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Highlights 

• Delft3D was used to investigate nearshore sediment transport dynamics  

• Sediment budgets and potential headland bypassing rates over multi-annual timescales 

are predicted 

• Bypassing sediment fluxes are episodic and can reach 104 m3 day-1 over high energy 

conditions 

• Hindcasted bypassing (103 – 105 m3 y-1) will affect coastal evolution over the decadal 

scale 

• Magnitude of sub-tidal bypassing indicates substantial interconnectivity between cells 

previously thought limited to cross-shore oscillations 
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Abstract  

Embayed beaches constitute a large proportion of the world’s rocky coastlines, but there is 

a paucity of studies focusing on the longshore sediment exchange between embayed beaches 

separated by rocky stretches of coast. Here, we investigate the nearshore sediment transport 

dynamics along a 15-km stretch of the embayed coastline of north Cornwall, SW England, 

using Delft3D. Numerical simulations (coupled wave and tide) are conducted to compute 

major circulation modes and sediment fluxes, including order of magnitude for sediment 

bypassing between bays, for a wide range of modal and extreme wave conditions. Results 

indicate that extreme events cause (i) multi-embayment circulation and mega-rip formation 

where an alongshore current is deflected offshore (0.7 m s-1 at > 20 m depth) in the down-

wave sectors, (ii) large bypassing rates (103– 104 m3 day-1 bypassing) and (iii) exchanges 

extending to depths that exceed the base of the headlands. Accretionary phases over 

moderate-high swell periods were associated with clockwise intra-embayment circulation 

with simulated currents inducing redistribution towards the south in the long embayments 

(> 103 m3 day-1 longshore). This circulation mode is combined with significant bypassing 

rates around the shallower and wider headlands (102 – 103 m3 day-1). Predictions of sediment 

fluxes along the lower shoreface are based on the correlation between the modelled sediment 

fluxes and offshore wave-conditions (r > 0.92), providing insights into the potential 

sediment budget over multi-annual timescales. Hindcasted yearly bypassing rates around 

the headlands range between 103 and 105 m3 y-1 under an assumption of unlimited sediment 

supply, with the bulk of the transport occurring mainly during high energy events. Hence, 

the magnitude of the computed potential sediment fluxes presented here has implications 

for coastal evolution at longer timescales (>10 years), especially along sediment-starved 

coastlines.  
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1. Introduction 

Embayed beaches constitute a large proportion of the world’s rocky coastlines. Highly 

embayed beaches are often considered closed cells with the prominent headlands acting as 

barriers to littoral drift, such that sediment transport into and/or out of adjacent cells is 

insignificant. Consequently, there is a paucity of studies focusing on the longshore sediment 

exchange between embayed beaches separated by neighbouring rocky stretches of coast. 

Nevertheless, recent studies on sandy beaches show that important sediment transport 

pathways offshore and/or beyond the headlands may occur under particular conditions 

(Short, 2010; Aagaard, 2011; Goodwin et al., 2013; George et al., 2018; McCarroll et al., 

2018; Vieira da Silva et al., 2018; King et al., 2019; Valiente et al., 2019a).  

The physical coupling between the beach and the inner shelf is of major interest to coastal 

researchers, but key processes are still poorly resolved as this coupling is generally 

considered relatively limited. Recent observational studies of beach storm response and 

evolution emphasize that substantial transport occurs to large depths (George et al., 2018; 

Valiente et al., 2019b; McCarroll et al., 2019). Niedoroda and Swift (1981) showed that 

sediment may be permanently lost to the inner shelf during storms. Later, Wright et al. (1995) 

studied the surf zone processes connected to the inner shelf from a morphodynamic point of 

view, finding that part of the infragravity oscillations contributing to cross-shore transport 

and reaching the inner shelf area were originated in the surf zone. More recent studies of 

mega-rips and beach response to extreme storm events along embayed coastlines also point 

in this direction (Gallop et al, 2011; Loureiro et al., 2012; Castelle and Coco, 2013), revealing 

that a significant amount of sediment can be ejected outside the surf zone mainly due to the 

presence of mega-rips (Short, 2010; Castelle and Coco, 2013; McCarroll et al., 2016), and 

between adjacent beaches through headland bypassing (Duarte et al., 2014; McCarroll et al., 

2018; Vieira da Silva et al., 2018). Short (1985) defined mega-rips as large‐scale erosional 

rips which can reach up to 1 km offshore and occur when the headland\embayment 

topography forces wave refraction and surf zone longshore gradients. Moreover, largest 

alongshore sediment fluxes occur during large oblique waves (McCarroll et al., 2019). Along 

rocky coastlines, sediment transport may be disrupted and/or altered by the regional 

topography (e.g., embayment and headland configuration) introducing complexity in the 

general transport patterns that needs to be better understood. 

For embayed coastlines, bypassing and embayment-scale cellular circulation involving 

mega-rips (Castelle et al., 2016) are the main mechanisms responsible for sediment exchange 
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between embayments and neighbouring areas. Based on observations, Gallop et al. (2011) 

and Loureiro et al. (2012) linked morphological change with embayment-scale circulation 

(rip and mega-rip formation) on several embayments of varying size and orientation. 

Additionally, Castelle and Coco (2013) studied the role of embayment morphometry in 

governing ejection outside the surf zone using simulations of passive tracers. They showed 

that the surf zone of embayed beaches systematically flushes out more floating material than 

on open beaches, with most exits occurring through the headland rips, and provided retention 

rates (in percentage) for varying beach length and constant headland length. More recent 

studies were more focused on the driving forces for sediment bypass around natural 

headlands. Vieira da Silva et al. (2018) investigated the influence of wind and waves on 

headland bypass whereas McCarroll et al. (2018) studied the role of embayment-scale 

circulation modes inducing bypass. 

Sand bypassing rates are often predicted using simple analytical solutions such as one-

line models on straight shorelines (Ab Razak et al., 2013; Brown et al., 2016). More 

sophisticated approaches include 2D and 3D process-based numerical modelling that is able 

to simulate horizontal and vertical currents. McCarroll et al. (2018) first introduced a site-

specific bypass parameter for a multi-year period based on modelled sand bypassing rates on 

a single headland. A recent study by George et al. (2019) examined the impact of idealised 

headlands of varying size and shape on rates of headland bypass and determined that 

longshore sediment fluxes around headlands are mainly determined by the degree of 

blockage. However, despite these later efforts, prediction of sediment bypass in embayed 

beaches of different geometry and complex circulation remains poorly resolved.  

A quantitative understanding of sediment pathways in littoral cells is fundamental when 

investigating beach response and evolution along embayed coastlines (Komar, 1998; Rosati, 

2006; Thom et al., 2018). For closed cells, coastal changes need only be attributed to a 

redistribution of the sediment within the embayment, but for open or leaky cells, sediment 

exchanges within a larger area, including neighbouring embayments, need to be considered. 

Balances and imbalances between incoming and outgoing sediment fluxes encompassing 

several embayments, even when open, can ultimately provide essential information on the 

major sediment transport pathways, as well as help to derive sediment budgets within the 

inter-connected cells. Valiente et al. (2019b) followed a total sediment budget approach based 

on morphological observations in an embayed beach in SW England concluding that, despite 

the deeply embayed nature of the beach, the system was open. The approach allowed 
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quantification of sediment gains and losses; however, the understanding of the system was 

incomplete as it lacked information on the directional sediment fluxes.  

The aim of this study is to determine sediment transport pathways between embayments 

on a high-energy coastline, providing order of magnitude estimates for potential bypassing 

rates between sediment compartments, across event to multi-annual timescales. Following 

the observational study conducted by Valiente et al. (2019b), variable local factors (wave 

exposure and sheltering, headland bypassing and embayment scale circulation) influencing 

the inter-annual sediment transport dynamics for 15 km of the macrotidal, exposed and 

embayed coastline of north Cornwall, SW England, are investigated using numerical 

simulations. A description of the study area is presented in Section 2. Section 3 describes the 

observational dataset used for calibration and validation purposes, model set up and selected 

modelled scenarios. Model results including major sediment pathways and fluxes are 

outlined in Section 4. Section 5.1 introduces the main mechanisms for redistributing material 

on the lower shoreface. Sediment exchange between the different embayments is 

reconstructed over multi-annual timescales and potential sediment budgets are provided in 

Section 5.2. Finally, conclusions are presented in Section 6. 

