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Abstract 
 

Situated on the south coast of England, Pagham Harbour is a highly dynamic ebb dominant coarse 

grained tidal inlet. It is characterised by a double spit system and over the past 10 years, has displayed 

extensive morphological changes and increasingly threatened properties along Pagham beach due to 

coastal erosion. Early in 2016 the Church Norton spit, also referred to as the southern spit, naturally 

breached, resulting in the formation of a new tidal inlet channel. The aim of this study was to 

determine how Pagham Harbour entrance and the spit system have evolved, following the breach of 

Church Norton spit in spring 2016 and to identify the cause(s) of the breach.  

A series of digital terrain models (DTM) of Pagham Harbour entrance were produced, covering the 

period from 27/01/2015 to 03/03/2017. A Geographical Information System (GIS) analysis was then 

conducted to determine the rate of volume change across the harbour entrance, within pre-defined 

box cells labelled A-J. Cell A was located furthest updrift, while cells D and E were located over the 

inlet entrance and cell J was located furthest downdrift of the spit. A wave climate analysis was 

carried out using wave data from Rustington and Bracklesham Bay wave buoys, to examine variation 

in significant wave height (Hs), peak wave period (Tp) and wave direction between the winters of 

2013/2014 and 2015/2016. Inshore wave energy fluxes and littoral drift rates were also determined 

over this study period. The crest behaviour observed along Church Norton spit was then modelled 

using a single cell model, driven by this wave data and the updated littoral drift rates, to determine 

the effect of overtopping and overwashing on the crest elevation under the given conditions. 

The GIS analysis showed that the detached spit migrated downdrift and fused to the shoreline in front 

of Pagham, while the relic spit continued to recede in a south-westerly direction and showed no 

evidence of reforming. A decreasing trend was observed in the total volume above -3 m ODN in cells 

E, F and G while progradation was shown across cells H, I and J, reflecting the migration of the 

detached spit alongshore. On further division of the cells, based on volumes above and below 0 m 

ODN, it was clear that most of the volume changes observed in cells H, I and J occurred below 0 m 

ODN. In the period leading up to the breach, a reduction was also shown in the total volumes for spit 

sub-cells F and G. The mean values obtained for wave direction, Hs and Tp were all relatively similar. 

However, the maximum Tp in winter 2013/2014 was notably higher than in winter 2015/2016, with 

values of 28.6 s and 18.2 s respectively. Comparing the mean inshore wave energy flux between these 

two winters, the energy flux was shown to be 35.7 % higher in winter 2013/2014 compared to 

2015/2016. Two clear peaks in littoral drift were also shown, corresponding to these two winter 

periods, yet the total annual drift volume has decreased since 2014. 

The model results indicated that the Church Norton spit crest lowered through positive feedback 

loops involving overtopping and overwashing events. The intense storm activity observed in winter 

2013/2014 appeared to act as a trigger to the progressive breakdown of a central section of the spit, 

resulting in overtopping events occurring during summer storm events following winter 2013/2014. 

The pre-conditioning of this barrier reduced the resilience of the spit by increasing the frequency of 

overtopping due to the lower energy requirement to overtop the lowered crest. The barrier was then 

unable to recover due to a limited sediment supply and decreasing annual littoral drift rates after 

2014. Consequently, by the start of winter 2015/2016, the elevation of the spit crest had been 

lowered to such a point that it was left in an increasingly vulnerable position to future storm activity. 
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ẃ  Density of water (kg/m3) 

∑  Phi 
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1. Introduction 

1.1. Motivation for this study 

The entrance to Pagham Harbour is a highly dynamic area and since the first reliable documentation 

of the harbour entrance in 1587, the inlet has shown remarkable changes in both size and position, in 

response to both natural and anthropogenic factors (Scott and Townend, 2017). However, particularly 

over the past 10 years, the morphological changes observed across the harbour entrance have been 

rapid and extensive, highlighting the key challenges and difficulties faced in managing such a dynamic 

section of coastline. 

Despite the various attempts over the past 10 years to use training walls and other hard engineered 

structures to fix the shoreline morphology of the harbour entrance and manage the behaviour of the 

spit-delta system, success has been limited. The rapid geomorphological changes recently observed at 

the entrance to Pagham Harbour have important implications, not only to accessing the harbour but 

also on the shingle supply to Pagham beach frontage. Properties located in the area downdrift of the 

inlet have been under increasing threat by coastal erosion (Scott and Townend, 2017). Further to this, 

the site is also of considerable ecological value, accommodating both nationally and internationally 

protected habitats and species. The site hosts designations as a Ramsar site, a Special Protection Area 

(SPA), a Site of Specific Scientific Interest (SSSI) and Marine Conservation Zone (MCZ) (Scott and 

Townend, 2017). 
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1.2. Study site  

Pagham Harbour, located to the east of Selsey Bill on the south coast of the UK (Figure 1), is a small 

ebb-dominant tidal inlet characterised with a mixed shingle and sand foreshore (Barcock and Collins, 

1991). The study area is exposed to wave action from the south-eastern, south-western and southern 

directions due to the south-west to north-east orientation of the coastline (Barcock and Collins, 

1991). Although the headland of Selsey Bill offers some sheltering, this stretch of coastline is 

subjected to both locally generated storm waves and swells from the Atlantic (Barcock and Collins, 

1991). The harbour entrance can be characterised by a maximum significant wave height (Hs) of 3.94 

m (HR Wallingford, 1995), as well as spring and neap tidal ranges of 4.9 m and 2.7 m respectively 

(Barcock and Collins, 1991). To the west of Pagham Harbour, there is a divergence in the littoral drift 

feed from offshore, marking a littoral sediment cell boundary formed by the protruding headland of 

Selsey Bill (Bray et al., 1995). Pagham Harbour is also a local RSPB nature reserve. 

