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Spatial data collected over  three years are presented to assess the extent of morphological variability under sea- 

sonal and  storm waves on two high-energy macrotidal beaches on the north Cornish coast. Of particular interest 

was  the degree to which the beaches displayed bar/rip morphology and a novel approach to quantify the three- 

dimensionality of the beach based on the curvature of the bottom contours is adopted to identify and  classify the 

three-dimensional beach response to changes in the dominant forcing conditions. Morphologically, the beaches 

range from dissipative to intermediate and are  characterised by low  tide bar/rip morphology which plays a key 

role  in the nearshore dynamics and beach safety. Real-time kinematic (RTK) GPS surveys were undertaken 

using an all-terrain vehicle to measure the  three dimensional (3D) morphology. In addition, nearshore wave 

data, in-situ hydrodynamic measurements, local tide gauges and Argus  video data allowed detailed analysis of 

process–response mechanisms for long  term (yearly); seasonal (monthly); storm (weekly/daily); and tidal 

(hourly) morphological behaviour. Both sites exhibited net  long  term accretion derived from the intertidal 

beach volume. Throughout the survey period, inter-site similarity in beach response was  observed in response 

to storm waves, yet  coupling between the  seasonal wave climate and the  beach morphology was  not  evident 

at either of the sites. Increased wave conditions (exceeding Hs  = 4 m)  during sustained storm events (N 50 h) 

led to offshore transport from the beachface to the  subtidal bar  region. Post-storm recovery was  characterised 

by onshore transport and the development of substantial 3D low  tide morphology. Under normal wave condi- 

tions (Hs = 1.6 m),  the dominant 3D features smoothed out as channels in-filled and bar  prominence reduced 

over a period of 2–3  months. Overall, the  beaches exhibited a significant storm-dominated morphological re- 

sponse cycle, unlike the more familiar winter/summer seasonal response. 

© 2014 Elsevier B.V. All rights reserved.

 
1. Introduction 

 
Most studies of nearshore morphodynamics investigating beach re- 

sponse to wave  forcing  over a range of spatial and temporal scales have 

focused on micro-mesotidal environments, with only few comparative 

macrotidal studies (Battiau-Queney et al., 2003; Masselink et al., 2007; 

Reichmüth and  Anthony, 2007). The importance of short-term beach 

response to hydrodynamic conditions is clear  and  such  studies have 

done much to further our understanding and  modelling capabilities of 

coastal processes (e.g., Wright et al., 1985). Although there have  been 

several medium to longer term (N 1 year) studies into  the  behaviour 

of high-wave energy/macrotidal  environments  (Jago and  Hardisty, 

1984; Reichmüth and  Anthony, 2007),  as  well  as  more intensive 

short-term studies (Masselink et al., 2007), these datasets have  used 

multiple cross-shore profiles at varying alongshore spacing to assess 
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beach response. Work  by  Ruggiero et  al.  (2005) and  Hansen and 

Barnard (2010) has  utilised longer three dimensional (3D) datasets 

(~ 5 years) to assess seasonal variability for more energetic mesotidal 

sites with a focus on larger scale shoreline response and beach manage- 

ment. There  remains a relative paucity of consistent, detailed 3D mor- 

phological data  from energetic macrotidal beach localities. 

Rapid beach profile response to energetic wave  conditions is seen 

most noticeably on micro-mesotidal beaches (Komar, 1985). The pres- 

ence  of a large  tidal  range forces  the transitions of morphodynamic 

zones across the  beachface, resulting not  only  in the  suppression  of 

morphological features (Masselink et al., 2007), but also in increased re- 

laxation times and  relatively stable beaches (Wright et al., 1982). The 

complex dynamics exhibited through more subtle cross-shore and 

longshore morphological changes on large  tidal  beaches requires 3D 

analysis over a wide  spatial extent to promote understanding of such 

systems as a whole. Large tidal beaches at the  intermediate/dissipative 

beach state  boundary  (which  are   always  relatively  high   energy 

beaches) exhibit quasi-seasonal low tide  bar/rip systems (Scott et al., 

2011) which are of significant interest to beach users in terms of surfing 

and  as potential hazards (Scott et al., 2007). The sensitivity of the  3D
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morphology to  shifts  in  forcing  conditions requires a multifaceted 

approach to further understand the dominant processes and the subse- 

quent beach response. 

This paper comprises the first long-term (3 year) dataset of monthly 

3D morphological survey data collected at two high-energy macrotidal 

beaches. Real-time kinematic (RTK) GPS survey data  are supported by 

almost continuous Argus images at two  sites  and  information on the 

hydrodynamic forcing  is provided by a nearshore directional wave 

buoy.  The  principal aim  of the  dataset is to  assess the nature and 

variability of the  morphological response at each  site to the  seasonal 

and  storm-induced variations in the  hydrodynamic forcing.  Within 

this  central aim, specific objectives are to: (1)  identify the  variability 

in 3D morphology between the  two  sites; (2) identify site-specific 2D/ 

3D morphological behaviour; (3) characterise site-specific response to 

storm conditions; and  (4) quantify the temporal and  spatial variability 

of response under normal and  storm conditions. 

 
2. Field  setting 

 
Two study sites  located on the  north Cornish  coast were chosen for 

the  monitoring programme: Perranporth and  Porthtowan (Fig. 1). The 

sites  were selected to provide comparison of different beach shapes 

and  their importance for  beach users.   The  north Cornish   coast  is 

macrotidal (mean spring tidal range MSR 6.1 m) and exposed to a highly 

energetic wave  climate (mean offshore Hs = 1.6 m) of both local wind- 

generated seas and  North Atlantic  swell  (Davidson et al., 1997; Poate 

et al., 2009). Both beaches have  a W-NW orientation and  are exposed 

to the  dominant wave  approach (Table 1). 