2. Study area 

The study encompasses a 15 km-long section of the macrotidal, exposed and embayed 

coastline of north Cornwall from Chapel Porth (Chapel) to Holywell (Holy) (Figure 1). This 

stretch of coast includes five sandy beaches delineated by sharp headlands of diverse 

morphometric characteristic (Figure 1e) that alternate with rocky sediment-free areas backed 

by cliffs 50 – 90 m high. The beaches are characterised by a wide low-gradient (mean bed 

slope ranging 0.018 – 0.021) sandy platform facing W with a slight rotation in the south to 

the NW (280° – 290°). The beaches are composed of medium sand with a median grain size 

(D50) of 0.30 – 0.40 mm. St. Agnes (St. Ag) is the exception, facing N, with shorter length 

and coarser sand than the other embayments. For Perranporth (PPT), D50 attains a relatively 

constant value (0.33 mm) up to 20 – 26 m depth Ordnance Datum Newlyn (ODN; 

approximately -0.3 m MSL) (Valiente et al., 2019a), which is inferred as the base of the active 

profile. This coastline is considered cross-shore dominated with the onshore-offshore point 

of sediment transfer (i.e., the pivot point between erosion and accretion) between the upper 

shoreface and the shallow sub-tidal at 5 to 7 m depth relative to ODN (Valiente et al., 2019b). 

Isolated rocks are present around the apex of most of the headlands at depths of 5 – 10 m 

ODN. Sand is visible around these rocks in aerial imagery (McCarroll et al., 2018) and 
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smooth contours inferred to be sand are found off most of the studied headlands at depths 

between -17 and -26 m ODN (Valiente et al., 2019a). The averaged morphological depth of 

closure (DoC) along this stretch of coast determined from morphological observations is c. 

15 m depth ODN (Valiente et al., 2019a), and the averaged maximum depth of transport 

computed using tide- and wave-induced bed shear stresses during extreme conditions is c. 25 

– 28 m depth relative to ODN (Valiente et al., 2019a), consistent with the active profile depth 

determined from grain size. 

This coastline is characterized by energetic waves from the W and WNW (Figure 1b) as 

a result of a combination of Atlantic swell and local wind waves. Annual average significant 

wave height (Hs) is 1.6 m and peak period (Tp) is 10 – 11 s (Figure 1c). A strong seasonality 

in the wave climate exists with monthly average Hs ranging from 1.2 m (summer) to 2.3 m 

(winter), and extreme wave heights can exceed Hs = 8 m and Tp = 19 s. The tidal regime is 

semi-diurnal and macrotidal with a mean spring and neap tidal range of 6.3 m and 2.7 m, 

respectively (Masselink et al., 2014; Scott et al., 2016). Maximum ebb and flood velocity 

ranges from 0.1 to 0.4 m s-1 at depths between 10 and 30 m with the tidal flows predominantly 

parallel to the shoreline, and with speeds significantly increasing around the headlands (c. 

0.7 m s-1 during spring tides; Valiente et al., 2019a). The strong flood-ebb asymmetry in the 

current magnitude during a tidal cycle results in a northward residual current along the coast 

of 0.05 – 0.2 m s-1 (McCarroll et al., 2018). 
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Figure 1. (a) Delft3D model grid and transects used for the analysis (thick solid lines). Red 

dots indicate UK MetOffice Wave Watch III 8 km (WW3) model nodes used as wave input 

and green dots represent Forecasting Ocean Assimilation Model Shelf Seas Atlantic Margin 

Model 7 km (FOAM-AMM7) hydrodynamic nodes provided by Copernicus Marine 

Environment Monitoring Service (CMEMS, 2017). Grid nodes are plotted every 2 points in 

each direction for clarity. Location A was used for examining boundary conditions for 

simulated sample cases. (b) Wave rose and (c) joint probability for Perranporth using 11 

years of wave buoy data (DWR). (d) Physical context of the study site and instrument 

positions (squares). Instrument name refers to the location and mooring depth relative ODN, 

respectively, e.g., AS20 was the ADCP deployed in the south of the bay at 20 m water depth. 

(e) Oblique Google Earth image of headlands and embayments. 
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Timeseries of the monthly averaged temperature profiles and mixed layer depths 

obtained from the CMEMS North-West shelf reanalysis product (Tonani, 2019) indicate that 

the water column in this area can be considered generally fully mixed over the year. Data is 

extracted from the ocean physics reanalysis of the North-West European Shelf produced 

using the Met Office Forecasting Ocean Assimilation Model with a horizontal resolution of 

7km (see O’Dea 2012, 2017 for the details). The reanalysis system assimilates satellite and 

in-situ Sea Surface Temperature (SST), and in situ temperature and salinity profiles (Tonani, 

2019). The ocean mixed layer represents up to 90% – 100% of the total water column, with 

differences between surface and bottom temperature < 0.1⁰C (Figure 2). 

 

Figure 2. Time series of monthly average water column temperature and percentage of ocean 

mixed layer (MLD) at 40 m depth over 2017. The ocean mixed layer depth is defined by 

density as per Kara et al. (2000). Data corresponds to the ocean physics reanalysis for the 

North-West European Shelf (CMEMS, 2017) produced using an ocean assimilation model 

(NEMO; Madec et al., 2016) and a modified version of NEMOVar data assimilation code 

(Mogensen et al., 2012). The reanalysis system assimilates satellite and in-situ Sea Surface 

Temperature (SST) and in situ temperature and salinity profiles (Tonani, 2019). Zoomed-in 

location of the ocean reanalysis node is shown in the inset. 

3. Materials and Methods  

3.1 Waves, water levels and current observations 

Waves, currents and water levels were measured using three 600 kHz RDI WorkHorse 

Monitor Acoustic Doppler Current Profilers (ADCPs) deployed for 2 – 3 months in summer 

2016 (AN17 and AN25) and winter 2016/17 (AS20, AN20 and AN27) off the two headlands 

delineating Perranporth beach in 15 – 30 m depth relative to ODN (Figure 1d). Two ADCPs 



 

Personal copy confidential manuscript, Marine Geology 

 

9 

 

located shore-normal to the apex of the northern headland (same transect, 475 m apart) were 

moored during summer and winter periods with an extra ADCP located perpendicular to the 

southern headland during winter. Waves were also observed by a directional wave buoy 

(DWR, Figure 1d) located in 20 m depth that recorded every 30-min. Currents were ensemble 

averaged at 5-min intervals using 90 pings per averaged ensemble per current profile at 0.33 

Hz (over 270 s). The waves measured by the ADCPs were recorded every 2 h using 20-min 

bursts at 2 Hz (2400 samples). Current observations were post-processed and cleaned prior 

to sample averaging to avoid overestimation due to frequent spikes. Surface spikes were 

removed applying the Return Signal Strength Indicator (RSSI) for spike detection, which 

conducts a cut-off in the velocity profile where the threshold in the RSSI is exceeded. 

Remaining spikes were cleaned using the phase-space thresholding method by Goring and 

Nikora (2003). The time series was then reconstructed using a cubic polynomial. Wave and 

current observations were used to calibrate and validate the numerical model Delft3D. The 

currents were vertically-averaged using all bins over the water column and smoothed using 

a 30-min moving average filter. A comparison between averaged modelled currents and 

observed bottom bin currents revealed minimum differences between the two (< 0.05 m s-1). 

Hence, the use of depth-averaged currents was considered appropriate for validation 

purposes.  

3.2 Numerical model setup 

The process-based numerical model Delft3D (Roelvink and van Banning (1994); Booij et 

al., 1999) was used for wave transformation (WAVE), and computation of wave and tide 

induced flows (FLOW). The FLOW module solves the 3D water equations and the WAVE 

module includes the wave propagation, dissipation, generation by wind and non-linear wave-

wave interactions. Delft3D was run in 2D (i.e. depth averaged) and online-coupled mode (i.e. 

two-way wave-current interaction).  

3.2.1 Model forcing datasets 

Time series of waves, vertically averaged currents and water level were used as model 

forcing. Hourly bulk parameters of wave characteristics (Hs, Tp, Dir, and directional spread) 

from the UK MetOffice Wave Watch III 8 km (WW3) model nodes were linearly interpolated 

at intervals to the WAVE model boundaries. Hourly water level and current time series 

(vertically-averaged) were extracted from the Forecasting Ocean Assimilation Model Shelf 

Seas Atlantic Margin Model 7 km (FOAM-AMM7). Equally to the wave forcing, current and 
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water level forcing conditions were linearly interpolated to the boundaries of the FLOW model. 