 

 

Figure 1-Location of Pagham Harbour entrance, along the central southern coast of the UK. 
Aerial photography of harbour entrance sourced from CCO. 
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1.3. Aims and objectives 

The overall aims of this study are to determine how Pagham Harbour entrance and the spit system 

have evolved following the breach of Church Norton spit in spring 2016 and to identify the cause(s) of 

the breach. 

To address the aims of this study, the three main objectives are: 

1- To examine the nearshore water level and wave climate, both prior to, and post the breach in 

2016, to identify any storm activity before the breach. 

2- To assess the rate of volume change of sediment across Pagham Harbour entrance, before 

and after the breach. 

3- To compare the volume changes observed against updrift and downdrift beach profile 

volumes, before and after the breach, in CoastalTools. 

1.4. Hypotheses 

The hypotheses to be tested in this study are: 

1- The breach along Church Norton spit in spring 2016, was initiated through the lowering of the 

crest by storm action and developed into a full breach through tidal action. 

2- The southern spit is reforming post breach and the relic Church Norton spit is migrating 

downdrift. 

1.5. Literature review 

A review of the relevant literature for this study is presented in the following section. The literature 

reviewed firstly explores gravel barrier systems, providing an overview of the nomenclature and 

environmental forcing. It will then draw together the literature covering the various aspects of tidal 

inlet systems including morphology, stability and bypassing mechanisms, with a focus on ebb-tidal 

deltas. Literature on littoral drift is then covered, before finally exploring the historic morphological 

behaviour shown at Pagham Harbour entrance and other recent studies undertaken on the harbour 

entrance.  

1.5.1. Gravel barrier systems 

Following the Udden-Wentworth scale for grain size classification (Wentworth, 1922), a mean grain 

diameter of 2 to 256 mm (or -1 ∑ to -8 ∑) is characteristic of gravel and representative of a coarse-

grained beach. While for a fine-grained beach, characterised by sand, the mean grain size is defined 

as 63 µm to 2 mm (or 4 ∑ to -1 ∑). However, particle size distribution can vary spatially cross-shore 

and along the coast and is dependent on the local sediment supply (Stripling et al., 2008), therefore 
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beaches can be further categorised as mixed (sand and gravel). Particle grain size also governs the 

natural beach profile.  Steeper beach slope angles can be maintained in coarser-grained sediment, 

due to a greater angle of repose (Kirk, 1980) and this gives rise to the reflective nature of a gravel 

beach shoreface (Nicholls, 1985; Pye, 2001). Additionally, gravel beaches have a higher permeability, 

enabling further energy dissipation of incoming waves (Anthony, 2008). In comparison, fine-grained 

beaches are dissipative in nature, displaying a milder beach slope angle and lower permeability. A 

typical cross-sectional profile of a gravel barrier incorporates distinct features such as a crest, from 

which landward and seaward slopes can be distinguished, berm(s) on the beach face and a steep 

foreshore and back slope (Figure 2). 

 

.ŀǊǊƛŜǊ ōŜŀŎƘŜǎ Ŏŀƴ ōŜ ŦǳǊǘƘŜǊ ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ΨŘǊƛŦǘ ŀƭƛƎƴŜŘΩ ƻǊ ΨǎǿŀǎƘ ŀƭƛƎƴŜŘΩΣ ŘŜǇŜƴŘŀƴǘ ƻƴ ǘƘŜ 

ƻǊƛŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ōŀǊǊƛŜǊ ōŜŀŎƘ ǘƻ ǘƘŜ ŘƻƳƛƴŀƴǘ ǿŀǾŜ ŀŎǘƛƻƴΦ Ψ5ǊƛŦǘ ŀƭƛƎƴŜŘΩ ōŜŀŎƘŜǎ ŀǊŜ ƻǊƛŜƴǘŀǘŜŘ ŀǘ 

an angle to the predominant direction of incident waves and therefore governed by the longshore 

transport of sediment. WƘŜǊŜŀǎ ǘƘŜ ƻǊƛŜƴǘŀǘƛƻƴ ƻŦ ΨǎǿŀǎƘ ŀƭƛƎƴŜŘΩ ōŜŀŎƘŜǎ ŀǊŜ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ 

predominant incident wave direction (Masselink and Russell, 2013).  

As discussed previously, shingle barriers and beaches are hydraulically efficient and important 

permeable natural defences, offering protection against wave attack to low lying regions located 

leeward, by dissipating wave energy (Bradbury and Powell, 1992). They are predominantly located on 

wave dominated coastlines at mid-high latitudes (McCall et al., 2013) and the evolution of these 

coarser grained barriers is predominantly influenced by the availability of sediment rather than 

fluctuations in sea level (Stripling et al., 2008). For gravel beaches, wave action is suggested to form 

the main driver of sediment transport (Pye, 2001) and therefore form a primary control on the 

Figure 2- Schematic cross-sectional profile of a coarse-grained barrier beach (Van Rijn and Sutherland, 2011). 
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morphology (Wright and Short, 1984). Compared to sandy beaches, where the movement of material 

occurs predominantly through suspension and tidal currents, the movement of shingle occurs largely 

as bedload transport (Velegrakis, 1994). During the swash phase on gravel beaches, grain particles are 

moved up the beach by the strong uprush, in the same direction as the incoming waves. During the 

weaker backwash phase, the grain particles move seaward by gravity and the retreating wave. The 

ōŀŎƪǿŀǎƘ ǇƘŀǎŜ ƛǎ ǿŜŀƪŜǊ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǇŜǊŎƻƭŀǘƛƻƴ ƛƴǘƻ ǘƘŜ ƎǊŀǾŜƭ ōŀǊǊƛŜǊΦ ¢Ƙƛǎ ŎǊŜŀǘŜǎ ŀ Ψǎŀǿ-ǘƻƻǘƘΩ 

style of grain movement along the beach and at a larger scale results in the longshore sediment 

transport (Van Rijn and Sutherland, 2011). 

