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1 Executive Summary 

The project has used a numerical model to establish the key potential changes to sediment 

transport pathways and indicate the resultant potential impacts on the section of coastline 

between Winterton-on-Sea and Lowestoft, driven by the introduction of the Great Yarmouth 

Outer Harbour (GYOH) structure. This was, constructed and “geomorphologically” finalised 

between summer 2007 and 2008, with modifications to the breakwaters between summer 2011 

and the end of 2012.  In particular, the coastline between Caister-on-Sea and Corton has been 

investigated. The project has synthesised a range of historical and contemporary datasets using 

beach profiles, bathymetry, bed sediment analysis and wave climate records.   

 

 Beach Profiles 

This report has updated the report of Dolphin and Rees (2011), which analysed beach 

profiles along the Caister to Corton frontage.  Subsequent statistical analysis of the 

outputs has shown a number of profiles have experienced significant changes since the 

construction of the harbour. This includes changes in accretion rates at profile N109 to 

the north of the harbour and profile N113 at Gorleston and changes in erosion rates at 

profiles N116 and N118 to the south of the harbour.  A qualitative analysis of 

Environment Agency aerial images was also undertaken to assess longshore drift 

directions and showed a predominantly northerly transport until 2010 when the sediment 

transport changed direction to the south.  It is hypothesised that this change in transport 

has been caused by changes in the number of northerly and southerly storm hours that 

impacts on regional sediment transport directions. 

 

 Numerical Models 

Three numerical modelling scenarios were considered – tides only, waves only and a 

combination of waves and tides with and without the presence of GYOH.  These scenarios 

provided the basis with which to explore the effect of the construction of the GYOH on 

model-predicted bedload transport rate and sea bed evolution.  Three realistic wave 

events were explored within the modelling scenarios (a northerly storm, a southerly 

storm and a small wave event occurring from an easterly direction).  During a small wave 

event, the presence of the GYOH caused minor predicted differences in total load 

transport and sea bed evolution.  However, for the northerly and southerly storm 

simulations, greater differences in total load transport rate and sea bed evolution were 
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predicted.  A predicted reduction in total load transport has resulted in accretion of the 

sea bed south of the harbour during the northerly storm.  This effect was attributed to the 

shielding effect of the GYOH to the coastline south of the harbour during a wave event 

when waves approached from the north.  The southerly storm simulation also predicted a 

reduction in total load transport to the north of GYOH but with a more variable change in 

sea bed accretion.  Again, this was attributed to the sheltering effect of the harbour when 

waves approach from the south. The reduction in total load transport and changes in sea 

bed accretion were restricted to the local area immediately north and south of the 

harbour (1.5 km).  No reduction in sediment transport rates or change in sea bed 

accretion due to the construction of GYOH were predicted by the numerical modelling 

further afield.  Volumetric longshore transport was calculated from the three wave event 

simulations, and showed a reduction in longshore transport in the immediate vicinity of 

the harbour.   This effect was not predicted north of the harbour or further south than 

Gorleston.  

 

 30 Year Wave Hindcast 

A new 30 year wave hindcast developed by the UK Met Office and the Environment 

Agency allowed exploration of long-term changes to wave climate offshore of Great 

Yarmouth. The UK coastal wave hind-cast dataset was made available to Cefas by the UK 

Met Office and Environment Agency. It provides a 30 year long record of wave conditions 

around the entire UK coastline from model points in the WaveWatch III wave model run 

by the Met office four times per day (run at 0000, 0600, 1200 and 1800). The dataset 

provides the wave conditions at the beginning of every model run during the 30 year 

period and effectively provides a close proxy of the conditions observed at these times. 

Whilst annual maximum significant wave heights have remained relatively stable in the 

period 2001 to 2011, the relative ratio of northerly / southerly storm hours has declined 

during the same period, thereby reducing the predominance of sediment transport to the 

north.  

 

Conclusions 

The modelling results indicate the direct impacts from the construction of the GYOH on waves and 

tidal currents are limited to the local area (1.5 km) north and south of the harbour.  Therefore, 

whilst the accretion of sand at Gorleston is highly likely due to the construction of the harbour, 

the observed losses further south at Hopton and Corton are unlikely to be directly connected with 
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the construction of the GYOH.  Analysis of the 30 year wave hindcast indicates a decreasing trend 

in the number of northerly storm hours and a slight increase in southerly storm hours from 2001 

to 2011.  In 2010, 2011 and 2012 (two years after the construction of the GYOH), it is 

hypothesised that this change in the number of northerly and southerly storm hours has caused a 

switch change in the direction of longshore sediment transport to the south along the frontage 

between Gorleston and Hopton. If this change in direction of longshore transport continues, it 

may result in reworking of beach sediments from Gorleston towards Hopton.  This preliminary 

conclusion, whilst not definitive, is highly plausible and fits with the available observations and 

known sediment transport processes of the local region.  It is also testable in future years and the 

supporting evidence from the beach profile surveys will be available from both Environment 