Both wave and hydrodynamic model datasets were generated by UK MetOffice and provided 

by Copernicus Marine Environment Monitoring Service (CMEMS, 2017). 

Atmospheric pressure forcing conditions (6-hourly) were obtained from the National 

Oceanic and Atmospheric Administration (NOAA) Climate Forecast System Version 2 

(CFSv2) at 0.5° resolution. 6-hourly wind forcing data was obtained from the L4 dataset 

CERSAT Global ocean blended wind dataset at 0.25° resolution produced by IFREMER and 

distributed by the CMEMS Ocean and Sea Ice Thematic Assembly Centre (OSI TAC). Wind 

and pressure forcing data were linearly interpolated and presented in a spatially-varying 

separate grid. 

3.2.2 Bathymetry and model domain 

The high-resolution initial bathymetry was created by combining a multimethod 

morphological dataset for the year 2011. This bathymetry was constructed by merging Light 

Detection And Ranging (LiDAR), RTK-GPS aided single-beam survey and multi-beam 

bathymetry provided by the United Kingdom Hydrographic Office. A 2-m spatial resolution 

digital elevation model (DEM) was generated for the entire stretch of coast using Loess (Plant 

et al., 2002) and natural neighbor (Sibson, 1981) interpolation functions. The DEM was 

referenced to ODN and corrected to MSL. Due to the resolution of the hydrodynamic forcing 

conditions (7 km), a transition zone with a smoother bathymetry was implemented to eliminate 

an inaccurate strong coastal current induced at the cross-shore boundaries. Additionally, a 2-D 

Gaussian smoothing filter with standard deviation of 2 was exclusively applied along 400 m 

extent at lateral (alongshore) ends of the domain. The model domain was large enough to 

maintain the transition zones far from the area of study. 

The model domain encompasses Perranporth beach and adjacent embayments using two 

orthogonal curvilinear grids (Figure 1a) generated using conformal mapping methods as in 

Bruciaferri et al. (2019) with an extent of 15 km by 10 km and a space-varying resolution that 

ranges from 300 m offshore to < 20 m near the coast. These grids are designed to follow the 

primary morphological features along the study coastline such as headlands and bays, while 

being able to resolve the coastline with higher resolution. The WAVE grid has a 2-grid cell 

(0.36 km) halo at the boundaries of the FLOW grid. Sensitivity analysis of this final setup was 

performed against a WAVE grid with a halo extension of c. 4.5 km (25-grid cells) at each 



 

Personal copy confidential manuscript, Marine Geology 

 

11 

 

boundary (not shown) and simulations showed equal performance of the two implementations, 

discarding the necessity to extend the wave domain more than 2-grid cells.  

3.2.3 Wave model 

The third-generation spectral wave model SWAN (Booij et al., 1999), packaged within 

Delft3D as WAVE, was used to transform wave conditions from offshore to inshore. This 

model accounts for wind growth, dissipation processes and wave-wave interactions. The 

dissipation mechanisms considered were bottom friction (with JONSWAP friction coefficient 

of 0.067 m2 s-2), refraction, whitecapping (Komen et al., 1984) and depth-induced breaking 

(with ratio of maximum individual wave height over depth equal to 0.7; Luijendijk et al., 

2017). Non-linear wave-wave interactions were also considered. Bulk parameters of wave 

characteristics (Hs, Tp, Dir, and directional spread) from UK MetOffice Wave Watch III 8 km 

(WW3) were used as forcing conditions and WAVE was run in stationary mode. 

3.2.4 Flow model 

Flow and sediment transport computations were conducted using the FLOW module. The 

FLOW model was implemented in 2DH, solving the depth-averaged shallow water equations, 

and run in hydrostatic mode. Previous coastal studies of similar spatial scale on energetic sandy 

coastlines (e.g., Luijendijk et al., 2017) have demonstrated that Delf3D run in 2D mode is able 

to accurately reproduce hydrodynamic behaviour over multi-annual timescales. Other 

modelling approaches encompassing larger areas of this coast have also shown good 

replicability of observed hydrodynamic processes (Holt et al., 2001; Bricheno et al., 2015; 

Lyddon et al., 2018). Additionally, King et al. (2019) studied major sand transport pathways 

on the SW continental shelf, demonstrating that qualitatively the spatial pattern of net sand 

transport remained the same after the addition of multiple sigma levels (vertical layers based 

on a proportion of the depth), i.e., after implementing a 3D model. Consequently, depth‐

averaged hydrodynamics were considered adequate for this study as sediment fluxes to larger 

depths will be almost entirely driven by the relatively depth-uniform rip cell circulation that 

the model in 2D mode is able to reproduce. More details on model design rationale and 

limitations are presented in Section 3.2.5.  

Several methods for open boundary conditions can be implemented for nested modelling 

on Delft3D. Although traditionally it is recommended to use different boundary conditions for 

coastal models (Deltares, 2014), it is well known that undesired boundary effects can still 

remain (Qinghua Ye et al., 2011). After several sensitivity analyses using Neumann and water 
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level as cross-shore boundary conditions, the optimal forcing configuration was determined as 

water level time series at two open boundaries (offshore NW and cross-shore NE) and current 

time series at the inflow open boundary (cross-shore SW). Additionally, several test cases with 

a range of boundary reflection parameter Alfa values (10 – 200) were set up to assess the best 

performance. Alfa specifies the amount by which the open boundary is less reflective for short 

wave disturbances that propagate towards the boundary from inside the model and for macro-

tidal environments is recommended a value of 50 or 100 (Deltares manual, page 46). A final 

Alfa value of 50 showed the best performance.  

Following Luijendijk et al. (2017), bed‐load and suspended‐load (both current‐ and wave‐

related) sand transport rates were computed using the TRANSPOR2004 transport formulation 

(van Rijn, 2007a, 2007b) with uniform sediment size of 0.33 mm (Prodger et al., 2017) and 

unlimited sediment availability on areas defined by the sdb file. The FLOW model was run 

using a 0.05-min time-step to avoid large Courant number values during the simulated periods 

with extreme wave conditions. The MORPHO module was turned on with update off and 

transport model settings employed in the model runs were extracted from similar studies (Table 

1).  

Table 1. Delft3D model settings. 

Module Parameter Value/Setting Comment 

Hydrodynamics 
Boundaries 

cross-shore SW – 

current 

Offshore – WL 

cross-shore NE – WL 

Different combinations for the cross-

shore boundaries (e.g., Neumann) 

were tested. 

Reflection 50 Test from 10 to 200. 

Transport 

Formulation Van Rijn (2007b) 
‘TRANSPOOR2004’, as per 

Luijendijk et al. (2017). 

D50 0.33 mm As per Prodger et al. (2016) 

Transport 

multipliers 

Sus (1.4), Bed (0.8), 

SusW (0.3), BedW 

(0.3) 

Suspended and bed transport 

multipliers for currents (Sus, Bed) 

and waves (SusW, BedW). As per 

Grunnet et al. (2004). 

Morphology 

Update Off - 

CaMax 0.05 Limiters to avoid unrealistic 

suspended sediment transport fluxes. 

As per Elias (2018). 
DzMax 0.05 

 

3.2.5 Model limitations 

Delft3D has been successfully used in a depth‐averaged form in studies of wave‐current 

interactions and sediment transport on the inner continental shelf (Hansen et al., 2013; Hopkins 

et al., 2015; Ridderinkhof et al., 2016; Luijendijk et al., 2017; King et al., 2019). The influence 
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of water column stratification in the circulation pathways of the study area can be considered 

minor as vertically mixed conditions are being maintained all year (refer to Figure 2; e.g., 

Sharples et al., 2013). Additionally, this stretch of coastline does not include any estuary nor 

any important effluent that may cause stratification of the water column. 

