(Figure 5a); yet these beaches achieved the lowest overall recovery, while most CL2 beaches returned
close to pre-storm levels. In contrast, the lowest net volume changes occurred at CL4 beaches. Figures
5b,c however, demonstrate the strong rotational recovery confirming that significant sediment

exchange took place between beach sections masking the level of sediment mobilization.



300 B — — T T — N —— (a)
Class 1 Class 2 Class 3 Class 4

B
|

I Responce
I Recovery ]
[ Netchange
| | | | 1 | | 1 | 1
£ F D & PSS &
Pt nd® &S & 2 s@ & o
& Sﬁq {‘\(_\ & of & of O & &
T ¢ &F B P T
-} O‘D @ﬁ‘
T T ™ (o)
Carbis Ba Slapton Sands Beesands Carlyon Ba Seaton (Ax]
y pt y y
100 100 q
= <
s E
= 0 é OW ‘!i:\_fﬁ_i!;'_xg
z r4
s g
-100 -100 - ]
w e el
2 ) > < > . N o . > A o> & >
& FFF S & W F
& O & R (¢) > @) > @) P ®)
‘;O (,-__‘0 < cJO A& A& AL

Figure 5. (a): Normalised volume changes observed in response (red) to the 2013/14 winter storms,
over the recovery period (2014 to 2017; blue) and overall change (green) observed at all sites. (b, c):
Beach volume section budgets for CL4 beaches where a two (b) or three-section (c) budget envelopes

were used as shown in Figure 2.

Figure 6 further illustrates that recovery patterns and extents within clusters were mostly coherent
and consistent with the storm impact classification. Furthermore, the magnitude of recovery shows a
strong negative correlation with the magnitude of the storm impact — in other words, the greater the
volume of sediment that was eroded from a beach, the greater the volume of sediment that returned

to that beach during the subsequent recovery phase.
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Figure 6. (a): Normalised beach volume change observed over the storm impact and recovery periods

at all study sites. (b): Pearson correlation and linear regression of impact and recovery normalised



volumetric changes indicated a strong negative correlation. Dashed line indicates equal magnitude of
volume change during storm impact and recovery. Sites to the right (left) of dashed line have resulted

in net accretion (erosion).

3.3. Temporal patterns of beach evolution and control of hydrodynamic forcing

The progression of beach recovery following the 2013/14 winter and its link with hydrodynamic forcing
was investigated for sites exposed to the two primary wave forcing regimes: unidirectional (CL1, CL2
and CL3) and bidirectional (CL4). Four sites exhibiting typical behaviour for each beach type were
selected for this analysis: Perranporth (CL1), Fistral Beach (CL2), Porthmeor (CL3) and Carlyon Bay
(CL4).

3.3.1. Sites exposed to unidirectional wave forcing

Even though the timing of the surveys was not consistent across all sites, a seasonal signal is evident
in the beach volume time series at the two sites representing CL1 and CL2 (Figure 7a and 7c
respectively), with erosion occurring over the winter months and accretion over the summer months.
Analysis of the autumn beach volumes for each year following the 2013/14 winter (2014 — 2018)
reveals an annual increase in volume at the representative CL1 and CL2 beaches (Figure 7b and 7d,
respectively). By 2018, the recovery of these two sites reached 90% and 140% of the pre-2013/14
winter volumes, respectively, with average recovery rates of 20% per year (41.1 m3m™/yr) at
Perranporth (CL1) and 31% per year (33.6 m®m™/yr) at Fistral (CL2). However, recovery rates showed
a significant degree of non-linearity and ranged from 5% to 29% per year (11 m®m™/yr to 60 m3m/yr)
at Perranporth and from -3% to 69% per year (-3 m®m™/yr to 74 m3m™/yr) at Fistral. Examining the
recovery sequence in more detail reveals that these sites recovered little sediment volume over the
first summer following the 2013/14 winter (CL1: 60 m3®m™; CL2: 38 m3*m™) compared to the summer
gains seen in other years. Nevertheless, compared to their pre-storm volumes, Perranporth and Fistral
regained about one third of their lost sediment (29% and 35% respectively) after the first summer
(2014). Notably, the impact of the following winter season (2014/15) was evidently limited at both
sites (CL1: -35.7 m®m™ (-17%); CL2: -9.6 m3®m™* (-9%)), even though this was one of the most energetic
winters of the 12-year wave buoy record (ranked fourth). Furthermore, Fistral showed the largest
relative recovery (69%) over the subsequent summer (2015) after which beach volumes returned to
pre-2013/14 levels. In contrast, the 2015/16 winter (third most severe) saw both sites experiencing
significant losses (CL1: -110.3 m®m™ (-54%); CL2: -99.6 m®m™ (-95%)), while relative accretion over the
subsequent (2016) post-storm summer season at Perranporth and Fistral was low (5% and 12%,
respectively). Though beach levels at both sites remained high (compared to pre-winter levels) over
the mild 2016/17 winter, relative recovery at Fistral over the next (2017) summer was also marginal.