1.5.2. Morphology of tidal inlet systems 

The morphology of a tidal inlet incorporates many components, including ebb and flood tidal deltas, 

also referred to as seaward and landward shoals respectively. Hayes (1969) defined an ebb-tidal delta 

as the accumulation of sediment on the seaward side of a tidal inlet. Ebb-tidal deltas host a main ebb 

channel, which in turn may be flanked by channel-margin linear bars on a broad swash platform, 

generated through the interaction between currents generated by waves and tidal currents. The 

presence of marginal flood channels has been suggested to prevent the attachment of these swash 

bars to the nearby barrier beach. An additional morphological component of an ebb-tidal delta is the 

terminal lobe, which is situated at the seaward end of the main ebb channel and where water depth 

increases rapidly seaward (Hayes, 1980) (Figure 3). Flood-tidal deltas in turn, host a series of flood 

channels which bifurcate across the delta and a flood ramp (Hayes, 1980).  

 

Figure 3- Morphology of an ebb tidal delta. The direction of tidal currents is indicated by the 
arrows (Hayes, 1980). 
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¢ƘŜ ŘȅƴŀƳƛŎ ƴŀǘǳǊŜ ƻŦ ǘƛŘŀƭ ƛƴƭŜǘǎ ƛǎ ŎƭƻǎŜƭȅ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ƛƴƭŜǘΩǎ ǎǘŀōƛƭƛǘȅΣ ǿƘŜǊŜ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƛƴ ǘǳǊƴ ƛǎ 

controlled by factors including the asymmetry in ebb and flood tide duration, the tidal prism of the 

harbour, littoral drift and freshwater discharge (Gao and Collin, 1994). The presence of an ebb tidal 

delta can wield a considerable morphodynamical influence on the nearby shorelines (FitzGerald, 

1988), and provide an important component in local sediment budgets (Hicks and Hume, 1996). 

Additionally, sediment updrift of an inlet entrance can be transferred to the downdrift of the inlet 

entrance through a mechanism known as ebb delta bypassing, therefore facilitating longshore 

sediment transport (Burningham and French, 2006). Previous studies have shown the method of 

sediment bypassing to vary, depending on the ratio between the littoral drift rates and the maximum 

spring tide discharge through the inlet. A low ratio suggests sediment bypassing occurring via shoal 

migration or channel transport, while a high ratio indicates bypassing around the edge of the ebb tidal 

delta driven by wave action (Brunn and Gerritsen, 1959).  

There are several different mechanisms in which sediment can bypass an inlet, which vary depending 

on the stability of the inlet. Firstly, for an inlet with a stable main ebb channel, bypassing can occur 

through the migration of bars in a landward direction before merging to the shoreline, downdrift of 

the inlet. The bars described here are formed through merging together and stacking of swash bars 

present on the ebb delta swash platform (FitzGerald et al., 2000). 

A second bypassing mechanism shown in tidal inlets that have a stable throat position, yet display a 

cyclical behaviour in the migration of the main ebb channel downdrift, can occur through ebb-tidal 

delta breaching. The accumulation of sediment updrift of the ebb-tidal delta, formed because of a 

preferential direction in alongshore transport, can consequently lead to the deflection of the main 

ebb channel downdrift. If this deflection is large enough, this can reduce the hydraulic efficiency of 

the main channel and the ebb flow will find an alternative path through the ebb-tidal delta causing 

ebb-tidal delta breaching to occur. The process of breaching allows a large volume of sediment bypass 

the inlet mouth and the old inlet channel infills through the deposition of sediment by currents, 

generated by waves and the tide. The rate at which this breaching takes place can increase 

substantially during a storm event (FitzGerald et al., 2000). In a previous study focusing on the 

Debden Estuary in Suffolk, a comparability was noted between the ebb delta bypassing of a gravel 

ƛƴƭŜǘ ŀƴŘ ǘƘŜ ΨŜōō ŘŜƭǘŀ ōǊŜŀŎƘƛƴƎΩ ƳƻŘŜƭ ŘŜǾŜƭƻǇŜŘ ōȅ CƛǘȊDŜǊŀƭŘ όмфууύΦ 

A third mechanism in which bypassing can take place is via the migration of an inlet and spit 

breaching. As sediment is transported alongshore, it can be deposited in the inlet and consequently 

reduces the flow through this inlet. The effect of this constriction leads to higher current velocities 

and increased scouring. A dominance in the longshore transport direction causes the migration of the 
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inlet and during this, a trail of curved beach ridges is left behind along the updrift spit. Further to this, 

there can be a reduction in the tidal range of the harbour, due to the longer inlet channel length 

created as the inlet migrated. This results in an increased frictional component, resisting tidal flow 

and the resulting differences in the tidal range and phase, seaward and landward of the spit, can 

increase the potential for a breach to occur (FitzGerald et al., 2000). 

1.5.3. Littoral Drift 

Littoral drift is an important component to consider for this study. Firstly, it acts as a pathway to 

deliver a supply sediment along the coast from updrift sources (Cope, 2004), which in turn can exert a 

considerable influence on the volume of barrier beaches and spits and the stability of tidal inlets. 