 Processes such offshore (bed return flow) and onshore (wave asymmetry) cross-shore 

fluxes are poorly resolved in a depth-averaged model, limiting cross-shore sediment transport 

to the relatively depth-uniform rip circulation driven by longshore morphological variations 

in the bathymetry (Bakhtyar et al., 2016). However, it is emphasized that the main focus of 

this research is on the sediment transport along the lower shoreface, in which Delft3D in 2D-

mode has been shown to be effective (Hsu et al., 2006; Luijendijk et al., 2017) and 

comparable to a 3D model (Huisman et al., 2018; King et al., 2019). Parameters such SUSW 

(suspended transport due to waves) can be tuned to avoid overestimation of cross-shore 

fluxes in 2DH (e.g., Van Rijn et al., 2004; Giardino et al., 2011) and in this study the SUSW 

parameter was therefore set to 30% (Table 1) as per Luijendijk et al. (2017). In order to assess 

model limitations and assumptions, an additional 3D test using 10 sigma levels was run only 

for the first week of January 2014. The 3D test followed the same setup as the 2DH test.  

Other model assumptions include uniform sediment size (averaged D50 = 0.3 mm) and 

unlimited sediment supply; thus, resulting sediment budgets must be considered exploratory in 

nature as the predicted rates of sediment fluxes disregard areas of different sediment size and 

periods with sediment deficit. It is also noted that the use of different sediment transport 

formulations can provide very different results and, as actual sediment fluxes measurement 

were lacking, the widely applied sediment transport formulation TRANSPOOR2004 (Van Rijn; 

2007b) was used here.  

3.2.6 Model calibration and validation 

Model output was calibrated against four points of observations of wave statistics (DWR, 

AS20, AN20 and AN27), and three of water level and flow velocity and direction (AS20, 

AN20 and AN27) for March 2017 (refer to Figure 1d for locations). The model performance 

was then optimised for the calibration period and then validated against a total of two months 

observations covering a wide range of summer and winter wave hydrodynamic conditions. 

Summer and winter validation periods were August 2016 and February 2017, respectively. 

Model skill was evaluated using root-mean square error (RMSE), mean absolute error (MAE), 

bias and coefficient of determination (R2). Bias was normalised relative to the observed 
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mean, so that the systematic error of the model was expressed in terms of the background 

observed sample climate. 

3.3. Modelled scenarios 

Computational requirements for a 8-year period (2011 – 2018) are excessive; therefore, 

we opted for shorter model runs (Figure 3a-dashed boxes) covering a wide range of 

representative wave conditions, namely Hs = 0.1 – 8 m, Tp = 4 – 20 s and Dir = 260 – 360o 

(Figure 3e) over different tidal ranges (neap to spring tides, Figure 3f). Frequency distributions 

of the wave statistics and water-level conditions for the selected model simulations are shown 

in Figure 3b–d. To facilitate visual comparison with the complete hindcast model forcing time 

series encompassing 2011 – 2018, the simulated cases are presented using a fitted distribution. 

Representativeness of the selected periods is demonstrated as all variables follow the 

distribution of the complete time series (Figure 3b–d). Model simulations were performed over 

a total of 6 months: (i) a 2-month period over a characteristic summer (2016); (ii) a c. 3-month 

period over winter (2016/17), with both periods also used for validation; and (iii) an extra 1-

month of exceptional extreme energy conditions, January 2014 (Hs ~ 8 m; Masselink et al., 

2016a,b). 
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Figure 3. (a) 8-year time series of significant wave height Hs (30-min and 4-week running 

mean) and wave power Po (Herbich, 2000). Normalised probability of occurrence for Hs (b), 

wave direction Dir (c) and water level WL (d) based on the complete hindcast from 2011 – 

2018, compared to distribution of the selected cases for model runs (dashed boxes in a). (e, 

f) Distribution of selected cases for the combinations of Po, wave direction (Dir) and water 

level (WL). Red and grey dots represent selected cases and total hindcast, respectively. All 

variables correspond to the CMEMS nodes located at the centre of the offshore boundary of 

the model domain (Location A, Figure 1a). 
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3.4 Transects for transport fluxes integration 

Six transects (refer to Figure 1a) extending from the headland apex to > 35 m ODN were 

used to compute sediment transport rates between bays. Transects were located at the primary 

headlands and drawn perpendicular to the headland apex. Sediment fluxes (sum of bed-load 

and suspended-load) were integrated over each transect (Qbypass) for different range of depths: 

< 6 m, 6 – 15 m, 15 – 25 m and > 25 m water depth ODN. Alongshore sediment fluxes were 

also computed across one extra profile located on the middle of Perranporth beach. Longshore 

drift direction was calculated with respect to the transect orientation in order to discern between 

inflows and outflows in/out of the different embayments, with positive (negative) values 

indicating northward (southward) flux.  

4 Results 

4.1 Calibration and validation 

WAVE output over the validation period is compared with observations in Figure 4. Visual 

inspection indicates that the model correctly reproduced the experienced wave conditions. The 

model satisfactorily replicated wave height (averaged model skill values for all locations were 

RMSE = 0.40 m, MAE = 0.29 m, R2 = 0.79 and bias = 0.05; Table 2) for both summer and 

winter validation periods. The peak period prediction was good (average model validation 

coefficients for all locations were RMSE = 2.1 s, MAE = 1.3 s, R2 = 0.65 and bias = 0.01; 

Table 2), with poorer correlations during short periods (Tp < 10 s; Figure 4) when wave period 

was overestimated. Modelled wave direction oscillated around the prevailing direction (~280°) 

and showed little long-term variation (maximum bias = 0.12), therefore R2 showed poor 

correlations and is not the best indicator of model performance. RMSE and MAE are better 

indicators in this instance with values for wave direction oscillating between 9 – 17° and 9 

– 11°, respectively; values comparable to those found in similar studies (Vieira da Silva et al., 

2016; McCarroll et al., 2018). 
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Figure 4. Wave ADCP observations at AN20 and AS20 compared with Delft3D model 

output. From top to bottom: significant wave height (Hs), peak period (Tp), and mean 

direction (Dirmean). Zoomed-in locations of the ADCPs are presented in the small top panels; 

cf. Figure 1d for large-scale setting of the ADCP locations. 

Observed and modelled FLOW output over a month of simulations encompassing two 

neap and two spring periods are presented in Figure 5 and 6. Overall, water level and flow 

simulations reproduced the observations well. For the northward headland (AN20 and AN27), 

a residual current of 0.05 and 0.25 m s-1 (U; Figure 5d,h) was observed during neap and spring 

tides, respectively. The flow was mainly explained by the alongshore component (v, northward 

current) (Figure 5b,f), with minimal cross-shore flows (u, eastward current) (Figure 5c,g). 

Conversely, AS20 deployed off the southern headland showed a velocity signal that is 

explained c. 60% by the cross-shore component (-0.4 – 0.5 m s-1, Figure 6d) and, although the 

model is able to reproduce the cross-shore signal qualitatively (refer to Figure 6a), the cross-

shore flow is underestimated during neap tides and overestimated during spring tides (Figure 

6d).  
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Figure 5. (a) Water level (WL) and flow observations at ADCPs AN27 (a – e) and AN20 (f 

– i) compared with Delft3D model output over February 2017. Flow observations include: 

(b, f) northward current component (v), (c, g) eastward current component (u), (d, h) flow 

speed (U) and (e, i) direction (current dir.). Flow variables are 30-min averages whereas WL 

is 2-hourly. Flow observations include average currents using all bins (obs.), average currents 

over the middle bins (obs. – middle bins) and bottom currents (obs. – bottom bin). Low-pass 

flow speed has a 25-h cut-off Fourier transform filter applied. For reference, observed 

significant wave height at AN27 (orange line in top panel) is presented. Zoomed-in locations 

of the ADCPs are shown in the small top panel; cf. Figure 1d for large-scale setting of the 

ADCP locations. 
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Figure 6. (a) Flow based on observations (black) and model output (red) for a representative 

tidal cycle at the ADCPs locations. Observations compared with Delf3D model output over 

February 2017 for (b) water level (WL), (c) northward current component (u), (d) eastward 

current component (v), and (e) direction at ADCP AS20. Flow variables are 30-min averages 

whereas WL is 2-hourly. Flow observations include average currents using all bins (obs.), 

average currents over the middle bins (obs. – middle bins) and bottom currents (obs. – bottom 

bin). Low-pass flow speed has a 25-h cut-off Fourier transform filter applied. For reference, 

observed significant wave height at AS20 (orange line in right top panel) is presented. 

Zoomed-in location of the ADCP is shown in the small top panel; cf. Figure 1d for large-

scale setting of the ADCP location. 

