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Abstract

Situated on the south coast of EnglaRagham 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 change®lancreasingly threatened properties along Pagham beach due to
coastal erosion. Early in 20tt& 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/rsisdg

determine how Pagham Harbour entrance and the spit system have eviollesling the breach of

Church Norton spit in spring 20Ehd to idenify the cause(s) of the breach.

A series of digital terrain models (DTM) of Pagham Harbour entranceredueed, covering the
period from 27/01/2015 to 03/03/201AGeographical Information System (GIS) analysis was then
conducted to determine the rate of volume change across the harbour entraitben predefined
box cells labelled-A Cell A was loeat furthest updriftwhilecells D and E were located over the
inlet entrance and cell J was located furthest downdrift of the Apitave climate analysis was
carried outusingwave data from Rustington and Bracklesham Bay wave Ha@ysamine variatio
in significant wave height {ipeak wave period JTand wave direction between the winseof
2013/2014 and 2015/201@nshore wave energy fluxes and littoral drift ratese also determined
over thisstudy period. The crest behaviour observed alBhgrch Norton spit was then modelled
using a single cell model, driventhis wave data and the updated littoral drift rates, to determine
the effect of overtopping and overwashing on the crest elevation undegivieaconditions.

The GIS analysis showtt the detached spit migrated downdrift and fusedhe shoreline in front
of Pagham, while the relic spit continued to recede in a saetterly direction and showed no
evidence of reforming. A decreasing trend was observed in the total volume-8lmv@DNn cells

E F and Gvhile progradation was shown across cells H, | and J, reflecting the migration of the
detached spialongshore On further division of the cellsased on volumgabove and below th

ODN it was clear that most of the volumeartyes observed in cells H, | and J occurred belaw 0
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 directiandH, were all relatively simita
However, the maximum Jin winter 2013/2014 was notably higher than in winter 2015/2016, with
values of 28.6 s and 18.2 s respectively. Comparing the meanreingnoe energy flux between these
two winters the energy flux was shown to be 35.7 % higherinter 2013/2014&0mpared to
2015/2016 Two clear peaks in littoral drift were also shown, corresponding to these two winter
periods, yet the total annual drift volunmasdecreased since 2014.

The model results indicated that the @thuNorton spit cret lowered througlpositive feedback

loops involvingvertopping and overwashing events. The intense storm activity observed in winter
2013/2014 appeared to act as a trigger to the progressive breakdowceatralsection of the spit,
resulting in overtpping events occurring during summer storm events follgwimter 2013/2014.
Thepre-conditioningof this barriereduced the resilience of the spit by increasing the frequency of
overtopping due to the lower energy requirentéo overtop the lowered crésThe barrier wathen
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 wasft in an increasingly vulnerable position to future storm activity.
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1. Introduction

1.1. Motivation for this study
Theentranceto Pagham Harbous a highly dynamic ar@ad $nce the first réiable documentation
of the harbour entrance in 1587, the inlet has shown remarkable chamgeth size and position, in
response to both natural and anthropogenic factors (Scott and Townend, Bl@l@ver particularly
overthe past 10 yearghe morphological changes observed across the harbour entrance have been
rapid and &tensive highligitingthe key ballengesand difficultiefacedin managing such a dynamic

section of coastline.

Despite thevarious attempts over the past 10 years to traming walls and other hard engineered
structuresto fix the shoreline motpology of the harbourmranceand manage the behaviour tife
spit-delta systemsuccess has been limitétherapid geomorphological chargeecentlyobserved at

the entrance to Pagham Harbour have important implioatioot only toaccessing the harboiaut
alsoonthe shinde supply to Pagham beach frontafeoperties located irhe area downdrift of the

inlet have beemnder increasing threat by coastal erosion (Scott and Townend, ZtiHer to this,

the site is also of considerable ecologwedlie, @commodatingoth nationaly and internationdy

protected habitats and speciethe site hosts designations as a Ramsar site, a Special Protection Area
(SPA), a Site of Specific Scientific Interest (SSSI) and Marine Conservation Z¢8eqiax)

Townend, 2017).
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1.2. Study site
Pagham Harboulocated to the east of Selsey Bill on the south coast of thEidire 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 waste®a from the soutkeastern, southwestern and southern
directions due to the soutlvest to northeast orientation of the coastline (Barcock and Collins,
1991). Althougtthe headland oSelsey Bill offers some sheltering, this stretch of coastline is
subpcted 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 Qeddftg.94
m (HR Wallingford, 1995), as well as spring and neap tidgganh 4.9n and 2.7m 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 (Bragt al, 1995).Pagham Harbour &soa local RSPB nature reserve.