Perranporth (subsequently referred to as PPT) forms  the  largest 

survey area   with a  cross-shore intertidal  region of  500  m  and  a 

longshore extent of 1.2 km. The wide  and  highly dissipative beach has 

a low tide beach gradient of tanβ ≈ 0.012 and is composed of medium 

sand  (D50  = 0.35 mm). The relatively high  carbonate content of the 

sand  (~ 50%; Merefield, 1984) suggests that offshore sediment sources 

are of importance. The beach is relatively featureless throughout the 

upper intertidal region, but  a well-developed bar system interspaced 

with rip channels is exposed at spring low water combined with a linear 

to crescentic subtidal bar system (Austin et al., 2013). 

To the south of PPT is Porthtowan (subsequently referred to as PTN; 

Fig. 2). PTN is situated in a valley flanked with high Devonian slate cliffs 

(70  m ODN) creating a narrow pocket beach from  mid  to high  tide.  At 

low tide  PTN extends up to 600 m cross-shore, depending on the  bar/ 

rip morphology present, with the  alongshore survey area  increasing to 

500 m (Fig. 2). The sediments across  the  lower slope  (tanβ ≈ 0.015) 

consist of medium sand  (D50  = 0.38 mm; Table 1), whereas the upper 

beach (tanβ ≈ 0.05)  comprises a mixture of gravel  and  sand with ex- 

posed boulders during periods of sand  removal resulting from  beach 

erosion. 

Wave  data  presented throughout this  paper are derived from  the 

directional wave  buoy  located off PPT which provides real-time wave 

data,  as well  as archive files for the  duration of the  survey schedule. 

Detailed summary wave  conditions including significant wave  height 

Hs, peak  wave  period Tp, zero-crossing wave  period Tz  and  wave  direc- 

tion are presented in Fig. 3. The seasonal variability in the wave  climate 

is evident with wave  height increasing during the  winter months to- 

gether with long period wave  conditions, whereas during the summer 

wave  height and period are reduced. Large wave  events are more prev- 

alent during winter, although the conditions at the end  of March  2010 

stand out  to extend this  period compared with sustained calm  condi- 

tions  experienced for the  remainder of the  year.  Dominant westerly 

waves form the majority of the wave  directions and are generated dur- 

ing the passage of Atlantic  low pressure systems; however, there is also 

a small, but significant, amount of energy from northerly waves which 

often  occurs following sustained high  pressures and  northerly winds. 

 
3. Method 

 
This study uses a combination of in-situ and remote methods of data 

collection, complemented by data  from  third parties. Survey  data  pre- 

sented here were collected using  a real-time kinematic global position- 

ing  system (RTK GPS), mounted on  an  All-terrain Vehicle  (ATV) to 

enable collection of morphological data  over  an extensive intertidal 

region during spring low tide. A total of 72 topographic surveys were 

undertaken at the  two  sites  over a three-year period with data  collec- 

tion  occurring during the  lowest spring tide  each  month (~ every  four 

weeks). In addition, opportunistic post-storm surveys were also under- 

taken in response to energetic wave  conditions. 

The eastings, northings and  elevation points were logged using  the 

OSGB36 Ordnance survey grid,  and  were subsequently transformed 

with rotation and  translation onto   a  local  alongshore/cross-shore
 

 

 
 

Fig. 1. Location map of the two survey sites: Porthtowan and Perranporth.
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Table 1 

Summary of the physical characteristic for each site. 

Adapted from Buscombe and Scott (2008). 

Physical characteristic                                                                                                    Perranporth                                                                                                   Porthtowan 

Latitude                                                                                                                          50°21′23.95″ N                                                                                                               50°17′12.92″ N 

Longitude                                                                                                                        5°9′20.92″ W                                                                                                                   5°14′35.16″ W 

Local authority                                                                                                                  Carrick Council                                                                                               Carrick Council 

Management unit                                                                                                        Perran 7A3-09                                                                                           Porthtowan 7A3-04 

MSR (m)                                                                                                                  6.15                                                                                                         6.0 

Alongshore length (m)                                                                                                  1100                                                                                                            600–800 

LW length (m)                                                                                                          1100                                                                                                        600–800 

Intertidal cross-shore (m)                                                                                          550                                                                                                           350 

Average survey Area  (m
2
)                                                                                   435 000                                                                                                       70600 

Orientation (°)                                                                                                            285                                                                                                            300 

 
Sediment characteristics                           Lower                                     Mid                                     Upper                           Lower                               Mid                                     Upper 

Intertidal gradient tan β                           0.012                              N/A                                     0.038                            0.015                                N/A                                     0.045 

Sediment classification                              Sand                                 Sand                             Sand                             Sand                                 Sand                             Gravel and sand 

Mean (Φ, mm)                                       − 2.21                              − 1.98                          − 1.71                          − 2.33                              − 2.34                          − 2.46 

(0.22 mm)                      (0.25 mm)                  (0.31 mm)                  (0.20 mm)                      (0.20 mm)                  (0.18 mm) 

Mean fall velocity ws  (m s−1)                       0.046                                0.040                            0.033                            0.050                                0.053                            0.055 

CaCO3  %                                                                                 43.80 ± 8.80                       N/A                                     N/A                                     55.70 ± 6.48                   N/A                                     N/A 

coordinate system which was  identical to the  grid  used  by the  Argus 

video data (see below) to aid interpretation and comparison. The gener- 

ation of a 3D digital elevation map  (DEM) was the basis for subsequent 

interpretation and  analysis and  a reliable quadratic loess interpolation 

approach was adopted with raw  data  interpolated onto  a regular 1-m 

grid (Schlax and  Chelton, 1992; Plant and  Holland, 2008). Calculation 

of the  intertidal beach volume was  undertaken for each  site and  each 

survey from the interpolated surface. Net change (Δznet) and  the abso- 

lute  change (Δzmax)  were generated from  the  interpolated surface 

plots  with the  vertical change (m) presented for each  1 m2 grid cell. 