Harbours and tidal inlets form major barriers to littoral drift (Bray et al., 1995) and hence the updrift 

accumulation of sediment in response to high littoral drift rates, can result in the elongation of barrier 

beaches and spit development (Aubrey and Gaines, 1982). An episodic, progressive reduction or 

generally low littoral drift rates however, can have detrimental impacts on the downdrift coastline, 

leading to sediment depletion (Bray et al, 1995) and areas of erosion. In cases where people and 

properties are at risk of coastal erosion and flooding, there is therefore a requirement for forward-

thinking coastal management strategies and engineering schemes to be implemented to help reduce 

these risks (Cooper and Pontee, 2006). The direction of littoral drift can also vary in response to 

changes in the wave direction (Stripling et al., 2008), resulting from changes to the wider wave 

climate or through localised wave refraction (Bray et al., 1995). 

1.5.4. Historical morphological behaviour of Pagham Harbour entrance 

Using the earliest reliable chart, dated 1587, the harbour entrance was shown to host two shingle 

spits. The southern spit prograded a distance of 90 m in a north-easterly direction by 1724 and an 

additional 900 m by 1874 (Scott and Townend, 2017). In 1876 there was a deliberate closure of the 

inlet, lasting for 34 years and resulting in seaward extension of Pagham Beach due to the onshore 

transport of eroded ebb delta material. Following the storm-induced breach which occurred to the 

southern spit in 1910, the southern spit once again prograded a distance of approximately 700 m 

along the coast towards Pagham Beach (Scott and Townend, 2017). Sheet piling was introduced in 

1944, to help stabilise the inlet. However, in the period over the 1950s and 1960s, a storm-induced 

breach occurred in 1955 and the inlet was shown to widen and migrate in a northly direction, 

approximately 900 m along the coast (Scott and Townend, 2017). 
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1.5.5. Morphological behaviour of Pagham Harbour entrance over the past 15 

years. 

The double-spit system characterising Pagham Harbour entrance has shown considerable 

morphological changes over the past decade. In 2003, the southern spit began to prograde in a north-

east direction along the coastline, reflecting a switch in behaviour from ebb delta bypassing to spit 

progradation. The switch to spit progradation observed, forced the tidal inlet to migrate in a north-

east direction, leading to groyne damage and accelerated local erosion along Pagham frontage (Scott 

and Townend, 2017). Until 2004 interventions were also carried out in the form of shingle recycling, 

initially by the National Rivers Authority (NRA) but later by the Environment Agency. The intervention 

works involved building up the shingle ridge of Church Norton spit following storms, by placing 15,000 

m3/year of shingle sourced from the ebb delta (Scott and Townend, 2017). From 2003 to 2015, the 

southern spit continued to prograde, however, at the start of 2016 there was evidence of roll back 

occurring within a central section of the southern spit. By February, this central section had shown 

considerable lowering over a 90-100m long section, allowing for high water exchange to occur. The 

breach then widened and increased in depth, during a series of storm events in March 2016 (Scott 

and Townend, 2017). 

1.5.6. Previous studies on Pagham Harbour 

A previous study investigating the causes, patterns and rates of beach erosion along Pagham frontage 

was carried out by Barcock and Collins (1991). The results from this study showed a small area along 

the frontage with a rapidly decreasing erosion rate, bound by areas of accretion. The observed area of 

erosion was suggested to be due to a localised drift reversal, in turn caused by wave refraction over 

the ebb tidal delta. Fluctuating periods of erosion and accretion, shown to the east of the inlet 

channel were thought to be a result of the ebb delta migrating and welding to the down drift 

shoreline. 

More recent studies, focusing on the period over the past 15 years, found that the volume of 

sediment contained within the Church Norton spit, that fronts Pagham Harbour, had increased. The 

rate of this observed increase was found to be in line with estimates of littoral drift, indicating that 

limited bypassing occurred over this period (Townend, 2015). Recent estimates of littoral drift along 

this section of coastline indicated peak rates of 40,000 m3/year and normal littoral drift rates of 

between 15-25,000 m3/year (Townend, 2015), which is in broad agreement with previous estimates 

of littoral drift rates by Barcock and Collins (1991). 
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Other studies focusing on the spit-delta migration at the entrance to Pagham harbour, have 

highlighted a close coupling between the supra-tidal spit and the ebb delta and the prograding spit 

was shown to follow the migration of the ebb delta (Townend, 2015). Additionally, the temporal and 

spatial patterns of erosion and accretion were shown to be closely related to the varying position of 

the inlet channel and spit system (Royal Haskoning, 2009). Other studies found that large shore-

normal spurs, migrating in a north-easterly direction, periodically supplied Pagham Harbour frontage 

with shingle (Barcock and Collins, 1991). Although submerged bars located on the ebb tidal delta, 

were shown to behave as a barrier and disrupt sediment transport (Royal Haskoning, 2009). In 

addition to the previous morphological studies conducted on Pagham Harbour entrance, a study by 

Cundy et al. (2002) was conducted to investigate the sedimentary response of the harbour itself, to 

the breach of the barrier in 1910, using stratigraphic sediment cores and radiometric dating 

techniques.  

 

Figure 4- Photographs of Pagham Harbour entrance taken during the site visit in May 2017: (A) A view along the 
stoss side Church Norton spit in a south-westerly direction towards Selsey Bill; (B) A view of the lee side of Church 

Norton spit, from a northern direction across the inlet channel on Pagham spit; (C) A view across Pagham 
Harbour entrance, showing private properties to the north and a body of sediment newly adjoined to the 

shoreline to the south. All photos kindly provided by Professor Ian Townend. 
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2. Methodology 

The following section presents the methodology required to achieve the objectives defined for this 

thesis and covers the three key stages of this study: GIS analysis; Wave climate analysis and 

Overtopping-overwash spit modelling. 