In contrast, Perranporth regained around a fifth of its lost sediment over each of the next two



summers, (2017: 21%; 2018: 18%), despite the significant effect of the moderate 2018 winter (-
122m3m* or 60%).

In contrast, Porthmeor (CL3) experienced marginal accretion (7.0 m®m™/yr) rather than erosion during
the 2013/14 winter and continued accreting over the first post-storm year. The beach profile time
series at this site showed a weak seasonal signal and no consistent trend (Figure 7e, f) and the beach
was in fact in a more eroded state before the 2013/14 winter, and post-winter 2016 and 2018, than
spring 2014. However, this site also experienced significant losses over the 2015/16 severe winter and
losses of the same order over the relatively milder 2017/18 winter. The storms of 2013/14, therefore,
appear to have had little impact at this CL3 site, and the volumetric changes during the response and
immediate recovery phase instead appear to fall within the typical variability at the site. Comparisons
of normalised, seasonally-averaged wave power and the VCI parameter at the representative sites
(Figure 8) indicate coherent, synchronous responses for Perranporth (CL1) and Fistral (CL2) directly
linked to wave power (CL1: R =-0.80 CL2: R=-0.81; p <0.01), with lower beach volumes associated
with high energy seasons, and vice versa (Figure 8a,b). Conversely, at Porthmeor (CL3) there is little

correlation between the volumetric state of the beach and the relative seasonal wave power (Figure

8c).
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Figure 7. Beach volume time-series derived from the bi-annual RTK-GPS profile data relative to the
starting volume for Perranporth (a); Fistral Beach (c) and Porthmeor (e). Left: Full beach volume time
series (vertical bars). Dashed grey lines and black stems show monthly average and seasonal average
wave power respectively, calculated from the Perranporth DWR wave buoy. Right: Post-storm Autumn
beach volumes relative to the post 2013/14 spring beach volume, representing the cumulative
recovery for Perranporth (b); Fistral Beach (d) and Porthmeor (f). Dashed lines show the pre-2013/14

beach volume, and stems represent the volume difference between consecutive autumn surveys.



Figure 8. Pearson correlation and linear regression of the volume change index (VCI; Eq. 3) between
consecutive bi-annual beach surveys and normalised wave power (Py) for (a): Perranporth; (b): Fistral
beach and (c): Porthmeor. VCl values of 0 and 1 represent the most eroded and accreted beach states,
respectively, while large positive and negative values of Pn represent seasonally-averaged wave

conditions that are significantly higher or lower in power than the long term average, respectively.

3.3.2. Sites exposed to bi-directional wave forcing

Analysis of the LiDAR data at Carlyon Bay (CL4) reveals rotational behaviour with limited overall
volumetric change (-19 m3®m™) in response to the 2013/14 storm season (Figure 4d,h). However,
analysis of the RTK-GPS profile data (Figure 9b) indicates slightly lower overall sediment losses (-13
m3m). Nevertheless, the same rotational response of the beach is captured, showing that beach
volumes at the two extremities of the beach experienced significant and opposing changes over the
2013/14 winter (67 m®*m ™ and -79 m3mrespectively; Figure 9d, f). Furthermore, the bi-annual volume
time-series at this site (Figure 9) does not display a seasonal signal despite evident seasonality in the
cumulative wave power (Figure 3b,c), indicating that wave power alone is not the primary control on
beach recovery at this site. Indeed, following the 2013/14 winter, and until the end of 2016 when
southerly storms prevailed (Figure 3b), the beach remained close to its post-storm state with the
eastern (western) section of the beach remaining more accreted (eroded) (Figure 9c-f). However, over
the next two years (end of 2016 — end of 2018) the contribution of easterly storms increased (Figure

3) and sediment was driven from the east section (Figure 9c,d) to the west section (Figure 9e,f).