Figurel-Location of Paghardarbour entrance, along the central southern coast of the |
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 Pagtemimodr entrance and the spit system
have evolved following the breach of Church Norton sgipiimg2016and to idenify the cause(s) of

the breach.
To address th aims of this study, thiaree main objectiveare:

1- To examine the nearshore water level and wave climaté, fn@or to, and post the breach in
2016 to identify any storm activity before the boda

2- To assesthe rate of volume change of sedimatross 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. Hypoheses

The hypotheses to be tested in this study are:

1- The breach along Church Norton spit in spring 2016, was initiated thifeaitfiwering of the
crest by storm actioand developed into a full breach through tidal action.
2- The southern spit is reforminggt 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 anview 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 focugdidalebb
deltas. Literature onttoral 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 UddefVentworth scale for graisize classification (Wentworth, 1922), a mgeain
diameter of 2 to 256 mno¢ -1 ) to -8 Y) is characteristic of gravel and represeiviabf a coarse
grained beach. Wile for a finegrained beach, characterised by sand, the mean grain size is defined
as63 um to 2 mm (or & to -1 5). However, particle size distribution can vary spatially Gtosse

and along the coast and is dependent on the local sediment supply (Stt@ing@008), therefore

14



beaches can be further categorised as mixed (sandj@wel). Particle grain size also governs the

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

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

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

enabling further energy dissipation of incoming waves (Anthony, 2008). In comparisgnaifieel

beaches are dissipative in nature, displaying a milder beguh atgle and lower permeability. A

typical crosssectional 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 backape Figure 2.

cliff ™, beach face foreshore offshore

e cres't".";‘t4

salt marsh /,/' W MHWS
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Figure2- Schematic crossectional profile of a coarggained barrier beach (Van Rijn and Sutherland, 2011).
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an angle to the predominant direoti of incident waves and therefore governed by thmgkihore
transport of sediment. WS NBE I+ a GKS 2NASyYyGlrGA2y 2F Wagl ak

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

As discussed previously,rglie 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 predomirseatyoloc
wave dominated coastlines at riigh latitudes (McCadit al.,2013)and the evolution of these

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

fluctuations in sea level (Stripliagal.,2008). Fogravel beaches, wave action is suggested to form

the main driver of sediment transport (Pye, 2001) and therefore form a primary control on the
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morphology (Wright and Short, 1984). Compared to sandy beaches, where the movement of material
occurs predominatly 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 asahming waves. During the

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

oF Ol ¢l akK LIKIFIaAaS Aa ¢SFTSNIla I NBadzZ &G 262RSKQ2¢ | G
style of grain movement alortige beach and at a larger scale results in the longshore sediment

transport (Van Rijn and Sutherland, 2011).

1.5.2. Morphology of tidal inlesystems
The morphology of a tidal inlet incorporates many components, including ebb and flood tidal deltas,
also refered to as seaward and landward shoals respectively. Hayes (1969) definectiaialeddita
as the accumulation of sediment on the seaward side of a tidal inletidabdeltas host a main ebb
channel, which in turn may be flanked by chammatgin lineabars 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 beachn additional morphological component of an-idlal 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, 19Bigjufe 3. Floodtidal deltas in turn, host a ges of flood

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

CHANNEL
MARGIN

cuanNNE

DOMINANT
TRANSPORT
DIRECTION

EBB-TIDAL DELTA

Figure3- Morphology of an ebb tidal delta. The direction of tidal currents is indicated
arrows (Hayes, 1980).
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controlled by factors including the asymmetry in ebb ffoad 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 preide 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, thereforetfiagiltagshore

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 lowaauggests 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 mechanismsvhich 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, ditwehdri

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

present on the ebb delta swash platform (FitzGeealal.,2000).