2.1. Data collection 

2.1.1. Sediment sample collection 

A visit to the study site was conducted on 03/05/2017, with the primary purpose to obtain sediment 

samples down to the low tide mark and gain a better understanding of the layout of Pagham Harbour 

entrance (Figure 4). A total of 7 sediment samples were collected and the global positioning system 

(GPS) waypoints recorded for each, using a Garmin GPS handset. These samples were spatially 

distributed over the entire study site, including the crest and spit flanks of both Pagham spit and 

Church Norton spit, two locations on the ebb delta and one sample at the low tide mark of Church 

Norton spit. This was to ensure samples covered the cross-shore and alongshore variation of the 

study site. 

2.1.2. Sediment sample analysis 

Samples were rinsed thoroughly with freshwater, transferred quantitively to an aluminium tray and 

then placed into an oven at 50 °C to dry. Once dry the samples were quantitively transferred to an 

Endecotts Octagon 200 sieve shaker with a graded sieve mesh stack and were shaken at 2000 RPM 

for 10 minutes. Following the shaking stage, sediment retained on each mesh was weighed and 

GRADISTAT 4.0 (Blott and Pye, 2001) was used to determine the sediment grain statistics.  

2.1.3. Summary of datasets  

A summary of all the datasets used are shown in Table 1. 

Source 
Data/survey 

type 
Detail 

Channel Coastal 

Observatory (CCO) 

Topographic 

baseline 

Pre-breach survey dates: 

- 27/01/2015 

- 02/06/2015 

- 04/09/2015 

- 29/01/2016 

Post breach survey dates: 

- 13/04/2016 
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- 24/06/2016 

- 07/09/2016 

- 03/03/2017 

Topographic 

profiles 

All profile surveys available between 01/01/2012 

and 31/05/2017. 

 

Survey unit: 4dSU22 

- P4d01382 

- P4d01377 

- P4d01371 

- P4d01364 

- P4d01359 

Survey unit: 4dSU23 

- P4d01410 

- P4d01405 

- P4d01403 

- P4d01398A 

- P4d01397 

- P4d01391 

- P4d01387 

Survey unit: 4dSU24 

- P4d01423 

- P4d01458 

Swath 

bathymetry 

- 06/06/2016 

- 1 m resolution 

- Conducted using a Kongsberg EM3002D 

Light Detection 

and Ranging 

(LiDAR) 

- 04/03/2014 

- 30/03/2014 

- 1m gridded resolution 

Wave 

Wave data including Hs, Tp, maximum wave height 

and wave direction. 

 

Rustington wave buoy 

- (50ɕ ппΦлсΩ bΣ ллл ɕ нфΦспΩ ²ύ 
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- Data from 01/01/2012- 31/05/2017 

 

Bracklesham wave buoy 

- όрлɕ поΦосΩ bΣ лллɕ рлΦооΩ ²ύ 

- Data for 01/01/2012- 31/05/2017 

British Oceanographic Data 

Centre (BODC) 
Water levels 

- Portsmouth tide gauge  

- (50° 48' 09.2" N, 01° 06' 42.3" W) 

- 01/01/2012 to 31/05/2017 

- 15 minute sampling intervals 

Associated British Ports 

Marine Environmental 

Research (ABPmer) 

Inlet channel 

depth 

measurements 

- 05/03/2015 and 14/03/2015 

- 4 transects 

Site fieldwork 
Sediment grain 

size 
-  

Table 1-A summary of the datasets used in this study. 

 

2.2. GIS analysis 

The following section describes the initial DTM set-up and GIS tool application for each GIS tool 

analysis.  All GIS analysis were carried out in the ArcMap suite of ArcGIS 10.4. 

2.2.1. Digital Terrain Model set-up 

A total of eight DTMs were produced in ArcMap, corresponding to the eight most recent topographic 

baseline surveys carried out at the study site, from 27/01/2015 to 03/03/2017. To create these DTMs, 

topographic baseline data, LiDAR data, swath bathymetry data and channel depth data were 

combined.  
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¢ƘŜ ŦƛǊǎǘ ǎǘŀƎŜ ǳǎŜŘ ǘƘŜ ΨaƻǎŀƛŎ ǘƻ ƴŜǿ ǊŀǎǘŜǊΩ ǘƻƻƭ ǘƻ ƳƻǎŀƛŎ ǘƻƎŜǘƘŜǊ ǎǿŀǘƘ ōŀǘƘȅƳŜǘǊȅ Řŀǘŀ ǘƛƭŜǎ 

for the most recent swath bathymetry survey conducted offshore of Pagham on 06/06/2016. This 

step was then repeated using LiDAR data from 2014. To obtain a sufficient spatial LiDAR coverage for 

Pagham Harbour and the surrounding coastline, LiDAR survey data from 04/03/2014 and 30/04/2014 

were mosaiced together. The LiDAR data from 04/03/2014 provided spatial coverage of the 

immediate surrounding coastline, while the LiDAR data from 30/04/2014 provided complete coverage 

of Pagham Harbour. For the topographic baseline data, a mask was created for the wider Pagham 

Harbour region and the point elevation data was then extrapolated over this mask region, using the 