Comparison of the normalised beach volume at the two ends of the beach, however, shows a clear
synchronous, out of phase behaviour (R =-0.86, p < 0.00) resulting from beach rotation (Figure 10a).
Furthermore, beach rotation as expressed by the rotational index Rl was strongly correlated with the
wave power directionality index WDI (R = 0.76; p < 0.01). This implies that recovery at this site is
controlled by the balance of storm direction, and that the rotation was a result of alongshore sediment
transport, rather than differences in cross-shore response at either end of the bay. In agreement with

previous research (Wiggins et al. 2019b), these results show that a higher contribution of easterly



storms (WDI > 0) following 2013/14 resulted in an anticlockwise rotation (RI > 0) and eventual beach
recovery to the pre-2013/14 configuration, whilst years with a lower contribution of easterlies (WDI <

0; e.g., 2013/14 winter) resulted in clockwise rotation (Rl < 0; Figure 10b).

80 . ‘ . 30 (a) (b)
af it : 120 100
- \ P Jj \\ - ,r\\ = — 50
‘_'E 20 P (AR N ll\ ,l\,i\ e N ;- »Jf‘\ \/' \\ /f 110 1S ‘TE ______________
o — — — Lot =05 = ofe N
E T T 0 [ 1 T : .
< 20+ o > -50
40}
80 1 I I 1 I I -100
2012 2013 2014 2015 2016 2017 2018 2019 2014 2015 2016 2017 2018
60 . . . . 30 (¢) (d)
100
40+ 20

T T
,
Al N -

i J’\ —_ 0

\ I3 ~ - IR e —_
R ’, 1 s i Jqrte S

St N ' Lo ’ ~ s i £

At Nm 4 _ - = o Vow oo N ’
0 - . 0z = 0
=4

£
S 20 II

60 I 1 1
2015

1 1 1
2012 2014 2016 2017 2018 2019

20

2014

|
2012 2013 2015 2016 2017 2018 2019 2014 2015 2016 2017 2018

Figure 9. Left: Beach volume time series for Carlyon Bay derived from the RTK-GPS cross-shore profiles
relative to the starting volume. (a): overall beach; (c): east end; (e): west end. Dashed line corresponds
to cumulative monthly wave power derived from the Start Bay DWR buoy measurements. Right: Post-
storm autumn beach volumes relative to response volumes (b): overall beach; (d): east end; and (f):
west end. Dashed lines correspond to pre-2013/14 levels, and stem plots represent the volume

difference between consecutive autumn surveys.
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Figure 10. Pearson correlations and linear regression of morphological and forcing parameters for
Carlyon Bay between: (a) normalised beach volume at the two beach extremities (V": west end; VE:

east end); (b) the rotational index (RI) and the wave power directionality index (WDI).



4, Discussion

An obvious finding from the present study is that beaches do not all recover from significant storm
events in the same way, or at the same rate. However, it has been shown here that, despite
considerable spatial variability in local wave forcing, geomorphological setting, and sediment
characteristics along the coastline of SW England, beach recovery patterns can for the most part be
grouped into four main classes within which recovery can be considered coherent. The beach recovery
classes used here are identical to those previously used to describe coherent groupings for storm
erosion impacts (Burvingt et al., 2017a). Therefore, perhaps unsurprisingly, we find that beaches that
respond similarly during storms, recover in a similar manner too. Furthermore, recovery volumes were
found to be strongly correlated to storm erosion volumes (R = -0.81, p < 0.00); therefore, the beaches
that lost the most sediment during the unprecedented winter storms of 2013/14, regained the most
sediment in the subsequent 3 year recovery period, although they did not necessarily recover
completely. Notably, spatial patterns of beach recovery closely mirrored the storm erosion impacts
within three of the four beach response classes studied. It is therefore hypothesised that the geometry
of most beaches (CL1, CL2, and CL4) tends to oscillate around an equilibrium state in relation to some
long term average in the forcing conditions (Wright, Short & Green 1985; Dean, 1991; Pilkey et al.,
1993), regardless of whether morphological change is dominated by cross-shore (Davidson et al., 2013;
Splinter et al., 2014) (CL1 and CL2) or alongshore (CL4) transport mechanisms (Turki et al., 2013;
Castelle et al., 2020).