Water level prediction was excellent (averaged RMSE = 0.20 m, averaged MAE = 0.11 m, 

averaged R2 = 0.97 and averaged bias = 0.02; Table 2), and current velocity and direction were 

accurately modelled for the northern ADCPs (averaged RMSE = 0.07 m s-1 and 51°; averaged 

R2 = 0.5 and 0.66, respectively; Table 2). The large RMSE value for direction is related to a 

time offset in the tidal directional change, such that for short periods the direction is off by 

~180°. Skill values showed a better model performance reproducing currents where the flow 

was primarily alongshore with minimal cross-shore currents (instruments perpendicular to the 

northern headland; AN18, AN20, AN26 and AN27). Consequently, velocity magnitude at the 

AS20 location, where the cross-shore signal was under- or overpredicted, was not well 

reproduced by the model but this should not represent major differences when computing 

fluxes between the different bays as the longshore component is well reproduced. The flow at 

AS20 presented RMSE values similar to the rest of validation points (RMSE = 0.09 and MAE 
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= 0.07 m s-1; Table 2), but it showed weak correlation (R2 = 0.34; Table 2). Overall, the model 

performance is considered good at predicting wave and hydrodynamic conditions. 

Table 2. Model validation coefficients. 

 Model Variable Location RMSE MAE R2 Bias 

Summer 

2016 

WAVE 

Significant wave 

height (m) 

AN26 0.32 0.25 0.76 0.03 

AN18 0.31 0.24 0.76 <0.01 

Buoy 0.32 0.24 0.77 <0.01 

Peak period (s) 

AN26 1.5 0.95 0.50 0.01 

AN18 1.44 0.94 0.53 0.01 

Buoy 1.62 1.05 0.51 0.02 

Mean direction (deg.) 
AN26 9.12 8.55 0.09 0.12 

AN18 11.73 9.05 0.03 <-0.01 

FLOW 

Water level (m) 
AN26 0.25 0.15 0.97 0.01 

AN18 0.24 0.16 0.97 0.01 

Flow speed (m/s) 
AN26 0.06 0.04 0.59 <0.01 

AN18 0.05 0.04 0.58 <0.01 

Flow direction (deg.) 
AN26 41 25.84 0.77 0.38 

AN18 44 27.52 0.70 0.4 

Winter 

2017 

WAVE 

Significant wave 

height (m) 

AN27 0.48 0.36 0.7 0.04 

AN20 0.46 0.34 0.81 0.05 

AS20 0.48 0.36 0.74 0.09 

Buoy 0.47 0.35 0.81 0.09 

Peak period (s) 

AN27 2.83 2.03 0.27 0.01 

AN20 2.12 1.43 0.51 0.01 

AS20 2.22 1.49 0.50 0.02 

Buoy 2.01 1.34 0.58 0.02 

Mean direction (deg.) 

AN27 17.13 11.84 0.44 <0.01 

AN20 10.91 8.04 0.76 <0.01 

AS20 17.31 11.93 0.76 <0.01 

FLOW 

Water level (m) 

AN27 0.16 0.11 0.97 0.04 

AN20 0.13 0.09 0.97 <0.01 

AS20 0.13 0.09 0.98 <0.01 

Flow speed (m/s) 

AN27 0.07 0.05 0.59 <0.01 

AN20 0.09 0.07 0.52 <0.01 

AS20 0.09 0.07 0.34 0.04 

Flow direction (deg.) 

AN27 48.49 34.84 0.63 0.39 

AN20 69.00 52.54 0.66 0.35 

AS20 73.53 61.8 0.44 0.82 
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An additional comparative test using a 3D model setup was run over 1-week of January 

2014. Bed shear stress and total sediment transport including both suspended and bedload 

fluxes were computed over conditions of maximum stress when differences between a 2DH 

and a 3D model approach are expected to be greater. Results showed that both models produced 

a bed shear stress distribution (Figure 7a,b) with: (i) the largest shear stress (> 7 N m-2, 

northward) along a confined narrow band at the coast (landward of 20 m depth); and (ii) a 

significant bed shear stress decay (< 0.75 N m-2) beyond the 25 – 30 m isobaths. The addition 

of sigma layers enhances the bed shear stress with a larger relative increase offshore within a 

factor of two. These differences are likely to be related with the lack of representation of some 

effects of wave-current interaction and the parameterization of turbulence due to wave breaking 

and bottom friction in 2DH mode (King et al., 2019). Despite these discrepancies, total 

sediment fluxes predicted by both models were of the same order (c. 10-4 m3 s-1 m-1) and 

followed the same pattern (Figure 7c,d). A fully 3D approach may produce differences in flux 

rates within a factor of two, which for our purposes is considered insignificant, as we are 

exploring order of magnitude scale response. Thus, the use of a depth-averaged model was 

considered appropriate for this particular study.  
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Figure 7. Bed shear stress and time series of total fluxes computed using a 2DH and a 3D 

model during high energy conditions. (a, b) Bed shear stresses are time-averaged over 12.5 

h of storm Hercules, 2013/14 winter. (c, d) Time series of total fluxes include both suspended 

and bedload sediment transport. For reference, locations A and B for time series of sediment 

fluxes are included in (a). 

4.2 Numerically modelled circulation  

Simulations of coupled wave-driven and tidal currents (tide-averaged) are presented in 

Figure 8 to aid in the interpretation of sediment flux pathways over three embayment-scale 

circulation modes: moderate-high waves from the W; moderate-high waves from WNW; and 

extreme waves from W – WNW. The major components of circulation along this coastline 

include: (i) dominant northward residual tidal current in the vicinity of most of the headlands, 

(ii) northward current in the offshore region (> 15 m), and (iii) southward current in the shallow 
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nearshore (< 15 m) within the embayment as a result of the (iv) embayment-scale circulation. 

For shorter embayments, the clockwise circulation is cellular (strong headland control, one 

circulation cell fills the embayment), while for longer embayments, the circulation is 

intermediate (moderate headland control, several rip cells may be present along the 

embayment; Short and Masselink, 1999). For moderate-high wave forcing (Hs ~ 4 m) from the 

W (Dir ~ 270°; Figure 9a, d), clockwise embayment-scale circulation dominates in all the 

embayments (except St. Agnes). A narrow and strong northward (1 m s-1) current is generated 

by oblique wave breaking near the headlands. The northward current is diverted offshore in the 

south of the long embayments (i.e., Perranporth and Chapel Porth) by a southward flow 

associated with the up-wave headlands at the north. This rip cell circulation is observed in all 

the embayments except St. Agnes, where the northward flow is deflected offshore (0.4 m s-1 

up to 30 m depth) but does not recirculate. A headland rip at the north of Perranporth (up-wave 

headland) and large headland rips (mega-rip) at the down-wave headlands at the small 

embayments resulting from the cellular circulation are also evident for moderate to high-energy 

wave conditions.  

For moderate-high wave forcing (Hs ~ 4 m) from the WNW (Dir ~ 286°; Figure 8b, e), the 

embayment-scale circulation pattern is still observed, but now a southward flow up to -10 m 

ODN within the embayment is present. The northward current in the offshore region is very 

weak (~ 0.1 m s-1) and is only observed beyond the 15 m depth ODN. Headland rips that reach 

a maximum depth of 12 – 15 m and of smaller magnitude (< 0.4 m s-1) than those for events 

from the W are only observed in the short bays (e.g., north of St. Agnes, Hoblyn’s Cove and 

Holywell). It is noteworthy that for only a modest change in wave direction from 270° to 286°, 

the direction of the nearshore currents along this embayed coast changes considerably. 
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Figure 8. Time-averaged (12.5 h) currents (top panels) with zoom focused on Perranporth 

embayment (bottom panels) under storm conditions during spring tides. Circulation under 

moderate-high waves from the W (a, d), WNW (b, e) and extreme waves during storm 

Hercules, 2013/14 winter (c, f). Hs and Dir presented for each scenario correspond with 

offshore conditions at location A, refer to Figure 1a. For reference, embayment names 

abbreviations and bottom panels inset area (red box) are included in first column panels.  