A second bypassing mechanism shown in tidal inlets that have a stable throat pysitéisplay a
cyclical behaviour in the migration of the main ebb channel downdrift, can occur throudgidadbb
delta breaching. The accumulation of sediment updrift of thetata delta, formed because of a
preferential direction in alongshore trarsh 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 gathugh the ebktidal delta cauing
ebb-tidal deltabreaching taoccur. The process of breaching allowargd volume of sediment bypass
the inlet mouth and the old inlet channel infills through the deposition of sediment by cyrrents
generated by waves and the tide. The rate at wHighlireaching takes place can increase
substantially during a storm event (FitzGesdldl.,2000). In a previous study focusing on the

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

t A
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A third mechanism in which bggsing can take place is tha migration of an inlet and spit
breaching. As sediment is transported alongshore, it can be deposited in the inlet and consequently
reduces tle 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 ib&ditnd along the updrift spit. Further to this,
there can be a reduction in the tidal range of the harbdue to the longer inlet channel length
created as the inlet migrated. This results in an increased frictional compoessiting 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.,2000).

1.5.3. Littoral Drift

Littoral drift is an important component to consider for this study. Fiisthgts 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 inleferm major barriers to littoral drift (Brast 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 egisodiessive reduction or

generally low littoral drift rates however, can have detrimental impacts on the downdrift coastline,
leading to sediment depletion (Brayal,1995) and areas of erosion. In cases where people and
properties are at risk of coastosion 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 varpirsectsp

changes in the wave direction (Stripletcal, 2008), resulting from changes to the wider wave

climate or through localised wave refraction (Bragl.,1995).

1.5.4. Historical morphological behaviour of Pagham Harbour entrance
Using the earliest relble chart, da¢d 1587, the harbour entrance was shown to host two shingle
spits. The southern spit prograded a distance of 90 m in a-eesdterly direction by 1724 and an
additional 900 m by 1874 (Scott and Townend, 2017). In 1876 there was a delibmsate 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 stamduced breachvhichoccurred to the
southern spit in 1910, the southern spit oragmin 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, aistiowed
breach ocarred 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 doublespit system characterigy 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 200terventions were also caed out in the form of shingle recycling,

initially by theNational Rivers Authority (NRA later by the Environment Agency. The intervention
works involved building up the shingle ridge of Church Norton spit following storms, by placing 15,000
m?/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 Febrtasycentral section had shown
considerable lowering over a-90@0m 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. Previousstudies 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 rapidlglecreasing 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 accretlomwn to theeast 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 Mar spit that fronts Pagham Harbourad increased. The
rate of this observed increase was found to be in line vatimates of littoral driftindicating that
limited bypassing occurred over this period (Townend, 2015). Recent estimates of littoaddioigif
this section of coastline indicated peak rates of 40,089ear and normal littoral drift rates of
between 1525,000 ni/year (Townend, 2015), which ishroad agreement with previous estimates

of littoral drift rates by Barcock and Collins (1991)
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Other studies focusing on the spiglta migration at the entrance to Pagham harbour, have
highlighted a close coupling between the sufidal spit and the ebb delta and the prograding spit

was shown to follow the migration of the ebb delta (Townend520Additionally, 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, migratgnin a northeasterly direction, periodically supplied Pagham Harbour frontage
with shingé (Barcock and Collins, 1991jh8ugh submerged barsdated on the ebb tidal delta,

were shown to behave as a barrier and disrupt sediment transport (Royal HgsiZi9). In

addition to the previous morphological studies conducted on Pagham Harbour entrance, a study by
Cundyet al.(2002) was conducted to investigate the sedimentary response of the harbour itself, to
the breach of the barrier in 1910, using sigephic sediment cores and radiometric dating

techniques.

Figured- Photograpls of Pagham Harbour entrance taken dyitime site visit in May@®.7: (A A view along th:
stoss side Church Norton spit in a seudisterly drection towards Selsey Bill) @view of the lee side of Chu
Norton spit, from a northern direction acrossitilet channel on Pagham spit) @view across Pagham
Harbourentrance, showing private properties to the north and a body of sediment newly adjoined tc
shoreline to the south. All photos kindly provided by Professor lan Townend.
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2. Methodology

The following section presents the methodology required to achieve the objectives defined for this
thesisandcovers the three key stages of this stu@yS analysis; Wave climatebysis and

Overtoppingoverwash spit modelling.