Recovery rates were markedly different between the studied beaches, though for many sites, recovery
was a multi-annual process. Therefore, the characteristics of subsequent winters are important for
determining the rate of recovery of these sites as well as their vulnerability to winter storms. In terms
of complete recovery to pre-2013/14 volumes, almost a third (7) of the 23 studied beaches recovered
more than 90% of their sediment over the 3 years following 2013/14. CL1 beaches recovered volume
at a median rate of 23%/yr but none recovered fully over the study period, while CL2 beaches
recovered at a significantly faster median rate of 32%/yr and most regained over 90% of their pre-
2013/14 volume within 3 years or less. One example site, Fistral, regained approximately 80 m3m-
(>100% recovery) within 2 years. This is somewhat remarkable, given that the wave conditions during
2013/14 represent the most energetic winter period in at least 65 years (Masselink et al., 2015a). The
slightly lower level of wave power and higher wave incidence angle at CL2 beaches resulted in O(50%)
less sediment volume loss during 2013/14, and a significantly quicker recovery cycle than that
exhibited by the CL1 sites studied. CL1 beaches, fully exposed to shore-normal high energy waves,
experience a greater potential for wave-induced currents to transport sediment further offshore.
Subsequent recovery of sediment retained in deeper waters then also requires relatively energetic

waves to initiate onshore transport, and hence requires longer recovery timeframes (Davidson et al.,



2013; Scott et al., 2016; McCarroll et al., 2019). As already touched upon, a direct implication of the
slow recovery of CL1 sites, is that they were left in a more vulnerable state, and therefore at higher
risk of experiencing coastal flooding or supratidal (dune/barrier) erosion, over subsequent winter

seasons.

CL4 beaches exhibited very different storm recovery characteristics to the cross-shore dominated
behaviour observed at CL1 and CL2 sites. CL4 beaches experienced significantly lower net intertidal
losses during 2013/14 than CL1 and CL2 sites, losing 10’s of m3m™ rather than 100’s m®m™. However,
the localised impact of the storms at rotational beaches was in many places an order of magnitude
higher than the overall net change, due to shoreline rotation. Net recovery of overall sand volume is
not, therefore, a suitable metric for beach health at CL4 sites, with most net changes nearing the
measurement uncertainty. Rather than requiring accretive wave conditions for recovery as per CL1
and CL2 sites, recovery at CL4 sites occurred through opposing longshore sediment transport and
rotation, which was strongly controlled by wave power directionality (R = 0.76; p = 0.01) in agreement
with previous studies (Wiggins et al., 2019a). However, bi-directional wave climates do not always
feature a balance in wave occurrence and magnitude from either direction (Bergillos et al., 2017,
McCarroll et al., 2019; Wiggins et al., 2019a), and long-term trends or changes in weather patterns
affecting the balance of alongshore wave power has resulted in chronic erosion at some CL4 sites (Scott
et al., 2016). To further complicate CL4 beach recovery, if waves and tides are sufficiently large during
a storm, significant headland bypassing may occur (Valiente et al., 2019a, 2019b). For sediment to
return to a sub-embayment and re-balance beach volumes to pre-storm levels it is therefore not only
necessary for a reversal in littoral drift to occur, but it must also be possible for sediment to return
back around headlands bypassed in the opposite direction during the storm period. This may explain
why one particular CL4 beach, Beesands, exhibited continued erosion during the recovery phase, as it
is flanked on either side by headlands that allow partial bypassing to occur to other sub-embayments

within Start Bay (Wiggins et al. 2019a).

Unlike the other three beach types, recovery of CL3 sites exhibited markedly different spatial patterns
to the erosion that occurred in 2013/14 (Figure 4c), displayed varying degrees of recovery (16% to
106%), and showed little correlation between recovery and hydrodynamic forcing (Figure 8c). This
suggests that sediment movement was not simply driven by cross-shore transport mechanisms (like
CL1 and CL2) or alongshore mechanisms (like CL4). More likely is that these often highly embayed
‘pocket’ beaches experience geologically constrained sediment circulation, combining alongshore
transport, headland return flows, and cross-shore transport (Goodwin et al. 2013; Vieira da Silva et al.,
2016), and so exhibit complex non-linear storm impact and recovery patterns. Importantly, gross
sediment losses during the 2013/14 storms, and subsequent sediment gains during recovery, were

very low O(1-10 m3m™) at CL3 sites, with overall net volumetric change close to zero. This is likely to



be due to their low exposure to storm waves and large degree of embaymentisation minimizing storm
impact and constraining nearshore sediment exchange, respectively (Masselink et al., 2015b; Scott et
al., 2016; Burvingt et al., 2017a). Therefore, despite complex sediment redistribution occurring at CL3

sites, they appear to be inherently resilient to the effects of storms.