Because  of the highly  dynamic nature of the low tide region, which re- 

stricted survey coverage and therefore subsequent comparison with pre- 

vious surveys, a reduced region was defined. For each  site, the intertidal 

volume was split into  3 regions to differentiate between the  upper, mid 

and lower beach. The definition of these regions was based on the relative 

tidal  position for each  site;  upper beach (MHWN–upper survey extent), 

mid  beach (MHWN–MLWN) and  lower beach (MLWS–MLWN). Cross- 

shore transects were extracted for 2D analysis of each  survey, from 

which, the  net  change (sum of all surveys) and  the  profile envelope 

(min and max of the profile) were calculated. 

In addition to in-situ measurements of beach morphology, remotely 

sensed images are collected at PTN and PPT. An existing site at PPT (two 

cameras), which was first  established in 1993  (Davidson et al., 1997), 

was  re-established following replacement cameras in 2006.  At PTN a 

new Argus installation consisting of 4 cameras covering the full intertid- 

al beach and  offshore bar/rip system was installed in September 2008.

 

 
 

Fig. 2. Panoramic photographs of Porthtowan (PTN) looking north (a) and Perranporth (PPT) (b). The aerial photograph shows both PTN and PPT. The black dashed line in the aerial 

photograph represents the position of MLWS, the red dashed line demarcates the survey areas and the blue arrow highlights the river output across the beachface. (For interpretation 

of the references to colours in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Summary wave statistics from the nearshore wave buoy at PPT (depth 10 m CD) for 2008–2010. From top to bottom: maximum wave height Hmax, significant wave height Hs, peak 

wave period Tp, zero-crossing wave period Tz (light grey) and wave direction. Black lines show monthly average, vertical black lines delineate year boundaries. Gaps in the wave direction 

record are due to buoy faults. 

Both sites  provide half-hourly digital “image products” consisting of a 

single  snapshot image,  a time-exposure image and  a variance image 

(Holman and  Stanley, 2007). For both sites, conversion from  image 

coordinates (u, v), to real  world co-ordinates (x, y) was  undertaken 

using  well  established methods for  Argus  video  systems (Holland 

et  al., 1997). The detection of subtidal bar  positions was  one  of the 

first outputs identified from  Argus  images (Lippmann and  Holman, 

1990). Van Enckevort and  Ruessink (2001) further developed this idea 

with a detection algorithm which finds  the  maximum intensity value 

for cross-shore pixels  and  which has  specific relevance to regions of 

high  intensity where wave  breaking occurs.  The  BarLine  Intensity 

Mapper (BLIM) tool provides a useful  method to utilise this  algorithm 

for the  detection of bars  from  rectified Argus images. Previous work 

has shown that the  positional accuracy of this  approach is affected by 

breaker height and  water level (Kingston et al., 2000; van Enckevort 

and  Ruessink, 2001), and,  owing to the  energetic conditions and  the 

macrotidal range, the  number of suitable images for BLIM analysis was 

constrained before image quality was  considered. For the  purpose of 

this work  the  following criteria were applied to select suitable images: 

(1) water level between − 3.5 m and − 2.5 m Ordnance Datum Newlyn 

(ODN) for PPT, and − 2.8 m and  − 1.5 m (ODN) for PTN; and  (2) wave 

height Hs  N 0.5 m and Hs b 1.5 m to provide the greatest chance of wave 

breaking on the  bar, without causing an excessive increased breaking 

zone  which would reduce positional accuracy. In the  absence of near- 

shore surveys, to validate the BLIM bar detection accuracy, the bar posi- 

tion was primarily used  for qualitative bar behaviour analysis. 

The BLIM tool allows determining the cross-shore bar crest  position 

which can be used to determine long-term migratory patterns of bars to 

be linked with wave  conditions. In addition, the  rectified images also 

yield  information on  the  bar  shape and  have  been used  to  provide 

subtidal morphological classification of the sites (see Section 3.2). 

Beaches  which lie on the  boundary between dissipative and  inter- 

mediate classification experience a range of morphological features 

from  highly  planar to  low  tide  bar/rip systems. Within these broad 

classification states, the morphology can be grouped further to identify 

dominant features and modal morphology. A key part of this paper con- 

cerns being  able to quantify the  variability observed at a beach at any 

given time, and relate this to wave forcing and the antecedent morphol- 

ogy. Building on an approach adopted by Smit et al. (2008), who looked 

at  shoreline variability from  Argus  waterlines to  identify beach re- 

setting following storms, a measure is used  by which a relative level of 

3D is assigned to each  survey. Although the  term “3D” suggests that a 

volumetric component is incorporated, in the present approach the pri- 

mary objective is to quantify the surface shape and intuitively the term 

3D is adopted in keeping with current terminology. In order to quantify 

the degree of 3D in each survey, contour lines were extracted between 

0.2  m  ODN (mean sea  level) and  − 2.4  m  ODN (0.2 m  above  low 

water springs) at 0.2-m intervals from  the  monthly topographic data. 

A “curl  value”  (CV) was then computed using  the  ratio of total contour 

length and the straight line length of the  contour, where CV = 1 repre- 

sents a planar featureless intertidal region and  CV N 1.5 indicates a 

highly  variable shoreline (Fig. 4). For each survey the CV was computed 

for contours between 0.2 and − 2.4 m ODN from which the mean value 

of the highest third (CV) was recorded (Fig. 4). To ensure that the auto- 

matic routines were a realistic representation of the conditions present- 

ed  in a surface elevation map,  the  opinions of relevant researchers 

within this  field  were sought to verify the  results. Following the  same 

approach as Ranasinghe et al. (2004), 10 “experts” were asked to rank 

the same monthly surveys for levels of 3D on a scale of 0–100 providing 

a  comparison  of  the   accuracy  of  the   automatic 3D  classification 

methods. Comparison between the  automatically-derived CV values 

with the  expert assessment yielded a p-value of b 0.002.  The relative 

shifts in the 3D parameters each month are crucial for identifying trends 

in morphological response between the  sites  and  to the  forcing  condi- 

tions. Importantly 80% of the changes in 3D level as indicated by chang- 

es in CV values was also recognised by the experts. 