Agency surveys and those undertaken by GYOH as part of the conditions required under the 

Marine Licence.  
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2 Introduction 

2.1 Project Background  

The construction of the Great Yarmouth Outer Harbour (GYOH) was undertaken between summer 

2007 and summer 2008, immediately to the north of the mouth River Yare in Norfolk.  Further 

modifications were made to the GYOH entrance between June 2011 and December 2012.  During 

2011, the MMO commissioned Cefas to provide an independent assessment of the shoreline 

variability in the Great Yarmouth area and to investigate any detectable impacts of the harbour 

(Dolphin and Rees, 2011).  The expected spatial and temporal scales over which the GYOH may 

impact the coastal system occur were not known, therefore the Dolphin and Rees (2011) report 

was determined to be an interim document, providing recommendations for future work. In 2013, 

the MMO commissioned Cefas to provide an update to the Dolphin and Rees (2011) report and 

undertake further work to investigate any impacts of the GYOH by modelling sediment transport 

processes to the north and the south of the harbour.  

 

The previous report selected shoreline profiles to the north and south of the Great Yarmouth 

Outer Harbour (GYOH) and analysed the profiles for changes in position before and after the 

development.  The previous report concluded that: 

 Persistent erosion has been occurring in the Hopton area for the last 20 years and 

possibly for longer. There was no evidence at the time of writing the report that the 

shoreline behaviour has changed following construction of the GYOH. 

 The shoreline at Gorleston Golf Course experiences no persistent trend and has short 

phases (2‐5 years) of erosion and accretion. On average the beach is slowly accreting. 

Recent phases of erosion are well within the natural envelope of variability on this beach, 

they have occurred previously and are not likely to be impacts of the GYOH construction. 

Future analysis (in 2 – 3 years time) would help to clarify the situation. 

 At Gorleston, there is a strong trend of shoreline advance averaging 4.4 – 4.9 m/yr over 

the 20 year period. Following construction of the GYOH there was step‐change in 

accretion rate from 3.4 – 15.1 m/yr. Although the timing of the step‐change in accretion 

rate coincides with the GYOH development, cause and effect must be determined before 

impact can be attributed. 

 At one kilometre north of the GYOH there are no persistent erosion or accretion trends, 

and no strong evidence of the GYOH trapping longshore drift sediments moving south. 

The pre/post‐construction rate shows a very minor change from 0.78 m/yr to 1.13 m/yr. 
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 Dolphin and Rees (2011) only investigated beach profiles and bathymetry surveys and did 

not undertake any modelling studies. Thus, no determination of sediment pathways was 

possible.  The current project updates the beach profiles and undertakes this modelling to 

determine sediment pathways. 

 

2.2 Objectives 

The project has the following over-arching objectives: 

 Utilise appropriate data sources and modelling approaches to build on the previous report 

(Dolphin and Rees, 2011) to determine whether the construction of the GYOH in summer 

2007 and 2008, with modifications undertaken to the breakwaters in 2011 and 2012, 

together with the continued presence of the harbour has significantly altered coastal 

processes in the local area.  The current situation should be compared to the historical 

baseline and natural trends to account for variability outside any potential effects 

resulting from the harbour. 

 

 Provide concise and robust conclusions based on best available evidence with regards any 

significant impacts of the outer harbour on coastal erosion/accretion in the local area. 

Outputs should identify, where possible, the causal element, pathway, and nature, 

location and magnitude of impact as well as provide consideration of certainty based on 

data/model quality. 

 

Additional information and documentation that may be available in the future may alter the 

conclusions, advice and opinions expressed in this report. Although this report has been prepared 

in a manner consistent with the level of quality and skill exercised by members of Cefas’ 

profession, it must be read and interpreted subject to the following limitations. 

 The report was prepared solely for the purpose described in Section 2.2.   

 The report was prepared solely for Marine Management Organisation and should not be 

used by any other party for any purpose whatsoever, without prior agreement with Cefas 

and signing of a Reliance Contract.  

 The information contained in this report should only be presented in full and may not be 

used to support any other objectives other than those stated in this report.  The report 

must be read in its entirety and must not be copied, distributed, or referred to in part 

only. 
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3 Methodology 

 
 

3.1 Observation Update Methodology 

Beach profile data are suitable for the assessment of shoreline changes in the medium to long 

term (years to decades), with the analysis of changes in the beach cross-shore profiles being 

indicative of short-term variability (days to weeks).  The beach profile transects used in this 

report, from North of Great Yarmouth to Corton, correspond to the same beach transects 

presented in the Dolphin and Rees (2011) report; those are specified in Table 1 and shown in 

Figure 1.  The transects have been provided by the Environmental Agency,  as part of the field 

data collected for the East Coast monitoring programme; they have c.1km spacing and have been 

chosen as they form the largest data set available since 1991 to 2013, Figure 1, i.e. the ‘Norfolk 

1km’ data set. 