Ψ¢ƻǇƻ ǘƻ ǊŀǎǘŜǊΩ ǘƻƻƭΦ ¢ƘŜ ά9ȄǘǊŀŎǘ ōȅ Ƴŀǎƪέ ǘƻƻƭ was then used to clip this extrapolated topographic 

surface to the area covered by the survey. Following this, the depth measurement data obtained from 

4 transects covering a 150 m wide section of the main inlet channel, provided by ABPmer, was 

ŜȄǘǊŀǇƻƭŀǘŜŘ ƻǾŜǊ ǘƘŜ ƘŀǊōƻǳǊ ŜƴǘǊŀƴŎŜ ŀǊŜŀ ǳǎƛƴƎ ǘƘŜ Ψ¢ƻǇƻ ǘƻ ǊŀǎǘŜǊΩ ǘƻƻƭΦ These depth 

measurements were collected on 05/03/2015 and 14/03/2015 using a Real Time Kinematic (RTK) 

differential Global Positioning System (dGPS) (ABPmer, 2015). 

To combine the clipped topographic baseline surface, LiDAR, swath bathymetry and the extrapolated 

channel surface, the ΨaƻǎŀƛŎ ǘƻ ƴŜǿ ǊŀǎǘŜǊΩ ǘƻƻƭ ǿŀǎ ǳǎŜŘ ƛƴ ǎŜǉǳŜƴce (Figure 5). Firstly, the LiDAR 

surface was mosaiced to the extrapolated channel surface to create a new surface. By specifying the 

mosaic operator ŀǎ ΨCLw{¢Ω, this ensured that the cell output for clashing cells was the value of the first 

input raster, which in this first case was the LiDAR surface. This step was repeated to combine this 

newly made LiDAR and channel surface and the swath bathymetry surface. Again, the mosaic 

ƻǇŜǊŀǘƻǊ ǿŀǎ ǎǇŜŎƛŦƛŜŘ ŀǎ ΨCLw{¢ΩΣ ǘƻ ŜƴǎǳǊŜ ǘƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ƴŜǿ ŎŜƭƭ ƻǳǘǇǳǘ for any clashing input 

cells was the value of that cell in the swath bathymetry input raster. This process was repeated a third 

Figure 5- A flowchart summarising the mosaic sequence followed to create each digital terrain model. 
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time to mosaic together the clipped topographic baseline surfaces and the combined swath 

bathymetry, LiDAR and channel surface to create the final digital terrain models. 

In some digital terrain models, a ghost spit was visible underneath the topographic survey surface, 

due to the position of Church Norton spit in the 2014 LiDAR data. To remove this a LiDAR mask was 

defined for each ƛƴŘƛǾƛŘǳŀƭ ǎǳǊǾŜȅ ŀŦŦŜŎǘŜŘΣ ŀƴŘ ǘƘŜ ά9ǊŀǎŜέ ǘƻƻƭ ǿŀǎ ǳǎŜŘ ǘƻ ǊŜƳƻǾŜ ǘƘƛǎ Ƴŀǎƪ ŀǊŜŀ 

ŦǊƻƳ ǘƘŜ ǿƛŘŜǊ tŀƎƘŀƳ IŀǊōƻǳǊ ǊŜƎƛƻƴ ƳŀǎƪΦ ¢ƘŜ ά9ȄǘǊŀŎǘ ōȅ Ƴŀǎƪέ ǘƻƻƭ ǿŀǎ ǘƘŜƴ ǳǎŜŘ ǘƻ ŎǊƻǇ ǘƘŜ 

ΨƎƘƻǎǘΩ ǊŜƎƛƻƴ ŦǊƻƳ ǘƘŜ нлмп LiDAR surface, before then mosaicing each surface again in turn, 

following the steps described previously. This step was repeated for each DTM that was affected. 

2.2.2. ±ƻƭǳƳŜǘǊƛŎ Ψ.ƻȄΩ ŀƴŀƭȅǎƛǎ 

 

The area of interest was divided into 10, 200 m alongshore wide cells labelled A to J, identical to those 

used in the previous study of this site by ABPmer. In a cross-shore direction, these cells were defined 

from a line determined landward of any change in the foreshore, to the furthest extent of data 

seaward. This was generally just below -3 m to ordnance datum (ODN). For survey dates prior to the 

breach (27/01/2015 to 29/01/2016), cells E to J were ŦǳǊǘƘŜǊ ŘƛǾƛŘŜŘ ƛƴǘƻ ΨŎƘŀƴƴŜƭ ŀƴŘ ƭŀƴŘǿŀǊŘΩ ŀƴŘ 

ΨǎǇƛǘ ŀƴŘ ǎŜŀǿŀǊŘΩ ǎǳō-cells, defined by the 0 m ODN contour extracted on the landward side of 

Church Norton spit (Townend, 2015) (Figure 6). 

Figure 6- Location of cells A to J, including channel and spit sub-cells, used in 
the volume analysis. 
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For each cell and sub-cell, the volume was computed for sediment above specific plane elevations of -

о ƳΣ л Ƴ ŀƴŘ Ҍо Ƴ h5bΣ ǳǎƛƴƎ ǘƘŜ Ψ{ǳǊŦŀŎŜ ǾƻƭǳƳŜǎ όо5 !ƴŀƭȅǎǘύΩ ǘƻƻƭΦ For survey dates post-breach 

(13/04/2016 to 03/03/2017), no sub-cells were defined and sediment volumes were calculated using 

the same method described previously for the full cells. No sub-cells were defined for the surveys 

following the breach, as it was no longer appropriate due to the substantial morphological changes 

that have occurred since the sub-cells were first defined in a previous study by ABPmer. An overview 

ƻŦ ǘƘƛǎ ǾƻƭǳƳŜǘǊƛŎ ΨōƻȄΩ ŀƴŀƭȅǎƛǎ ƛǎ ǎƘƻǿƴ ƛƴ Figure 7. 