Section 4.2 details specific storm responses at the field sites. Individ- 

ual storm events were classified using  the  peaks-over-threshold ap- 

proach, with storms classified as having an Hs  ≥ 4 m and  a duration 

N 1.5 h.
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Fig. 4. Digital elevation models for PTN showing contours used for 3D analysis. Left panel shows a highly 3D surface from May 2009; right panel shows a relatively featureless beach from 

October 2010. The difference in prominence of the 3D morphology is quantified using the CV values. 

 

4. Results 

 
4.1. Net intertidal morphological change and morphological variability 

 
PTN exhibited the  greatest range of morphological response across 

the  full cross-shore extent of the  beach.  The beach is dominated by an 

episodic low tide  bar/rip system characterised by persistent seaward- 

directed channels located at the  cliff base  (cf., Fig. 4). Morphological 

response is evident across the  length of the  profile at PTN however 

two peaks are evident with the  first present below MLWN and the sec- 

ond identifying the significant response observed at the  top of the pro- 

file through the  intermittent development of a high  tide  berm (Fig. 5). 

Unlike  PTN there was  no  significant development of a berm at  PPT 

throughout the surveys, but, instead, the growth of low tide bar/rip sys- 

tems dominated throughout. 

The long term 3D variability of surface change at PTN and PPT is pre- 

sented in Fig. 6. Due to the dynamic nature of the  shoreline the  survey 

coverage does  not  provide complete comparison for the  furthermost 

seaward limit; however, clear  regions of maximum net  Δz are visible 

for the  lower beach. This observation is further expressed through the 

absolute change in  surface elevation, calculated as  the  sum  of the 

monthly Δz, which highlights the  region between MLWN and  MLWS, 

cross-shore 400–500 and 450–600 for PTN and  PPT respectively, as the 

most dynamic. Importantly, the  absolute surface change also highlights 

the variability at the top of the beach for PTN, which is a result of the ep- 

isodic  berm development along  the  MHWS line referred to previously 

(Fig. 6). 

Four different beach states were identified (Table 2): “planar”, “low 

tide  rhythmic”, “low  tide rhythmic/channel” and  “low  tide  bar/rip” 

using  the  3D topographic surface plots  such  as  those presented in 

Figs. 4 and  8 and  are based on Scott et al. (2011). These states build  on 

the present literature and will be further incorporated into the subtidal 

variability discussed in Section 4.2. This classification highlights the lack 

of a significantly more prevalent state occurring at either site; however 

planar conditions occur  least  frequently. For clarity  throughout this 

paper a transition from  planar to low tide  bar/rip is referred to as in- 

creasingly 3D, whereas the  development of decreased 3D morphology 

is referred to as a 2D shift. 

The morphological evolution for both sites,  including the  net  vol- 

ume,  the qualitative beach state and  the  CV , is presented alongside the 

wave  conditions during the  survey period (Fig. 7). Both sites  experi- 

enced net  accretion over the  survey period which was  punctuated by 

four  significant drops in  net  volume highlighted by  the  arrows in 

Fig. 7. The shift in net  volume helps to further explore the  long term 

behaviour in the beach state classification and  the 3D CV values which 

highlight distinct increased 3D morphology following sediment re- 

moval  in February 2009  and  November 2009  for both sites.  Both the 

qualitative descriptions of beach states and  the  quantitative CV values
 

 

 
 

Fig. 5. 2D profile variability for PTN (left) and PPT (right): top panel shows mean profile shape (solid line) with profile envelope (dashed lines); bottom panel shows the net profile change 

(Δznet dashed line) and profile envelope range (Δzmax, solid line); for position of the profile line refer to Fig. 6.
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Fig. 6. 3D variability at PTN (top) and PPT (bottom); left  plot shows contour map showing survey perimeter to aid interpretation; net change over survey period (Δznet, middle panel); 

absolute change (Δzmax, right panel). The  horizontal black line shows the location of the 2D profile extracted in Fig. 5. Surface change in m represents vertical change for each 1 m
2 

grid cell. 

show good agreement, in the 2D and 3D shifts, supporting the inclusion 

of this  approach in further assessments of morphological response. 

Despite the  seasonal pattern in the  nearshore wave  climate, the  mor- 

phological behaviour exhibits poor  seasonal trends. 

A pattern in the net volume loss, in response to energetic waves, and 

the initial rapid rise in CV as the beach recovers highlights a dominance 

of storm events over  the  seasonal wave  climate on the  morphology 

response. The complexities of the storm response are addressed further 

in Section 4.3, however the process of 2D evolution, observed during the 

longer term (months) recovery phase following storm events, is well 

represented in Fig. 8 which highlights the  infilling and  smoothing of 

the lower beachface. 

 
4.2. Subtidal bar dynamics 

 
Similar  to the intertidal responses observed at PTN and  PPT, the 

Argus images indicate a range of variability within the  subtidal states 

of the  nearshore region which were manually categorised (Fig. 9). To 

maintain consistency and  aid comparison, the  key “states” have  been 

grouped under headings dominant in recent literature and  include the 

generally accepted sequence of stages associated with transition from 

2D dissipative planar beaches with a longshore bar–trough system to 

3D through crescentic bars,  attached crescentic bars  and  transverse 

bars  intersected by dominant rip channels. A multi-bar state has also 

been recognised. 

 
Table 2 

Percentage occurrence of beach states for individual sites. 

Site     Percentage occurrence of beach state 

Low tide bar/rip    Low tide rhythmic/channel    Low tide rhythmic    Planar 
 

PTN      30                                19                                                     32                                    19 

PPT      30                                30                                                     30                                    10 

There  is little  evidence of a seasonal cycle in bar behaviour or dy- 

namics at PTN. At the  start of the  image collection (September 2008) 

the  system was  dominated by low tide  bar/rip morphology, affecting 

the  breaker pattern at the  shoreline, with little  evidence of a subtidal 

shore parallel bar. Throughout the 2008/2009 winter the subtidal region 

developed with complex transverse bars defining the breaking zone. In- 

tensive storm events during Nov–Dec  2008  (discussed further under 

Section 4.3 Storm  response) resulted in the formation of an alongshore 

rhythmic bar. Following continued storms in January, further material 

was moved offshore from the  intertidal region and  in-filled sections of 

the   subtidal trough  between  the   shoreline  and   the   existing  bar 

(Fig. 9). The resulting highly crescentic attached system remained dom- 

inant at PTN throughout most of 2009,  while the  intertidal beach vol- 

ume  gradually increased. 