Based on these observations, we propose a conceptual framework to describe the response and
recovery characteristics of the four key beach classes differentiated by the level of wave power, angle

of storm wave approach, and degree of embaymentisation (Table 5).



Table 5: Conceptual model of storm response and recovery characteristics for four key beach classes. Degree of exposure is described, including normalised beach length

(NBL) defined as the ratio of alongshore length to intertidal width (Burvingt et al., 2017a), and description of geological embaymentisation. Average values of cross-shore

wave power and wave incidence angle experienced during the 2013/14 winter are also included. The relative magnitude and spatial variability of the storm response and

recovery volume changes and order-of-magnitude yearly recovery rates for each class are also given based on the findings of the present study. The ratio net (dQ,,.;) to

gross (dQgross) volume change describes the extent of redistribution of sediment within the inter- and supra-tidal area.

CL1

CL2

CL3

CL4

Typical site characteristics

exposure/
beach class geological control
(NBL)
-w-i:." -I-.-,. fully exposed/

unconstrained

(4.0)

semi-exposed/
semi-constrained

(3.5)

Sheltered /

constrained (3.5)

Sheltered / semi-

constrained (8.5)

wave forcing
(Burvingt et al.,

2017a)

angle: 0(10°)
cross-shore wave

power: O(170kWm-1)

angle: 0(20°)
cross-shore wave

power: O(120kWm-1)

angle: O(60°)
cross-shore wave

power: O(30kWm-)

angle: O(55°),
bi-directional
cross-shore wave

power: O(25kWm1)

Response characteristics

maghnitude
spatial pattern
(dQnet/ngross)
alongshore
Largest uniform
(>0.9) (net offshore)
alongshore
moderate
uniform
(0.4 t0 0.9)
(net offshore)
variable
limited
(complex
(0.1t00.9)
redistribution)
Rotation
marginal (alongshore
(<0.30) transport)

Recovery characteristics

magnitude
spatial pattern recovery rate
(dQnet/ngross)
largest alongshore uniform
0(25%/yr)
(>0.85) (net onshore)
moderate alongshore uniform
0(33%/yr)
(0.4 t0 0.8) (net onshore)
variable
limited variable
(complex
(0.1 to 0.95)
redistribution)
opposing rotation variable
marginal
(alongshore transport)
(<0.25)



Understanding the geographical controls (e.g. beach orientation, influence of headlands or
wider sediment cells) and hydrodynamic processes (e.g. alongshore vs cross-shore wave forcing)
that drive beach recovery over different timescales is fundamental for effective coastal
management (Houser et al., 2015; Brenner et al., 2018), and is underpinned by the collection of
quantitative monitoring data (Bracks, et al., 2016; Burningham & French, 2017). Given the
coherency observed by Burvingt et al. (2017a) in storm impacts within four key beach response
classes, and the similar coherency in beach recovery within those same classes identified here,
we propose that response-representative beaches could be used to strategically streamline
beach monitoring programs offering significant efficiency and financial savings. In essence, if the
beaches in a given region can be classified into the four beach response classes (for example
through an initial monitoring period of 2-3 years), subsequent monitoring would only then be
required at 2-3 beaches from each class to provide a gauge of the health of all beaches in the
region. This is because beaches within a given class tend to erode and recover at similar rates
and with similar spatial characteristics (Figure 12). Surveying fewer beaches may also make it
more feasible to capture data with consistent timing from year to year across the monitored
sites, which would enhance our ability to capture long-term geomorphic change and enable
robust temporal comparisons (Almeida et al., 2012; Coco et al., 2014; Scott et al., 2016).
Critically, it would free up resources to enable more responsive pre- and post-storm surveying,
which is a more suitable strategy than bi-annual surveys for sites that respond over intra-annual

time scales, such as CL4 beaches (Bergillos et al. 2017).