 

2.2.3. Spit-delta contour migration 

¦ǎƛƴƎ ǘƘŜ Ψ/ƻƴǘƻǳǊΩ ǘƻƻƭ ƛƴ !ǊŎaŀǇΣ ŀ ōŀǎŜ ŎƻƴǘƻǳǊ ŀǘ лƳ h5b ŀnd contours at intervals of 0.5 m 

ODN, above and below the base contour were obtained. To maintain consistency with a previous 

Pagham study carried out by ABPmer, elevation contours at +3 m, 0 m and -0.5 m ODN were chosen 

for analysis. These were extracted by selecting these contour elevations from the attribute table one 

ōȅ ƻƴŜΣ ŀƴŘ ǳǎƛƴƎ ǘƘŜ Ψ/ƭƛǇ ό!ƴŀƭȅǎƛǎύΩ ǘƻƻl to clip the selected contour. 

Figure 7- !ƴ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǾƻƭǳƳŜ ΨōƻȄΩ ŀƴŀƭȅǎƛǎ ƳŜǘƘƻŘ: (a) Combining topographic baseline, LiDAR, swath bathymetry and 
extrapolated dGPS measurement data; (b) Creation of DTMs; (c) Application of pre-defined cells and sub-cells; (d) Clip DTMs to cells 

and sub-cells; (e) Extracting sediment volumes above set elevation planes. 
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2.2.4. Spit distal point migration 

The distal point of the spit was ŘŜǘŜǊƳƛƴŜŘ ōȅ ŜȅŜΣ ǳǎƛƴƎ ǘƘŜ ΨLŘŜƴǘƛŦȅΩ ǘƻƻƭ ƛƴ !ǊŎaap to obtain the 

easting and northing positionΦ ¢ƘŜ ΨaŜŀǎǳǊŜΩ ǘƻƻƭ ǿŀǎ ǘƘŜƴ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ Řƛǎǘŀƴce in metres 

between the changing position of the distal point across the different surveys. 

2.3. CoastalTools 

2.3.1. Wave climate and water level set-up 

Wave climate data for the Rustington wave buoy, for the period from 01/01/2012 to 31/05/2017, was 

obtained from CCO. Due to a notable gap in the wave climate record from Rustington wave buoy 

between 11/02/2016 and 01/03/2016, data from Bracklesham Bay wave buoy was used to infill this 

period. To check that this was appropriate, a linear regression analysis of significant wave height (Hs) 

over July 2016 was conducted between the two wave buoy datasets. This returned a coefficient of 

determination (R2) value of 0.94, shown in Figure 8. 

 

Tide data was obtained for Portsmouth from the British Oceanographic Data Centre (BODC). This data 

was then adjusted for the secondary port, Selsey Bill, using tidal height differences provided in the 

Admiral Tide Tables to determine a rŀǘƛƻ ΨǊΩΦ The tide level for Portsmouth was then multiplied by ΨǊΩΣ 

to obtain an adjusted water level record for Selsey Bill. 

Figure 8- Linear regression of Hs between Rustington and Bracklesham Bay wave buoys for July 
2016. 
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ὶ                   (1) 

Equation 1: Formula used to adjust water level data sourced for Portsmouth (Primary port) to Selsey Bill (Secondary port). 

 

2.3.2. Overtopping model 

An overtopping volume for the shingle spit was estimated using the formula for overtopping 

proposed by Owen (1980), by defining a structure in the model that represented an appropriate 

beach crest and slope.  The model also took into consideration factors including the beach roughness 

and berm width, although in this study no berm was defined. The level of the crest and toe were 

defined relative to ordnance datum, the same datum defining the water level used in the model 

(Townend, 2016). The structure parameters defined are shown in Table 2.  

Structure Parameters Value 

Crest level (m) 5 

Crest width (m) 1 

Upper slope (1:m) 5 

Berm level (m) 0 

Berm Width (m) 0 

Lower slope (1:m) 5 

Toe level (m) -2 

Wall roughness 0.6 

Table 2- Structural parameters defined in overtopping model. 

 

2.3.3. Longshore drift model 

Estimates of littoral drift along this section of coastline were calculated using the Longshore Drift 

model, which used the Damgaard and Soulsby formula for longshore sediment transport along shingle 

beaches (Soulsby, 1997). In comparison to the original CERC formula for longshore transport, the 

Damgaard and Solusby formula takes into consideration the slope of the beach, grain size and wave 

period (Soulsby, 1997). The inputs for this model were the inshore wave parameters and the site 

parameters defined in Table 3.  
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Site Parameters Value 

Bed level offshore (m OD) -10 

Bed level at beach toe (m OD) -3 

Angle of shoreline (deg TN) 48 

Friction coefficient 1 

Drift coefficient (kc) сȄмлѐщ 

Nearshore bed slope (1:m) 100 

Bed slope (1:m) 20 

Grain size (d50) (m) 0.015 

High water level (m OD) 3 

Low water level (m OD) -2 

Table 3- Site parameters defined for longshore drift and wave energy models. 

 

2.3.4. Wave energy model 

Using the adjusted wave data for Rustington wave buoy, the wave energy model used linear wave 

theory and plane bed refraction and shoaling to calculate inshore wave parameters. Once calculated, 

a check was conducted on the inshore wave height to determine any wave breaking, using the water 

depth and wave period, in addition to the nearshore bed slope defined in the site parameters (Table 

3). This model then used linear wave theory to calculate the inshore wave energy flux (J/ms) 

(Townend, 2016). 