2.1. Data collection

2.1.1. S=dimentsample collection

A visitto the study site was conducted on 03/05/2017, with the primary purpose to obtain sediment
samplegdown to thelow tidemarkand gain detter understandingf the layoutof PaghanHarbour
entrance Figured). A total of 7 sediment samples were collected and the global positioning system
(GPS) waypoints recorded for each, usi@anin GPS handsd@these samples were spatially
distributed over the entire stly site includinghe crest and spit flanks bbth Pagham spit and

Chuch Norton spit, two locations dhe ebb deltaand one sample at the low tide mark of Church
Norton spit This was to ensure samples covetteel crossshore and bbngshore variationfahe

study site.

2.1.2. Sediment sample analysis
Samples were rinsed thoroughWth freshwater, transferred quantitively to an aluminitnay and
then placed into an oven at 50 °Cdoy. Once dry theamples werguantitively transferred to an
Encecotts Octagn 200 sieve shakevith a graded sieve mesh staakdwere shaken w2000 RPM
for 10 minutesFollowing the shaking stagedsment etained on each mesh wasighedand

GRADISTAMO (Blott and Pye, 2001§as used to determinthe sediment grain statistic

2.1.3. Summary of datasets

A summary of all the dadats used are shown Table 1

Data/survey _
Source Detail
type
Prebreach survey dates:
- 27/01/2015
_ - 02/06/2015
Channel Coastal Topographic
_ - 04/09/2015
Observatory (CCO) baseline
- 29/01/2016
Post breach surveyates:
- 13/04/2016
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- 24/06/2016
- 07/09/2016
- 03/03/2017

Topographic

profiles

All profile surveys available between 01/01/20
and 31/05/2017.

Survey unit: 4dSU22

- P4d01382

- P4d01377

- P4d01371

- P4d01364

- P4d01359
Survey unit: 4dSU23

- P4d01410

- P4d01405

- P4d01403

- P4d1398A

- P4d01397

- P4d01391

- P4d01387
Survey unit: 4dSU24

- P4d01423

- P4d01458

Swath
bathymetry

- 06/06/2016
- 1 m resolution

- Conducted using a Kongsberg EM3004

Light Detection
and Ranging
(LIDAR

- 04/03/2014
- 30/03/2014

- 1m gridded resolution

Wave

Wave data inciding H, T, maximum wave heigh

and wave direction

Rustington wave buoy

- GB,nnedncQ bZ nnn
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- Data from 01/01/201231/05/2017

Bracklesham wave buoy
- 0opne nodocQ bI nnj

- Data for 01/01/201231/05/2017

- Portsmouthtide gauge

British Oceanographic Dat - (50°48'09.2" N, 01° 06' 42.9/)
Water levels
Centre (BODC) - 01/01/2012 to 31/05/2017

- 15 minute sampling intervals

Associated British Ports| Inlet channel
- 05/03/2015and 14/03/2015
Marine Environmental depth
- 4 transects
ResearchABPmer measurements

Sediment grain
Site fieldwork -
size

Tablel-A summary ofhe datasets used in this study.

2.2. GIS analysis

The following section describes the initial DTMugeand GIS tool application for each GIS tool
analysis.All GIS argsis were carried out in the ArcMap suite of ArdBl&

2.2.1. Digital Terain Modelsetup

A total of éght DTM were produced in ArcMap, corresponding to the eight most recent topographic
baseline surveys carriedit at the study site, fror27/01/2015 to 03/03/2017. To create these DTMs,
topographic baseline data, LIiDAR datath bathymetry data anchannel depth data were

combined.
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Figure5- A flowchart summarising the mosaic sequendevield to create each digital terrain model.

¢KS FTANBRG adr3asS dzaSR GKS Waz2al A0 G2 ySé NIadSND
for the most recent swath bathymetry survegnducted offshore of Paghamm 06/06/2016. This

stepwas then repeatedsingLiDARIata from2014.To obtaina sufficienspatialLiDARoverage for

Pagham Harbour and the surrounding coastliieARsurveydatafrom 04/03/2014 and@0/04/2014

were mosaiced together. The LIiDAR data from 04/03/2@dviged spatial coverage of the

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

of Pagham HarbouFor the tgographic baselindata, a mask was created the wider Pagham

Harbour region and thpoint elewation data was theextrapolated over this mask regipmsing the

We2L2 G2 NI &0dSND G2 Avashhet W& tokclip thixigbolatéd tapégrahid a1 ¢ G 2 2
surface to the area covered by the surdegllowing this, thelepthmeasurementiataobtainedfrom

4 transects covering a 159 wide section of the main inlet chanpptovided by ABPmeras

SEGNI LREFGSR 20SNJ GKS KI Nb 2 dzNJ SHhéstldepttOS | NBI  dza Ay
measurements were collected on 05/03/2015 and 14/03/2015 wsiRgal Time Kinematic (RTK)

differential Gobal Positioning System (dGRERmer, 2015).