A strong (> 1 m s-1) northward current along the coast and a surf zone extending beyond 

most of the headland apexes (> 0.4 m s-1 at 30 m depth) is predicted for extreme wave forcing 

(Hs ~ 7 m) from the W to WNW (Dir ~ 280°; Figure 8c, f). Consequently, the major circulation 

pattern can encompass several embayments for shallower bounding headlands, with a 

subsequent flow shift from the prevailing north direction towards the south close to the base of 

these (e.g., southward bypass between Hoblyn and Perranporth). During this circulation mode, 

the northward current is now deflected further offshore (c. 1 km long) at the longer 

embayments, Chapel Porth and Perranporth. This offshore-directed current of 0.7 m s-1 reaches 

up to -20 m ODN in the southern sector of the embayment. A headland rip is only observed in 

Hoblyn’s Cove, but this is distorted by the strong northward current that exceeds 1.2 m s-1 in 

the stretches of coast highly oblique to wave direction such as the sector from St. Agnes Head 

to Droskyn Point. 
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4.3 Numerically modelled sediment fluxes 

4.3.1 Gross sediment transport 

The gross longshore transport (LSTgross) is computed as the total transport up (northward) 

and down (southward) the coast over the six month simulation (t = 6 months; January 2014, 

July – Aug 2016 and January – March 2017; Figure 9). LSTgross is integrated over the shoreface 

using the six transects perpendicular to the headlands and one transect located in the center of 

Perranporth bay (T-PPT) representative of an “open beach” (length of Perranporth beach is > 

3.5 km). Results show that the largest rates of sediment transport occur between the headland 

apex and the 20 m contour line, and these fluxes decay significantly beyond the 25 m contour 

line. Additionally, it is evident that the largest LSTgross values occur around Perranporth beach 

(T3, T-PPT, T4), and these are 1 to 2 orders of magnitude larger than the gross bypass around 

the other headlands. Examining Perranporth transects individually, peaks of LSTgross are at 8 m 

(1250 m3 m-1 for T3 and 680 m3 m-1 for T4) and 5 m (600 m3 m-1 for T-PPT) depth relative to 

ODN for the headlands (T3 and T4; Figure 9d,f) and the center of the beach (Figure 9e), 

respectively. 

Sediment transport beyond the 25 m contour line is considered insignificant (< 5 m3 m-1) 

in all transects when comparing with transport rates at shallower depths (Figure 9b–h). This 

contour is considered the maximum depth for significant sediment transport and is used as the 

seaward limit for sediment fluxes computation. The selection of the 25 m depth contour is also 

supported by seabed textural studies in this area which suggest that 20 – 26 m depth represents 

the base of the active profile (McCarroll et al., 2018; Valiente et al., 2019a). Moreover, this 

limit is also close to the average maximum depth of transport or DoT (c. 26 – 28 m depth) 

computed using tide- and wave-induced bed shear stresses during extreme conditions (Valiente 

et al., 2019a).  
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Figure 9. (a) Gross sediment transport (cumulative flux) for the simulated scenarios (total of 

6 months). Gross longshore fluxes (LSTgross) as a function of water depth for T1 – T6 (b – d, 

f – h) and T-PPT (e). 

4.3.2 Potential sediment transport 

Time-averaged (12.5 h) sediment fluxes during moderate to high-energy wave conditions 

are presented spatially in Figure 10. It is evident that during storm events, major sediment 

fluxes occur inside the surf zone (> 8 m3 m-1 s-1). Sediment transport from the beach to the 

lower shoreface is associated with the presence of mega-rips (Figure 10a,c), generated off the 

southern to mid sector of all the embayments as a result of the embayment-scale (Figure 10d,e) 

and multi-embayment scale cellular rip cell circulation (Figure 10f). The latter occurs in 

Perranporth-Hoblyn’s Cove system as a combined response induced by the strong offshore 

northward flow developed at the southern headland, high-oblique breaking and deflection of 

the offshore flow back toward the south at the northern headland of Hoblyn’s Cove, and waves 

breaking beyond Ligger Point headland (northern Perranporth headland) (McCarroll et al., 

2018). For moderate-high events, mega-rips induce sediment transport beyond the 15 m 

contour line (> 3 m3 m-1 s-1) and can exceed the 25 m contour line during the extreme wave 

events. Additionally, in the long embayments, a small rip appears at the northern headlands 

(Figure 10d,f); however, this rip transports much less sediment (~ 2 m3 m-1 s-1 around 20 m 

depth) and is tide-dependent, disappearing with the rising tide.  
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Figure 10. Sediment fluxes and transport pathways during major circulation modes (storm 

conditions during spring tides). Time-averaged (12.5 h) fluxes (top panels) with zoom 

focused on Perranporth embayment (bottom panels) under moderate-high waves from the W 

(a, d), WNW (b, e) and extreme waves during storm Hercules, 2013/14 winter (c, f). Hs and 

Dir presented for each scenario correspond with offshore conditions. The magenta arrows 

indicate qualitatively major sediment paths. For reference, embayment names abbreviations 

and bottom panels inset area (red box) are included in first column panels.  

Headland bypass (Qbypass) computed using the six transects perpendicular to the headlands 

(T1 – T6) and the extra transect located in the middle of Perranporth embayment (T-PPT) is 

presented in Figure 11. Sediment fluxes present large variability between events c. 102 –104 m3 

and always occur in the direction of the residual flow for this coast (northward), except across 

T4 and T-PPT. Sediment transport rates across T3 are four times larger than bypassing rates in 

the other headlands (Figure 11e,f). For moderate-energy and extreme conditions from the W, 

T3 headland bypass is 2x103 m3 (Figure 11f) and 3x104 m3 (Figure 11e), respectively, whereas 

transport rates are < 103 m3 for moderate events coming from the WNW (weaker northward 

wave-induced current along the headland). In line with McCarroll et al. (2018), the largest 

bypassing rates at T4 are southward, and range between -1x103 and -2x104 m3. Interestingly, 

despite the majority of Qbypass being southward as a result of the multi-embayment cellular 

circulation, during the Hercules 2013/14 storm (largest simulated event; Figure 11e) the 

resultant net transport was 5x103 m3 northward. In this particular case, the southward transport 
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observed between the headland apex and 15 m depth (ODN) was compensated by the 

northward sediment inflow when integrated up to 25 m. It is worth noting that the specified 

sediment layer in the model runs provided unlimited sediment supply and uniform sediment 

size; therefore, the predicted rates of sediment inflows across the transects are likely to be over-

estimated. Additionally, results on the bypassing rates are strongly dependent on the sediment 

size (D50 = 0.3 mm in our case) and the selected sediment transport formulation. Despite these 

limitations, the modelled bypassing rates suggest potentially large sediment inflows into the 

embayments during storm events. 

 

Figure 11. Sediment fluxes during major circulation modes: moderate-high waves from the 

W, WNW and extreme waves during storm Hercules, 2013/14 winter (bounded areas). Time 

series of (a, b) significant wave height (Hs); (c, d) direction (Dir); and (e, f) fluxes integrated 

around the headland transects (Qbypass). Positive indicates northward and negative represents 

southward. Bounded areas represent the time period encompassing the scenarios shown in 

Figure 10. Inset with location of transects used for Qbypass integration are presented to 

facilitate interpretation.  

Headland (Qbypass) sediment fluxes integrated over two tidal cycles (25 h) with respect to 

daily averages of offshore wave power (Po) and wave angle relative to shore-normal (Ɵ) are 

shown in Figure 12. The shore-normal angles were computed using the 15 m contour line and 

oscillated from 320o (St. Agnes) to 280o (Perranporth-Hoblyn’s Cove). Bypassing fluxes can 
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be considered the primary pathways for sediment exchange on the lower shoreface during 

conditions of maximum bed shear stress (Po > 200 kW/m) and to a lesser extent during 

moderate to high-energy conditions (Po = 75 – 125 kW/m). Their salient features are: (i) 

maximum longshore transport rates are c. 104 day-1 and increase with wave power; (ii) 

longshore transport is mostly northward, except at the two southern transects under low-to-

moderate wave conditions (Po < 70 – 80 kW/m); and (iii) wave direction relative to shore-

normal seems to play a secondary role (Figure 12b), meaning that the topo-bathymetric 

configuration is the main control in the sediment bypassing rates. Hence, Qbypas appears largely 

controlled by wave power (Figure 12a) and shows a strong positive correlation with Pearson 

correlation coefficients (r) > 0.92 in all instances. It is noted that for the particular case of T4, 

small variations in wave direction affect the direction of the sediment bypass (Figure 11e,f), 

but these appear superimposed by changes in wave power (as per McCarroll et al., 2018).  