Ὂ ὫȢ”Ȣ Ȣὧ     (2) 

Equation 2: Calculation of wave energy flux using linear wave theory. 

2.1.1. Beach profile volume set up and model 

A total of 14 baseline profiles were selected from survey units 4dSU22, 4dSU23 and 4dSU24, to cover 

the regions both updrift and downdrift of the harbour entrance, in addition to the harbour entrance 

itself. A volume model was then run in CoastalTools to determine the area per unit metre width under 

each profile, with a set of x and z boundaries specified for each profile. The z-boundary was kept at a 

constant value of -2 m ODN, while the limit of the x-boundary varied between different profile lines 
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and was based on the general location of the shingle crest displayed for each profile line over the 

timeseries of that profile line. The location of each profile line is shown in Figure 9. 

 

 

 

 

 

Figure 9- Location of baseline profiles. Aerial photography of harbour entrance sourced from CCO. 



 

31 
 

2.4. Breach model 

2.4.1. Spit overtopping and overwash model 

A simple model was used to determine an estimate of overtopping, overwashing and variations in the 

crest level. This model was run for the period between 01/01/2012 to 31/05/2017 and used the 

adjusted wave data from the Rustington wave buoy and water level data for Selsey Bill, adjusted from 

the Portsmouth tide gauge. The rate at which sediment was imported into this model was controlled 

by the littoral drift rate estimated using the Daamgard and Soulsby (1997) formula for bedload 

longshore transport on shingle beaches. Based on Soulsby (1997), the overtopping transport 

coefficient (k0) used in this model was calculated using the overtopping discharge given by the 

following equation: 

ὃί
Ȣ Ȣ Ȣ

ȢȢ Ȣ      (3) 

Equation 3: Overtopping discharge. 

 

The model returned estimates for the overtopping sediment volume, an overwash drift volume and 

the net surplus volume (Townend, 2016), in addition to variations of the crest levels of the defined 

element and a downdrift element. If the water level was below the crest of the spit, an overtopping 

rate was first calculated and then used to determine a volume of sediment removed by overtopping. 

However, if the water level was above the level of the crest, then an additional drift calculation was 

performed, taking the water depth above the spit into consideration. The crest elevation and spit 

volume were updated. If the maximum defined elevation of the spit element was exceeded by the 

updated crest level, the excess volume above this maximum elevation level was added to the output 

volume. The final values of model parameters used are summarised in Table 4. 
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Model properties  

Element width (m) 150 

Element length (m) 200 

Bed level (m ODN) -0.5 

Initial crest level (m ODN) 5 

Max crest level (m ODN) 5 

Crest width (m) 20 

Spit slope (1:m) 6 

Roughness 1 

Overtopping transport coefficient 17 

Sediment transport formula Damgaard and Soulsby (1997) 

Table 4- Spit overtopping and overwash model parameters. 

3. Results 

This results from this study are presented in the following section, covering the volumetric changes 

over the harbour entrance and adjacent coastline, a comparison of the wave climate between the 

winters of 2013/2014 and 2015/2016, an updated estimate of littoral drift for this length of coastline 

and model results from the simplified overtopping-overwash model. 

3.1. Recent morphological behaviour of Pagham Harbour entrance 

 

3.1.1. VolumetǊƛŎ ΨōƻȄΩ ŀƴŀƭȅǎƛǎ 

In general, there was a decreasing trend in the total volume above -3 m ODN in cells E, F and G 

observed, while progradation was shown across cells H, I and J. Between 27/01/2015 and 

03/03/2017, the total volume above -3 m ODN in cells E, F and G decreased by 30.3 % from 1.07x105 

m3 to 7.46x104 m3, 36.7% from 1.22x105 m3 to 7.72x104 m3 and 35.4 % from 1.12x105 m3 to 7.23x104 

m3 respectively. In comparison, the total volume in cell I increased from 3.69x104 m3 on 27/01/2015 

to 8.36x104 m3 by 03/03/2017, indicating an increase in volume of 126 % in this period. However, it is 

clear on further subdivision of the total volumes above and below 0 m ODN, that most of these 

volume changes observed in cells H, I and J occurred below 0 m ODN (Figure 10). For cells A to D, the 

total volumes above 0 m ODN remained relatively consistent since 2012. In the spit sub-cells F to J, a 

clear growth in the volume above 0 m ODN was shown (Figure 11), corresponding to the progradation 

of the spit along the coastline. However, in the period leading up to the breach a reduction in the 

total spit volumes across sub-cells F and G was shown. 
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This was further highlighted in Figure 12, showing the normalised total cell volumes. Focusing on the 

period leading up to and after the breach, the main change was shown to occur above 0 m ODN in 

cells E to G, indicated by the negative volume change relative to the mean of section starting prior to 

2016 (Figure 11). In comparison, cells I and J displayed an increasingly positive volume change above 

0 m ODN, indicating the migration of the detached spit along the coastline.  

 

 

Figure 10- Total sediment volume across cells A to J, between 31/01/2008 and 03/03/2017: (Top) Sediment volume 
above 0 m ODN; (Middle) Sediment volume below 0 m ODN; (Bottom) Total sediment volume above -3 m ODN. 
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Figure 11- Total sediment volume across cells A to D and spit sub-cells E to J, between 31/01/2008 and 03/03/2017: (Top) 
Sediment volume above 0 m ODN; (Middle) Sediment volume below 0 m ODN; (Bottom) Total sediment volume above -3 m 

ODN. 
















































