To combine the clipped topograpliiaseline surfacd iDARswath bathymetry anthe extrapolated

channel sudce theWa 2 & I A QNI (821 SN (1 2 2 cé(Figurex)z&iStly, the iDARL S |j dzS y
surface wa mosaiced to the extrapolated chanmetfaceto create a new surfac®yspecifying the

mosaic operatof a W,Ghisenugaldhat the cell outpufor clashingellswas the value of the first

input raster,whichin thisfirst casewasthe LiDARurface.This step was repeated to combine this

newly made LiDA&d dannelsurface and the swath bathymetry surface. Again, the mosaic

2LISNI 02NJ 61 & ALISOAFASR | & WCL w{foramy clasiing Bplt dzZNB { K S

cells was the value tifiat cell inthe swathbathymetryinput raster.This process was repeated a third
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time to mosaic together the clipped topographic baseline susfaicd the combined swath

bathymetry, LIDAR and channel surfaceraate 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 2Q1@ARIata. To remove thisLiDARnask was

defined foreach Y RA @A Rdzt f adz2NBSeé | FFSOGSRI yR GKS @G9NI a
FNRY GKS GARSNItFIKEFEY 1 FNb2dzNJ NEBIA2Y YIFald ¢KS a
YIK2adQ NBIAIDARKHNER, YefolieKhSn mosaig rach surfacagainin turn,

following the stepslescribed previously. This step wasaated for each DTNhat wasaffected.

222.+2t dzYSGNADO W. 2EQ |yl té&&anra

Elevation

m ODN
e High 124.04

b Low --1323

0 02 04 0.8
_——— — M

el

Figure6- Location of cells A to J, including channel and spitedls) used in
the volume analysis.

The area of interest was divided into 10, 200 m alongshore widéatslied A to,Jddentical to those

used inthe previous study of this site by ABPntera crossshore direction, these cells were defined

from a linedetermined landward adiny change in the foreshore, to the furthest extent of data

seaward. This was generally just beldunto ordnance datum@DN). For survey datesrior to the

breach 27/01/2015 to 29/01/201% cells Eto Jwe® dzNIi KSNJ RAPARSR Ayid2 WOKI y°
WA LA G Iy R -calsS defined\birtie B3OS cotour extracted on the landward side of

Church Norton spifTownend, 2015)Figure §.
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For each cell and swdell, the volume was computed for sediment above specific plane elevations of

o Y n Y FYR bo Y h5b3X dziaAy 3 ForsB8ventptdgpdsteatS @2 f dzY S
(13/04/2016 to 03/03/2017), noub-cells were defined and sediment volumes were calculated using

the same method described previously for the full cells. Necslibwere defined for the surveys

following the breachas itwasno longerappropriatedue to the substantial morphologicdlanges

that have occurred since the sgbllswere first defined in a previous study by ABPraroverview

2F (KAEA PEDAZV U NR GFlgiwd7A & aK26y AY

Figure7-! y 2 @3SNWASS 27F (KS ¢ aafQiwdbdingHdpagiaghic bagdlirfe & BARS swatiShatky2ntry
extrapolated dGPS measurement data; (b) Creation of DTMs; (c) Applicatiededinget cells and stdells; (d) Clip DTMs to ce
and subcells; (e) Extracting sediment volumes abovelseation planes.