 

Figure 12. Daily sediment fluxes integrated over two tidal cycles (25 h) versus daily averages 

of offshore wave power (Po) and wave angle relative to shore-normal (Ɵ). Sediment fluxes 

are integrated over the selected transects (refer to Figure 1 for location) with positive values 

corresponding to northward fluxes and negative to southward. Empty circles represent sea 

states during neap tides whereas filled markers depict spring tides. Ɵ counter-clockwise from 

shore-normal are positive. 

5 Discussion 

5.1 Sediment transport mechanisms 

A conceptual model of headland bypassing and major sediment transport pathways for 

increasing wave forcing conditions (Hs = 0 – 2 m, 2 – 5 m, > 5 m) along an idealised embayed 
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coastline based on the study area in SW England with two types of embayment lengths is shown 

in Figure 13. Major mechanisms for redistributing material to and along the lower shoreface 

for embayed coastlines are the longshore flow around headlands (northward for SW England), 

the presence of mega-rips, and the embayment-scale circulation (clockwise for SW England). 

Both embayment-scale circulation and headland bypass are a function of wave obliquity, 

embayment length and headland configuration (Martens et al., 1999; Short and Masselink, 

1999). 

The residual tidal flow, northward for the particular case of the N coast of SW England 

(Valiente et al., 2019a; King et al., 2019), is enhanced by a strong (~1 m s-1) wave-induced 

current near the headland produced by oblique wave breaking during moderate (Figure 13b-i) 

to high energy conditions (Figure 13c-i). This alongshore flow is diverted offshore as a strong 

mega-rip (c. 0.7 m s-1 at 20 m depth ODN) at the down-wave headlands which may constitute 

a pathway for sediment ejection beyond the offshore morphological embayment limit in the 

southern sectors. In line with Castelle and Coco (2013), this mechanism is more evident at 

longer beaches (e.g., Perranporth and Chapel Porth) in which a longshore current meandering 

over the bar and rips has enough room to develop, deflecting further offshore the alongshore 

flow diverting as a mega-rip. This mechanism for flushing material through the headland rips 

has been observed in other swell-dominated headland-bound beaches (Gallop et al., 2011; 

Loureiro et al, 2012; McCarroll et al., 2014), revealing that a significant amount of sediment 

can be ejected outside the surf zone during extreme events. 

Modelled headland bypass (Figure 13b,c-ii) was mostly northward. In line with George et 

al. (2019), this headland bypass is almost absent at the sharp headlands that act as a quasi-

impermeable barrier to littoral drift. Conversely, in headlands with a wide apex and an up-face 

– side of the headland from which the wave-induced flow would travel – almost parallel to the 

direction of the wave approach (e.g., Cligga Head) important northward headland bypass (103 

– 104 m3 day-1) during moderate to large waves occurs, and this is similar to other high-energy 

embayed coastlines (Vieira da Silva et al., 2018). This headland bypass is still present during 

low-energy wave conditions but is more subdued (<< 102 m3 day-1). Over the long term, this 

mechanism will cause slow accretion in embayments with a downdrift sharp headland, and 

slow erosion in embayments with a downdrift wide headland. For the particular case of Ligger 

Point (Perranporth northern headland), when multi-embayment circulation develops (Figure 

13b,c-iv) during extreme wave conditions (McCarroll et al., 2018), southward headland bypass 

from Hoblyn’s Cove to Perranporth occurs.  
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Clockwise embayment-scale circulation (Figure 13b-iii) is predicted to occur over 

moderate-high swell periods. This circulation mode induces a slow intra-embayment sediment 

transport from the up-wave to the down-wave part of all the embayments (cf. Castelle and 

Coco, 2012). This circulation mode arises from the interaction between the wave-driven current 

and tidal residual flow, and the geometry and orientation of the bounding headlands. For the 

particular case of the SW, the northward alongshore current (beyond -10 m ODN) is deflected 

onshore at the north and is aided by an onshore flow generated by high-oblique breaking waves 

along the north headland. The combination of both mechanisms forces an intra-embayment 

sediment redistribution along the lower shoreface towards the south of c. 102 – 103 m3 day-1, 

contributing to sediment gains over mild winter periods. As a result of this circulation, 

bypassing at the short headlands (Figure 13b-iii) occurs, although is much weaker than the 

bypassing rates during extreme events and is also partially conditioned by the obliquity of the 

waves.  

 

Figure 13. Conceptual diagram of major alongshore sediment fluxes pathways for a period 

of (a) mild waves, (b) moderate-high waves and (c) higher than average wave. Arrows (size 

increases with increasing magnitude) indicate predicted residual fluxes based on model 

output. Accretion due to cross-shore fluxes from Valiente et al. (2019b) is shown in beige. 

Idealised limits of the active shoreface Depth of Transport (DoT) and Depth of Closure (DoC) 

following Valiente et al. (2019a) are presented as dot and dashed lines, respectively. 
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5.2 Prediction of bypassing rates and sediment budgets  

This research has shown that substantial sediment transport along the lower shoreface 

related to headland bypassing mechanisms may occur under the assumption of unlimited 

sediment supply at the N coast of SW England. Furthermore, the modelled sediment bypass 

fluxes were found to be positively correlated (r > 0.92) with offshore wave power (Po), 

allowing for a simple parameterisation of the headland bypassing rates. The approach followed 

here to obtain a daily bypass rate parameterisation (Qbypass, in m3 day-1) is simply based on 

curve fitting using a second order linear model polynomial of the form: 

𝑄𝑏𝑦𝑝𝑎𝑠𝑠 = 𝑎𝑃𝑜
2 + 𝑏𝑃𝑜 + 𝑐 (1) 

where Po is the daily averaged offshore wave power estimated using Herbich (2000), and a, b 

and c (Table 3) are the best fitting parameters based on the correlation between model output 

sediment fluxes and wave power forcing conditions at the offshore boundary of the domain 

(location A, refer to Figure 1a). Using Ligger Point as case study, McCarroll et al. (2018) also 

provided a Qbypass parameter. This parameter accounted for the tidal residual current while 

allowing for resolution of changes in wave energy and direction, whereas our approach only 

relies on total wave energy while addressing the bypass reversal during large energy waves 

(T4, a = -0.2; Table 3). McCarroll et al. (2018) demonstrates that the contribution of the tide 

can be considered secondary (only noticeable for values of bypassing < 100 m3 day−1 during 

spring tides) and corresponds to < 5% of the total bypass. These authors simulate synoptic 

scenarios and use a single headland of the North coast of Cornwall (equivalent to T4 in this 

study), whereas our study focuses in the simulation of hindcasted conditions in six headlands. 

McCarroll et al. (2018) predicted maximum bypassing rates around one specific headland of c. 

104 m3 day-1 southward, which is comparable to the results of our parameterisation based on 

curve fitting. 

Table 3. Best fitting parameters for Eq. 1 based on correlation between modelled sediment 

fluxes and offshore wave forcing conditions. 

Transect a b c 

T1 – St. Agnes Head 0.0171 1.85 -40.12 

T2 – St. Agnes Head 0.01255 2.54 -26.14 

T3 – Cligga Head 0.1883 2.99 -31 

T4 – Ligger Point -0.2009 31.72 -317 

T5 – Penhale Point 0.0009 6.06 -62 

T6 – Kelsey Head 0.0125 2.54 -26.14 
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Following the proposed parameterisation (Eq. 1), a hindcast of the sediment inflows and 

outflows for the different embayments of study at multi-annual timescales is conducted. In all 

transects, headland bypass is northward (except for T4) and becomes significant (103 – 105 m3) 

over winter periods, with maximum predicted values during high energy summer conditions of 

103 m3. Examining T4 individually, we found that the cumulative Qbypass is northward, but 

conversely to the other headlands, the 2013/14 winter storms and to a lesser extent winters 

2015/16 and 2017/18 induced a net southward bypass as a result of the multi-embayment 

circulation. This is consistent with McCarroll et al. (2018), who predicted bypass rates for a 

transect similar to T4, showing similar reversals in flux direction at higher wave-energy levels, 

with net near-zero long-term flux (with wide uncertainty bounds), including gradual northward 

flux in summer, and brief periods of rapid southward transport in winter. 

The introduction of the Qbypass parameter allows quantifying sediment bypass over long 

timescales (multi-annual) and can provide of a quick and rough estimate of sediment budgets. 