Energetic storm conditions during Nov–Dec 2009 (discussed further 

below) caused widespread redistribution of intertidal sediment to the 

subtidal region, resulting in detachment of the  bar to the  north and  a 

build-up of material in the centre of the survey area, forming a complex 

multi-bar system. Over the subsequent 3 months this material gradual- 

ly moved onshore, resulting in the creation of an extensive low tide bar 

system. Under continued onshore movement this bar gradually merged 

fully with the shoreline resulting in a small single bar that was still present 

in the  nearshore region by April 2010  (Fig. 9). 

During  the  remainder of 2010,  the  bar continued to move onshore 

and  weld  with the  shoreline, which became increasingly 3D as low 

tide  channels developed. However, these were small-scale features 

and not sufficiently developed to withstand destruction during energetic 

wave  conditions in September/October 2010  which left the  intertidal 

beach relatively featureless. Following intensive storm events in Novem- 

ber, resulting in a loss of material from the intertidal region, a longshore 

bar/trough developed. 

At the start of 2008, PPT exhibited a complex system with a subtidal 

longshore rhythmic bar and well developed low tide bar/rip morphology.
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Fig. 7. Summary plots of significant wave height Hs with monthly average Hs (black) and morphological response for PTN (black) and PPT (grey); normalised intertidal volume Vn (second 

panel); assigned qualitative beach state (third panel); contour derived CV (fourth panel). Box A and B identify the 2D transition presented in Fig. 8 for PTN and PPT respectively. 

This developed into  a more pronounced transverse bar system as these 

channels extended offshore through the breaker line during the calmer 

summer wave  conditions. As conditions became increasingly energetic 

(Nov/Dec) the   low  tide rips  intersecting the   longshore bar  were 

removed and  the  system was  defined by a crescentic longshore bar 

which remained attached at the  centre of the  survey area.  Throughout 

2009  and  much of 2010  this  state dominated with the  position of the 

alongshore attachment of the  bar the  only  change observed (Fig. 9).
 

 

 
 

Fig. 8. Sequential 2D morphological evolution. The top panel shows monthly surface plots for PTN from June, July, and August 2008, and the bottom shows PPT from January, February, and 

April  2010. CV values for each survey are overlaid; thick black contours identify MLWS, MLWN, MSL, MHWN and MHWS.
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Fig. 9. Subtidal classification (red shading) for PTN (left column) and PPT (right column) throughout the 3-year survey period. Images depict breaker patterns present during relevant 

phases while the numbers correspond to the approximate number of days that the depicted bar  shape lasted. Bars are classified as Longshore Bar, Crescentic Bar, Crescentic Bar Attached, 

Transverse Bar and Multi Bar, based on similar classifications by Short (1996). 
 

Storm conditions in November 2009 resulted in the bar detaching and a 

crescentic longshore state developed; however, by February 2010  a 

transverse connection with the  shoreline became re-established (Fig. 9). 

Calm conditions throughout most of 2010  led to the bar reducing in size 

and  moving closer  to  the  shoreline.  More  energetic conditions from 

September onwards resulted in a similar response to that observed at 

PTN with a longshore shore parallel bar developing, although again  full 

detachment from the shoreline did not occur. 

The rectified Argus images provide some indication of in-phase cou- 

pling, particularly during September and October 2009, of the crescentic
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Table 3 

Summary of storm activity between surveys and the beach response observed for PTN and 

PPT. Periods in bold/dashed boxes highlight matching response at each site. 

Storm                 
Duration          Storm 

of storms.        impact          RTR 
period                   

(h)                 (No/h) 

Volume 
Beach  response (up–     

(increase = +, 
state/down–state) 

decrease = –) 

PTN             PPT           PTN      PPT 

 
Mar–Apr 

2008                       
63.5                    13                0.84                Down        Down           –            +

 

Aug–Sept 

2008                             
15.5                      8                1.09                Down              Up               +            –

 

Nov–Dec                   
39                       19                0.81                   Up             Down             –            + 

2008 

Jan 11th– 
Jan 29th                             94.5                    47                1.07                Down        Down           –            – 
2009 

Feb–Mar 

2009                             
19                       19                1.09                Down              Up               –            +

 

Aug–Sept 

2009                               
7                         7                0.79                   Up                NC               –            –

 

Nov–Dec                
109                       18                1.19                Down        Down           –            – 

2009 

Dec 2009– 

Jan 2010                   
2                         2                1.56                Down        Down          +            –

 

Jan–Feb                        
2.5                      2.5             0.88                   Up                Up               +            + 

2010 

Mar–Apr 

2010                       
19                       19                1.48                   Up                Up               +            +

 

Oct–Nov                        
4                         4                0.38                   NC               NC               –            – 

2010 
Nov–Dec                   

46.5                    47                0.74                   NC               NC               –            – 
2010 

NC =  no change. 

 

 
longshore bar and the shoreline at PTN (Fig. 9), however, the  relatively 

short length of the dataset and  the variability in the subtidal bar shape 

restrict a more detailed analysis. While  PTN and  PPT are characterised 

by a single bar (evident from the Argus images), the low tide bar devel- 

opment has been shown to be well  correlated with the  bar behaviour 

following storm events, continued image collection at both sites  will 

enable further work  on this trend to be undertaken. 

 
4.3. Storm response 

Nearshore wave  data  from  PPT was  used  to  identify periods of 

energetic conditions throughout the  survey period. Storm  distribution 

follows  a strong seasonal behaviour with peak  events occurring during 

winter months (Fig. 10).  While  individual storms exhibited similar 

values of significant wave  height and  wave  period, the cumulative 

duration of events between surveys identifies specific periods during 

which sustained storm-dominated wave  conditions were experienced 

(Table 3). 