2.2.3. Spitdelta contour migration
PaAy3a GKS W/ 2yiG2dz2ND (22 Andcdntudisatintéivaldof 0Bl & S O2 y (i 2
ODN, aove and below the base contowere obtained. To maintain consistency with a previous
Pagham study carried out by ABPmer, elevation contours at +3 m, O-lvmndODN were chosen
for analysis. These were extractgdselecting these contour elevations from the attribute table one

08 2ySs | YR dza Ay ItodligtBe séctedichatodr! y I t 8aAaovQ 22
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2.2.4. Spit distal point migration
The distal point of the spitw&S i SNYAY SR o0& S&S3: dzadpi6abtainkhé WL RSy (.
easting and northing positian ¢ KS Wa S| adz2NBQ (22t ¢ &einlmétRy dza SR

betweenthe changing potion ofthe distal poinacrosshe differentsurveys.

2.3. CoastalTools

2.3.1. Wave climate and water levegtup
Wave climeée datafor the Rutington wave buoy, fahe period from 01/01/2012 to 31/05/2017, was
obtained from CCMue to a notable gap in the wave climate record frontiRgt®n wave buoy
between 11/02/2016 and 01/03/2016, data from Bracklesham Bay wave buasaato infill this
period. To check that this wappropriate a linear regression analysis of significant wave height (Hs)
over July 2016 was conducted between the two wave buoy @ataghis returned eoefficientof

determination(F) value of 0.94,swn inFigure 8

1.8 T T T T T T T T

y=0.0180044+0.91573.x; R?=0.943386

T

Bracklesham Bay: Hs (m)
&
T

o
=3
T

04~

02

Rustington: Hs (m)

Figure8- Linear regression of Hs between Rustington and Bracklesham Bay wave buoy
2016.

Tide data was obtained for Portsmotitbm the British Oceanographic Data Centre (BODC). This data
was then adjusted for the secondary port, Selsey Bill, using tidal height differencdsgioithe
Admiral Tide Tables to determinelaii A Fhe HoJewel for Portsmouth was thenultiplied by NI =

to obtain an adjusted water level record for Selsey Bill.
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i (1)

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

2.3.2. Overtoppingnodel

Anovertopping volume for the shingle spis estimated using the formula for owepping

proposed by Owen (1980), dgfining a structte in the model that represented an appropriate
beach crest and slopd& he modelalsotook into consideration factsrincluding the beach roughness
and berm width, although in thi&gudyno berm was definedhe level of the crest and toe were
defined rehtive to ordnance datum, the same datum defining the water level used in the model

(Townend, 2016)hestructure parameterslefined areshown inTable2.

Structure Parameters Value

Crest level (m) 5

Crest width (m)

Upper slopg1:m)

Berm Width (m)

1
5
Berm level (h 0
0
5

Lower slop&1:m)

Toe level (m) -2

Wall roughness 0.6

Table2- Structural parameters defined in overtopping model.

2.3.3. Longshore drift model

Estimates of littoral drift along this section of coastlieze @lculated using the Longste Drift
model,which used the Damgaard and Soulsby fdanfiorlongshore sediment transport alospingle
beacheqSoulsby, 1997l comparison to the original CERC formula for longshore transport, the
Damgaard and Solusby fanfa takes into consideration the slope of the beach, grain size and wave
period (Soulsby, 1997)he inputs for this model wethe inshore wave parameteasdthe site

parametergdefinedin Table3.
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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 (k) cEmneé
Nearshore bed slope (1:m) 100
Bed slope (1:m) 20
Grain size (D) (m) 0.015
High water level (m OD) 3
Low water level (m OD) -2

Table3- Site parameters defined for longshore drift and wave energy models.

2.3.4. Wave energy model

Using the adjusted wave dditar Rustington wave bugyhe wave energy model used linear wave
theory and plane bed refraction and shoglto calculate inshore wave parametédsice calculated,
a check was conducted on the inshore wave height to deterampevave breaking, usitlye water
depthand wave period, in addition the nearshore bed slope defined in the site paramef€able
3). This modethen usedlinear wave theory to calculate tlireshore wave engy flux (J/ms)
(Townend, 2016).

0 B 8—& )
Equation 2: Calculation of wave energy flux using linear wave theory.

2.1.1. Beach profile volume set up and deb
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 CoastalTiatketermine the area per unit metre width under
each profile, with a set of x and z boundaries specified for each profilebdhedary was kept at a

constant value o2 m ODN, while the limit of theboundary 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 locationeaich profile linés shown inFigure9.