Naturally, some unique sites fall outside the proposed classification scheme due to location-
specific processes and may still therefore require site-specific monitoring. Whitesand Bay is one
such example where recovery (R, = 30%) was significantly lower than that observed at other
CL1 sites (median R, = 76%). Likewise, Crantock Beach behaved differently to other CL2 sites,
continuing to erode severely after 2013/14 (R, = -60%), while other CL2 beaches recovered
relatively quickly (median R, = 93%). Therefore, there are beaches which do not fit with the
expected recovery behaviour for the class they belong to, but in the explored cases these have
been due to internal dynamics (e.g., a dramatic change in river course at Crantock) or to wider-
scale transport processes (e.g., suspected divergence of sediment cells at Whitesand Bay)
unique to an individual beach. Some of the variability seen in the inter-class recovery rates is
likely to be due to factors such as modal beach state, sediment type, presence of dune systems
or cliffs, and depth of available sediment. A full assessment of these influences was beyond the

scope of the present study, but should be addressed in future work.

Although this study includes sites covering a great variety of globally encountered

geomorphological settings and hydrodynamic forcing conditions, these are limited by the



prevailing characteristics in the SW of England as well as by the selection criteria we have
applied. For example, sites close to tidal inlets, estuary mouths and river outflows were excluded
from this study. The dynamics of these mixed energy environments become increasingly
complex as their behaviour is mostly controlled by other factors such as variations in
rainfall/runoff and/or anthropogenic coastal interventions (Sabatier et al., 2006; Ranasinghe et
al., 2013; Ridderinkhof et al., 2016; Lenstra et al., 2019). Sites protected from incoming swell
such as those in estuaries, bays or back-barrier shorelines, also show distinct behaviours that
contrast those of open coast beaches (Costas et al., 2005; Nordstrom and Jackson, 2012; Vila-
Concejo et al., 2020). Equally, sites exposed to a dominant oblique forcing leading to consistent
alongshore net sediment transport directions also exhibit markedly different behaviour
(Aagaard & Sgrensen, 2013; Brooks et al., 2017). The findings in this study are, therefore,
specifically relevant to macrotidal, embayed, sandy and gravel coastlines exposed to energetic,

wave-dominated forcing.

5. Conclusions

The 2013/14 winter represents the most energetic storm season in the North Atlantic in the past
65 years, leaving large sections of the western European coastline in an unprecedented state of
erosion. The dramatic and devastating events of that winter, however, present a unique
opportunity to study the subsequent recovery of beaches on a wide scale which until recently,
has been given little attention. Whilst geographically limited, this study included sites exhibiting
a wide variety of globally encountered beach characteristics (reflective to dissipative beach
types, fine sand to coarse gravel, varying degrees of embaymentisation) and hydrodynamic
conditions (oblique and shore normal wave incidence, high and low storm wave exposure). Thus,
the findings and application of the storm response classification scheme are potentially widely
applicable to different coastlines with similar geomorphology and hydrodynamic forcing.
Crucially, these findings may provide useful information for coastal management applications
worldwide and are particularly relevant to the cost-effective design of long-term coastal

monitoring schemes.
The principal findings can be summarized as follows:

e Beaches responded to, and recovered from, storms in a coherent manner and that the
magnitude and spatio-temporal patterns of post-storm recovery can, for the most part, be

grouped into four main coherent classes.

e The beaches that lost the most sediment during 2013/14, regained the most sediment in
the subsequent 3-year recovery period, although did not necessarily recover completely.

The recovery process was thus multi-annual and only 7 of the 23 beaches we studied



recovered more than 90% of their sediment in the 3 years following 2013/14. Therefore,
for many sites the characteristics of subsequent winters are important in determining

recovery rates as well as beach vulnerability to winter storms.

e  Beaches fully exposed to shore-normal high energy waves (CL1) displayed the highest gross
volumes of both eroded and recovered sediment O(in 100’s m3m™), but recovered at the

slowest rate, and remained in a more vulnerable state than other beaches.

e  Recovery for sites exposed to a bi-directional wave climate (CL4) is driven by a switch in the
directional power balance between the two dominant directions, and any long-term
changes in this balance will therefore determine to what degree such sites are able to

recover in the future.

e The observed coherency within each of the four studied beach response classes indicates
that regional monitoring programmes could make considerable savings by strategically
targeting monitoring at a limited number of representative sites within each class, rather

than monitoring all beaches within a region.
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