Using duration of storm events as a measure of erosive conditions 

we see strong correlation with periods of widespread sediment loss in 

February 2009  and  December 2009  in response to N 90 h of energetic 

wave conditions; conversely, there is poor correlation with the sediment 

removal observed at PPT and PTN in November 2010 with b 20 h of storm 

conditions. In addition there is disparity in the  response to N 60 h of 

storms in March 2008 with PTN experiencing loss while PPT experienced 

a net  increase in beach volume (Table 3). From the 27 individual storm 

events detailed in Table 3, storm analysis has been undertaken for 12 

storm periods using  pre- and  post-survey data  as close  to the  storm 

events as available (Table 3). As identified in the  Morphology (Section 

4.1), the maximum morphological response at all sites generally occurs 

between MLWN and MLWS, but for macrotidal regions the ability to ob- 

tain comparative data severely restricts the ability to survey immediately 

prior to or immediately following a storm. In addition, the nature of high- 

ly dissipative beaches means that cross-shore run-up distances can be in 

the order of 200 m, again  restricting access  to the  region of interest. Be- 

cause of this, the pre/post- storm intervals are often larger than ideal, and 

as such  the Argus images are used  when possible to aid interpretation. 

Summary intertidal response, incorporating beach state and  volume, 

from PTN and PPT, is presented in Table 3. This highlights the similar re- 

sponse observed between both sites  from  2009  to 2010, where we see 

3D shifts  in  intertidal morphology in  conjunction with drops in 

beach volume following sustained periods of energetic conditions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
However, where storm events are more short lived the  transitions are 

predominantly mixed, reflecting no coherence between sites. 

 
4.3.1. Storm event November 4th 2009–January 31st 2010 

November 2009  to January 2010  was a period characterised first by 

significant storm activity which led to the widespread removal of mate- 

rial at both PPT and PTN (Fig. 7), followed by a period of calm. Between 

the  surveys in November and  December there were 6 separate storm 

events resulting in the  5% exceedance Hs reaching 4.7 m, 50% exceed- 

ance  Hs  = 2.8 m and  the  90% exceedance Hs  = 1.46 m, representing 

the  largest exceedance waves throughout the  3-year survey period 

(Figs. 3, 11). Following the November storms December experienced a 

very calm wave  climate with 50% and  90% exceedance Hs = 1.2 m and 

0.69 m respectively. 

Widespread removal of material occurred at both sites  across  the 

majority of the beachface from MHWN down (Fig. 12) with the greatest
 

 

 
 

Fig. 10. Summary storm statistics derived from data presented in Table 3. From the top; peak significant wave height (Hs black circles, Hmax hollow circles), peak wave period (Tz  black 

squares, Tp  hollow squares) and duration of individual storm events (bars) with the total storm durations between individual surveys (hollow circles, h). Grey  boxes indicate periods 

of intertidal loss  observed at most sites (cf., Fig. 7).
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Fig. 11. Summary of the wave conditions present between November 2009 and February 2010; from top to bottom: still water level η; wave spectrum; significant wave height Hs (dashed 

line) and % swell energy (solid line); wave energy flux P (dashed line) and longshore component of the offshore wave energy flux Pl (dashed line), where positive indicates northerly 

directed. The letters A–D identify times of beach surveys. 

loss in the  lower to mid  region. Although both sites  experienced ex- 

tensive removal under the sustained storm conditions, the surface 

morphology remained fairly rhythmic at the  shoreline, with a bar 

feature evident at PPT. By January the  calm  conditions lead  to on- 

shore accumulation at both beaches and  a 3D transition; at PTN the 

upper and  mid  beachface increased in volume and  two  large  low tide 

bars  formed at the  shoreline, while PPT also developed highly 3D bar/ 

rip morphology (Fig. 12).  Wave  conditions remained relatively calm 

throughout January with 50% exceedance Hs  = 1.58 m. By February 

the  beaches remained 3D; however, in-filling of the  channels resulted 

in a smoother and  less 3D low tide region as reflected in the CV values 

(Fig. 12). 

At both sites  the  Argus  images highlight the  shift in  nearshore 

bathymetry in response to the  storm conditions; at PPT the  shoreline 

moves landward while a secondary breaker line develops between the 

shoreline and the subtidal bar indicating a build-up of material causing

 

 

 
 

Fig. 12. Surface plots showing Δz for November–December 2009, December–January 2010 and January–February 2010 for PTN (top row) and PPT (bottom row). Colours indicate regions 

of accretion (yellow/red) and erosion (blue). Contour lines show the subsequent morphology. CV values are provided in the top left of the plots.1. (For interpretation of the references to 

colours in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Plan-view rectified Timex images from PTN (left) and PPT (right) with contours of intertidal morphology overlaid. Images show transition between November 2009 (top row) to 

January 2010 (bottom row). Offshore bar  position (red line), shoreline breaker position and nearshore breaker zone (solid and dashed yellow line). Note the November Argus images are 

taken during large wave conditions and so positions are approximate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

 

secondary breaking in this  region. At PTN the  rhythmic shoreline 

and  nearshore breaker pattern which was  stable for the preceding 

125  days  (Fig. 13) is redistributed with more complex longshore/ 

cross-shore channels present. 

Overall following sustained storm events throughout November 

(Hs ≥ 4 m for 109 h) widespread removal of material was observed 

at both sites.  Over the following two  months reduced wave  condi- 

tions  with no storm events resulted in onshore transport from  the 

subtidal area  to the low tide beachface, resulting in the formation 

of large  well  developed 3D shorelines. Under  more mixed wave 

conditions these channels became in-filled and  the  3D features 

were gradually smoothed. 

 
4.3.2. Storm event January  4th 2009–March 13th 2009 

The start of 2009 was characterised by a period of sustained ener- 

getic waves (N 90 h) during mid-January with wave  heights peaking 

at Hs = 5 m (Fig. 14). This was followed by a period of calm through 

February before a short event with wave  heights in excess of Hs = 4 m 

prior  to the March  survey. As with the storm in November, widespread 

erosion occurred at both PTN and  PPT, particularly over  the lower 

beachface which led to decreased CV values through smoothing of the 

morphology (Fig. 15). 