2 4‘“ %
: P4d01359
> P4d01364
P4d01371

- M¥Ppado1377
- 3'pad01382

P4d01387

Baseline Profile

1 km
0 0.5 1

P4d01423

j;f$4do1458

Figure9- Location of baseline profiles. Aerial photography of harbour entrance strorogdCO.
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2.4. Breach model

2.4.1. Spitovertoppingand overwasimodel
A simple modewas used to determinan estimate of overtopping, overwashing and variations in the
crest levelThis modelvas run for the period between 01/01/2012 to 31/05/2017 asdd the
adjusted wave datadm the Rustington wave buoy andhter level datdor Sebey Bill adjusted from
the Portsmouthtide gaugeThe 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 beachBased on Soulsby (1997), the overtopping transport
coefficient (k) used in this model was calculated using the overtopping discharge given by the

following equation:

8 8 8

(Ol Y (3)

Equation 3: Overtopping discharge.

The model returne@stimates forthe overtopping sediment volume, an overwash drift volume and
the net surplus volumélrownend, 201) in addition tovariations of the crest levels of the defined
element and a downdrift elemernif.the water level was below the crest of the spit, an overtopping
rate wasfirst calculatedand then used taletermine a volume of sedimeremoved by overtopping.
However,if the water level was alve the level of the crest, then an additional drift calculation was
performed, taking the water depth above the spit into considerafitie. crest elevation and spit
volume were updated. If the maximum defirgddvation of the spitlementwas exceeded by the
updatedcrest level, the excess volume above this maximl@vationlevel was added to the output

volume.The finalvalues of model parameters usack summarised ifabled.
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Model properties

Element width (m) 150
Elemant length (m) 200
Bed leve(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)

Table4- Spit overtopping and overwash model parameters.

3. Results

This result$rom this study are presented in the following sectiocoveingthe volumetric changes
over the harbour entrance and adjacent coastline, a comparison of theclanate between the
winters of 2013/2014 and 2015/2016n updated estimate of littoral drift for this length of coastline

and model results from the simplified overtoppimgerwash model.

3.1. Recent morphological behaviour of Pagham Harbour entrance

3.1.1. VolumeNA O W6 2EQ | yIfeéeahra

In generalthere wasa decreasing trend in the total volume abe8enODNin cells E, F and G
observedwhile progradation was shown acrosslls H, | and J. Between 27/01/2015 and
03/03/2017, the total volumabove-3 mODNin cells EF and G decreased by 3@3rom 1.07x10
m3to 7.46x10 m?, 36.7% from 1.22x20n%to 7.72x10 m3 and 35.4% from 1.12x10m®to 7.23x10
m?3 respectively.n comparisonthe total volume ircell | increaseffom 3.69x16m?3 on 27/01/2015
to 8.36x10 m® by 03/03/2017, indicating an increase in volume of 126 % in this pEidwgkver, it is
clear on further subdivision of the total volumes above and belowODN that most of these
volumechangeobservedn cells H, | and J occurred belom @DNFigurel0). For cells A to D, the
total volumes above th ODNremained relatively consistent since 20lk2he spit subkcells F to B
clear growth in thevolume above @ ODNwvasshown(Figurell), corresponding tdhe progradation
of the spitalong the coadine. However,n the period leding up to the breach reduction in the

total spit wlumes across sutells F and G was shown.
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This wadurther highlighted in Figur&2, showing the normalised total cell volumes. Focusing on the
period leading up to andtar the breach, the mainhange was shown to occaibove Om ODNnN

cells E to G, indicated by the negative volume change relative to the mean of sectiog gtantito
2016 (Figure D1 In comparison, cells | and J displayed an increasingly positimgewchange above

0 m ODN indicating the migration of the dathed spit along the coastline.

Volume (m*}

Volumes below 0OmODN x10°

25

S
Volume (m*}

—
(4]

Volume (m*}

Sections along coast

FigurelO- Total sediment volume across cells A to J, between 31/01/2008 and 03/03/2017: (Top) Sedime
above 0 m ODN; (Middle) Sediment volume below 0 m ODN; (Bottom) Total sediment volurBaralivi.
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Figue 11- Total sediment volume across cells A to D and spiedishE to J, between 31/01/2008 and 03/03/2017: (T
Sediment volume above 0 m ODN; (Middle) Sediment volume below 0 m ODN; (Bottom) Total sediment vol@nme
ODN.
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