Following the proposed parameterisation (Eq. 1), a prediction of the sediment inflows and 

outflows for the different embayments of study at multi-annual timescales is conducted. For a 

given coastal cell, the sediment budget (dQnet) is expressed by the balance of volumes between 

sediment supply (ΣQsource) and sediment losses (ΣQsink) in the compartment (Rosati, 2005; 

Aagaard, 2011). Hence, Qbypass of a particular headland provides sediment losses (gains) to the 

updrift (downdrift) bay. For the studied stretch of coast, assuming that ΣQsource through the 

southern updrift boundary is equal to zero (virtual zero), and knowing the sediment sources 

(Qbypass,up = ΣQsource) and gains (Qbypass,down = ΣQsink) of each study bay, we are able to infer the 

sediment budget over a particular timescale (dQnet /dt).  

Figure 14 shows the predicted total sediment budgets and net headland bypassing (Qbypass) 

over an 8-year period (2011 – 2018). For two (Perranporth and Holywell) of the five 

embayments, sediment gains are larger than sediment losses (ΣQsource > ΣQsink) over multi-

annual scales. For the studied 2011 – 2018 epoch, the Perranporth embayment sediment budget 

(Qbypass,up and Qbypass,down are c. 1.2x106 m3 and 1.3x105 m3, respectively) is one order of 

magnitude larger than for Holywell (Figure 14a). Additionally, major circulation paths during 

large events suggest that the northern headland (Ligger Point) acts as a secondary headland, 

converting Hoblyn’s Cove into an extension of Perranporth beach, and Penhale Point into 

Perranporth-Hoblyn’s Cove major headland. Because northward bypass fluxes at Penhale Point 
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(Figure 14a) are one order of magnitude (c. 2.4x105 m3) smaller than those predicted for Cligga 

Head (southern updrift headland), it is suggested that Perranporth-Hoblyn’s cove multi-

embayment system is in permanent accretion (> 1x106 m3 over 8 years) if an unlimited 

sediment supply from the updrift coastal section existed, which is unlikely to be the case. For 

this same epoch (2011 – 2018), Valiente et al. (2019b) observational study suggested that 

Perranporth beach accreted > 650,000 m3 when accounting for changes up to 30-m depth. A 

comparison against these observations suggest that although Perranporth-Hoblyn’s cove may 

act as a sink for a major coastal cell (Figure 14b) over the long term, the predicted total sediment 

budget based on bypassing rates presented here certainly represents a very upper bound. Thus, 

the sediment budgets estimate is a useful tool for finding hotspots that are more vulnerable to 

experience lack of sediment supply in the long term, but currently has limited predictive 

capacity. This sediment budget hindcast assumes unlimited sediment supply updrift; therefore, 

results of bypass should be interpreted with caution as the cumulative magnitude presented 

here is not sustainable for a sediment-starved region. 
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Figure 14. (a) Predicted total sediment budgets (dQnet/dt) and net headland bypassing 

(Qbypass) and associated uncertainty bounds (95% confidence based on the statistical model). 

(b) Planform sediment budget model for Chapel Porth, St. Agnes, Perranporth, Hoblyn’s 

Cove and Holywell over 2011 – 2018. Arrows indicate qualitatively net headland bypassing 

paths. Arrows and circles size represents magnitude.      

Recent modelling studies provided sediment transport prediction around artificial coastal 

structures (Ab Razak et al., 2013), and natural (Vieira da Silva et al., 2016, 2018; McCarroll et 

al., 2018, 2019) and idealised (George et al., 2019) headlands. These works computed and 

parameterised (e.g., McCarroll et al., 2018; George et al., 2019) bypassing rates around 

different headlands accounting for certain embayment circulation control. Our study provides 

similar results in terms of bypassing rates during energetic periods (order of 103 – 104 m3 y-1); 
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however, we also show possible bypassing rates of 105 m3 y-1 during exceptionally energetic 

years (e.g., winter 2013/2014; Masselink et al., 2016a,b), and add a more robust understanding 

of the embayment- and multi-embayment-scale sediment dynamics and complex circulation 

for long embayments. 

It is suggested that beaches on this coastline form part of an extended coastal cell, with 

individual embayments linked via sediment transport around headlands. This type of coastline 

was previously thought to be only dominated by cross-shore fluxes (Scott et al., 2016; 

Masselink et al., 2016b; Burvingt et al., 2017) as the embayments were studied partially and 

disagreements between the different sectors of the subtidal systems were never observed up to 

the study of Valiente et al. (2019b). The present work predicts that longshore sediment transport 

rates can potentially be of the same order of magnitude (maximum bypassing rates 105 m3 y-1) 

than the observed maximum cross-shore fluxes (Valiente et al., 2019b). Additionally, despite 

Valiente et al. (2019b) demonstrating that upper shoreface sediment fluctuations are 

uncorrelated to lower shoreface response at short-mid temporal scale, the magnitude of the 

longshore fluxes presented here will certainly condition the upper shoreface (beach) response 

at longer timescales (> 10 years). Consequently, lower shoreface alongshore fluctuations in the 

rate of transport seem a critical mechanism which should be considered when studying long-

term beach evolution, specifically along high energy and sediment starved coastlines.  

6 Conclusions 

This study presents a numerical modelling investigation of the processes redistributing 

material along the lower shoreface of a complex high-energy embayed coastline. Numerical 

simulations of wave- and tide-induced currents were used to model the main sediment transport 

pathways and potential sediment fluxes due to headland bypassing at event to multi-annual 

timescales. This study provides an order of magnitude analysis of sediment bypassing rates 

both around headlands and intra-embayment using hindcasted forcing conditions, where: 

• Primary sediment transport mechanisms in the lower shoreface of headland-bound 

beaches are longshore residual flow (induced by waves and tide) to mega-rip, 

headland bypass and headland rip cell circulation, with the latter a function of 

embayment length, headland configuration and wave obliquity. 

• Periods with moderate-high swell (Hs ~ 4 m) are associated with accretionary 

phases and net sediment gains. The main sediment paths during these periods arises 

from the clockwise intra-embayment circulation where predicted currents induce 
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redistribution in the long embayments (> 103 m3 day-1) towards the south 

contributing to sediment gains. The intra-embayment sediment redistribution is 

combined with significant bypassing rates around the shallower and wider 

headlands (102 – 103 m3 day-1).  

• Both multi-embayment circulation and large sediment fluxes beyond the bounding 

headlands (> 104 m3 day-1) dominate during extreme events (Hs ~ 7 m). This 

circulation mode can encompass several systems when bounded by relatively-

shallow headlands, and is associated with significant movement of sediment 

offshore. Furthermore, the large sediment fluxes are likely to be linked to the 

longshore flow to mega-rip formation (0.7 m s-1 at > 20 m depth) occurring in the 

southern sector (down-wave) of the long embayments. 

A second order polynomial of the relationship between offshore wave-conditions and 

modelled sediment bypass is presented for the SW of England, allowing site-specific estimation 

of the magnitude of sediment fluxes on the lower shoreface over multi-annual timescales. 

Hindcast of sediment transport rates in this coastal section suggests that major sediment fluxes 

are episodic and occur up to the 25 m contour line, mainly during high-energy events. 

Additionally, this seaward depth for significant sediment transport matches seabed textural 

changes in the main embayments. During extreme events, bypass around the headlands can 

reach 104 m3 day-1, whereas for moderate wave conditions, headland bypassing is at least one 

order of magnitude smaller (102 – 103 m3 day-1). Finally, positive net sediment rates over 2011 

– 2018 suggested that Perranporth-Hoblyn’s Cove system could potentially act as a sink for the 

N coast of SW England.  

Our study highlights the importance of sediment transport estimates along the lower 

shoreface, which remains a poorly understood area of the coastal system. Additionally, the 

predicted sediment fluxes in the sub-tidal sector provide new insights into a coastline 

previously thought to be dominated by cross-shore sediment fluxes. Yearly bypassing rates 

around the headlands are hindcasted ranging between 103 and 105 m3 y-1. Despite the fact that 

these fluxes represent an upper bound estimate due to the numerous assumptions in the model 

design, the magnitude of the predicted bypass will inevitably affect evolution of rocky 

coastlines over longer temporal scales (> 10 years). This work demonstrates that headland 
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bypassing is more widespread than commonly assumed, leading to a shift in understanding of 

sediment budgets along exposed and macrotidal headland-bound beaches.  
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