The post-storm recovery phase was characterised by onshore accre- 

tion  and  increased 3D morphology across  the  lower beach (Fig. 15). 

Accretion continued in response to the  calm  conditions of February; 

however, the  3D morphology was  reduced as channels in-filled and 

bars  merged. It is also likely that the  short energetic event prior  to the 

March  survey resulted in some smoothing of the  beachface (Fig. 15). 

The occurrence of storm conditions coinciding with the  neap phase of 

the  tidal  cycle may have  additional impacts on the  response however 

no clear connection is apparent, highlighted in Table 3 using  the  RTR. 

Equally the  role of swell/wind waves is also likely to be of importance 

in determining the  response yet the  timescales involved make such 

connections more complex.
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Fig. 14. Summary of the wave conditions present between January 2009 and February 2009; From top to bottom: still water level η; wave spectrum; significant wave height Hs  (dashed 

line) and % swell energy (solid line); wave energy flux P (solid line) and longshore component of the offshore wave energy flux Pl (dashed line), where positive indicates northerly 

directed. The letters A–D indicate beach surveys. 

5. Discussion 

 
On a coast-wide scale, the long-term behaviour has been very simi- 

lar between PTN and  PPT with both exhibiting almost identical growth 

and  decay  in net beach volume. Although there are periods of net vol- 

ume  loss, at both sites  there has been a progressive increase in beach 

volume, which reflects the  decrease in storm events and  storm dura- 

tions  throughout the survey period (Poate, 2012). With only  three 

years  of relevant data,  and  conflicting accounts from  long term local 

residents with regard to previous sand levels,  a clear interpretation is 

complex. 

To characterise the complexity of the  system and  build  on previous 

efforts  to describe shoreline variability by Smit et al. (2008), the CV al- 

lows long term datasets to be quickly  analysed and periods of transition 

to be identified. The results presented here show significant variability 

in beach morphology at PPT and PTN, with bar/rip systems dominating 

the low tide region. While there is fairly good agreement in the develop- 

ment and removal of such features between the two sites, of interest is
 

 

 
 

Fig. 15.  Surface plots showing Δz for January (13th)–January (30th) 2009, January (30th)–February 2009 and February–March 2009 for PTN (top row) and PPT (bottom row). Colours 

indicate regions of accretion (yellow/red) and erosion (blue). Contour lines show the subsequent morphology. CV values are provided in the top left  of the plots. (For interpretation of 

the references to colours in this figure legend, the reader is referred to the web version of this article.)
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the  lack of any clear trend in the  seasonal/annual morphological feed- 

back in response to the  seasonal signal  in the  wave  conditions. Instead 

the results suggest that large-scale beach change is dominated by a se- 

ries of storm events which serve  to redistribute material to the  lower 

beach. 

The  dominant  morphological response at  PTN and   PPT was 

characterised by rapid transitions towards increased 3D states in 

the  weeks/months following storm wave  conditions. These  events 

resulted in the  removal of material from  the  upper beach and  accu- 

mulation around the  low  water line. While  this response supports 

previous studies which have  shown a flattening of the  upper profile 

(Komar, 1985), here it was observed that the  low tide  bar/rip features 

remained present despite the  storm waves. As post-storm conditions 

lead  to  onshore directed transport during the  recovery phase, the 

weakly 3D shoreline promotes spatially variable deposition which acts 

to accelerate the  development of highly  3D morphology through posi- 

tive feedback (Castelle et al., 2010). However, continued onshore accre- 

tion eventually causes the initial bar/rip features to become increasingly 

smoothed through in-filling. These  periods of 2D transition were ob- 

served several times over the survey duration for PTN and PPT occurring 

over  a 3–4  month period. With large  storm events often  evident in 

March, the presence of such highly  3D beach states during the summer 

months is increased, supporting the  argument that their formation is 

primarily a response to  calmer accretionary conditions. The results 

presented support the  accretionary development of increased 3D mor- 

phology; however, it is also argued this that process is enhanced follow- 

ing  storm conditions. The removal of material from  the  mid/upper 

beach feeds  the  subtidal region which supplies material during the 

accretionary recovery phases. The results deviate from a “seasonal” con- 

cept of beach state, and  instead imply  storm event-driven response, 

where the  “seasonal” climate controls the  subsequent morphology. 

This conclusion is supported, for example, by the  distinctive bar/rip 

morphology which was  observed during December 2009  and  January 

2010  in response to energetic November wave  conditions, preceding a 

gradual straightening of the  shoreline (Fig. 12). 

By incorporating the  CV into  the  conceptual classification scheme 

proposed by Masselink et al. (2007) the distribution of 3D beach states 

can be expressed with reference to the relative tidal range (RTR) and the 

dimensionless fall velocity (Ω) (Fig. 16). The distribution of increased 

3D states is centred on the  medium energy boundary (Hs = 1.5–2  m), 

with more planar states present at the  more energetic/calmer regions. 

This supports the field observations where: (1) post  storm (energetic) 

conditions result in increased 3D morphology; and (2) calm conditions 

lead to infilling and  smoothing out of features resulting in reduced 3D. 

The “optimum” 3D states exist within a central threshold which requires 

“input” into  the  system through energetic events to re-distribute the 

sediment to the  lower beach. 

For both sites  defining a modal state is not  clear.  The sustained 

infilling of channels and  smoothing of the  beach which was  observed 

during the  3–4  month accretionary cycle  suggest a shift towards a 

more planar state. However, despite continued net accretion over  the 

three years  of surveys, intermittent storms have  led to increased 3D 

morphology. The balance between storm driven removal and  onshore 

accretion is maintained through episodic events. 

The difference in the beach settings is also pronounced and  reflects 

the  variability in the  morphology observed. PTN has a narrow low tide 

beach which is backed by steep cliffs and  exhibited strong periodicity 

in bar  development and  migration with defined channels extending 

from  the  cliffs. The central region of the  survey area  is more likely to 

be affected by the  flows  constrained by the  narrow upper beach,  how- 

ever, the  longshore area  displayed strong rhythmicity which suggests 

that the  proximity of the  intertidal geology may be important in con- 

trolling the  nearshore dynamics. 

The long-term (years) variability in bar behaviour and  orientation 

has been presented using  bar line detection of rectified Argus images 

at PTN and PPT. Overall, both systems exhibited medium-term stability 

(weeks–months) of attached nearshore bars.  PTN underwent greater 

variability of bar structure and  orientation with highly rhythmic cres- 

centic features dominating the system, whereas PPT was characterised 

by alongshore rhythmic attached bar behaviour. 

The key morphological behaviour during the survey period reflects a 

strongly storm driven system which is governed by sustained high- 

energy events. Subsequent morphological response exhibited highly 

3D recovery phases before seasonal wave  conditions dominated further 

evolution. Following the removal of material through storm conditions 

sediment deposition occurred between MLWS and  the  attached bar. 

Such processes resulted in more complex bar definition through the in- 

creased deposition in this region. These deposits then acted as sources 

for the  post storm onshore transport. This behaviour is comparable to 

observations in Almar et al. (2010) where crescentic horns developed 

under storm conditions as material (SPAWs; Shoreward Propagating 

Accretionary Wave) moved onshore while the  bar  moved offshore; 

however, the present study suggests that maximum 3D growth of trans- 

verse  bars  occurs during the recovery phase. Longer term trends in the 

cross-shore position of the outer break point of the  nearshore bars 

show a strong relationship to the intertidal volume. 

Despite the inherent complexities governing the response at each of 

the  sites, the  overall behaviour has been well characterised by Fig. 17: 

(1) offshore transport occurring under sustained large waves, supporting 

previous field observations (Larson and Kraus, 1994; Lee et al., 1998; Hill 

et  al., 2004; Castelle  et  al., 2007); and  (2)  followed by increased  3D 

morphology not observed in the present literature. The gradual infilling 

evolution then returns and  dominates resulting in  the  morphology 

becoming more 2D (Fig. 17). This trend was  observed at PTN and  PPT 

several times during the survey period. The rapid post-storm 3D growth 

is likely to reflect non-uniform wave  breaking of small  swell-dominated 

waves which promotes onshore transport. The antecedent morphology 

and  the  extent of the  storm event determine the  post storm low tide

 

 
 

Fig. 16. Conceptual classification of monthly beach states incorporating the relative tidal range (RTR) and dimensionless fall velocity (Ω), based on Masselink et al. (2007). In addition to the 

trends in wave forcing (yellow shading = calm wave conditions, blue shading = larger waves) the marker size reflects the relative 3D level derived using the CV (larger markers indicating 

more 3D intertidal morphology and smaller markers indicating more planar 2D conditions). (For interpretation of the references to colours in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 17. Schematic diagram of the beach and bar  response during and following a storm 

event. The  cycle occurs over a period of two–three months following a sustained large 

storm,  which sees material moved offshore to the subtidal bar (light shading) and 

returned to the intertidal (dark shading) region as the wave conditions decrease resulting 

in highly 3D  morphology. The  relative Hs   and  CV  are indicated on  the right with 

larger waves and increased 3D represented by wider columns. Antecedent morphology 

(planar/3D) dictates the extent of morphological response during the storm event and 

under post storm recovery phases. 

 
morphology, which in turn dictates subsequent onshore transport and 

deposition. This behaviour has been observed at these sites  however it 

is likely that similar sandy sites  exposed to large  waves and  macrotidal 

conditions may well respond in a similar manner. 

 
6. Conclusions 

 
This paper presents and  discusses a 3-year morphological dataset 

collected on two sandy beaches on the high wave-energy and macrotidal 

coast of north Cornwall which represents the  longest record of survey 

data  which has been collected within the  UK for these environments. 

The  dataset  comprises continuous directional offshore wave  data, 

monthly intertidal beach surveys and  daily  video  data.  The  three 

beaches experience a similar tidal  regime, but different levels  of wave 

exposure and  geological control. The key conclusions are: 
 

1.  Despite the  macrotidal setting, both beaches are  characterised by 

pronounced inter- and  subtidal bar morphology, and  can therefore 

be classified as intermediate beaches. This is confirmed by typical 

values for the  dimensionless fall velocity Ω and  relative tide  range 

RTR of 3–5 and  2–4, respectively. 

2.  All sites  experienced progressive intertidal accretion over the moni- 

toring period, but  significant monthly morphological variability is 

present. The envelope of morphological change increases from 

high  to low  tide level,  and  the beach with the  greatest overall 

morphological variability was  characterised by the  greatest geo- 

logical control. 

3.  Despite a seasonal variability in the  wave  forcing,  no corresponding 

seasonal variation in the  intertidal beach volume or inter- and  sub- 

tidal three-dimensional morphology is apparent. 

4.  An extended period of energetic wave  conditions (N 50 h) is required 

to generate significant shifts  in sediment and  changes in the  inter- 

and  sub-tidal bar  morphology. Any response is dependent on the 

antecedent morphology and  storm events. 

5.  A conceptual model of morphological change related to very energetic 

waves was identified, comprising three distinct phases: (1) offshore 

 
sediment transport from  the  inter- to the sub-tidal region and  a de- 

crease in three-dimensionality during the energetic wave  conditions 

which generally last up to several days; (2)  onshore sediment trans- 

port and increased three-dimensionality during the post-storm phase 

which can take up to a week; and  (3) continuing onshore sediment 

transport, as well as alongshore sediment redistribution, resulting in 

a smoothing of the three-dimensional morphology during extended 

(N weeks) calm conditions. 

6.  In comparison to micro- and  meso-tidal beaches exposed to similar 

wave  energy variability, the  studied beaches are characterised by 

long  relaxation times.  This  is  attributed to  the  combination  of 

a large  tidal  range and  a wide  and  low-gradient intertidal beach 

profile. 
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