 

Table 1 - Beach cross-shore transects. 

Name equivalence of beach profile transects between reports  

Dolphin and Rees (2011) Rees et al., (2014) 

N4A3 N108 

N4A4 N109 

N4A5 N110 

N4A6 N111 

N4A7 N112 

SWG1 N113 

SWG2 N114 

SWG3 N115 

SWG4 N116 

SWF1 N117 

SWF2 N118 

SWF3 N119 

 

 

Transects N111 and N112 correspond to the North and South Outer Harbour locations, whereas 

N113, N117 and N119 correspond to the sites of Gorleston, Hopton and Corton respectively. All 

transects include bathymetric data, Table 2.  

 

The location of those beach profiles is showed in Figure 1.  Aerial imagery from Environment 

Agency (EA) annual overflights was qualitatively interpreted to establish longshore sediment 
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transport directions (from groynes etc).  Furthermore, images from previous reports and site visits 

have been incorporated to supplement the annual survey data.  Those images from LIDAR surveys 

from 1992, 1994, 1997, 2001, 2003 (not georeferenced), 2004, 2005, 2006, 2008, 2009, 2010, 

2011 and 2012 have been provided by the Environment Agency.  
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Figure 1 - Location of the Beach profiles surveyed. Transects N113 and N117 correspond to 
the areas of Gorleston and Hopton respectively (data provided by EA). 
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Table 2 - Beach cross-shore transects including bathymetric data; the G and H indicate 
surveys conducted in July and August respectively.   

Beach transects including bathymetric data 

Beach transects  Date 

N108 1992H,1996H, 2002G 

N109 1992H,1996H, 2002G 

N110 1992H,1996H, 2002H 

N111  1992H,1996H, 2002H 

N112  1992H,1996H, 2002H 

N113  1992H, 1997H, 2003H, 2007H 

N114 1992H, 1997H, 2003H, 2007H 

N115 1992H, 1997H, 2003H, 2007H 

N116 1992H, 1997H, 2003H, 2007H 

N117  1992H, 1997H, 2003H, 2007H 

N118 1992H, 1997H, 2003H, 2007H 

N119  1992H, 1997H, 2003H, 2007H 

 

 

3.1.1 BpiTool, the Beach Profile Inspection (BPI) Tool 

The beach profile data provided by the Environment Agency have been extracted from the Beach 

Profile Inspection (BPI) Tools, BpiTool, (Version 1.2.11, 19th November 2013). The BpiTool has been 

created by The MathWorks Inc on behalf of the Environmental Agency (2008). These tools provide 

Matlab functions and a graphical user-interface for viewing, measuring and validating beach 

profile data. 

 

The tables in Figure 2 and Figure 3 show the profile database of the BpiTool. On the left hand side 

the transects are listed in geographical order, from north to south, and at the top is the time scale 

by years and seasons (colour and letter). The green squares indicate the profile data set available 

and validated according to the EA quality check.  Data that are invalid or pending are indicated in 

red or yellow respectively. The black symbol (camera) in some profiles indicates that there are 

survey photos available. Selected profiles are shown in blue with a cross over the square (e.g. 

transect N106 2013B). To examine long-term rates of erosion and deposition the N series (i.e. 

N106) was chosen as the baseline set with which to explore potential impacts of GYOH. Whilst 

this resulted in some loss of resolution in latter years, this was considered to be outweighed by 

the length of the time-series and also the consistency in methodology. 
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According to the Environment Agency (2013), the beach profiles were measured relative to a 

permanent bench mark called P1 or P2, normally set into a seawall, embankment, promenade or 

other hard surface. These bench marks are located at up to 1km spacing along the coast. The 

cross-shore sections are taken from the bench mark seawards and ideally as far as low water. 

Land survey techniques or Global Positioning System (GPS), are used for undertaking the 

topographic surveys. Along each cross-shore transect, the surveyed points are at 20m intervals 

and at all breaks of slope (where significant changes in beach slope can be observed by eye during 

the survey).  Any change in geology, sediment type and habitat are recorded as the ‘Surface cover 

type’ code on each transect. There are two cross-shore survey data sets conducted each year; the 

beach surveys were carried out in the winter (January/ February) and in the summer (July/ 

August). 

 

The bathymetric surveys of beach profiles beyond Mean Low Water Springs (MLWS) were 

undertaken using echo sounder.  Depth soundings are recorded at maximum intervals of 1 second 

or 5m and positions are recorded at maximum intervals of 2 seconds or 10m (in both cases, 

whichever is smaller). The bathymetric surveys were conducted only during the summer (July/ 

August) of a given year in conjunction with a beach survey.  

 

The vertical and horizontal accuracies required by the EA differ depending on the type of surface 

surveyed. The vertical accuracy required is: ± 100 mm for sections of the profile surveyed by boat, 

± 30 mm on hard surfaces and ± 50 mm on soft surfaces surveyed by land. The horizontal accuracy 

for the survey is ± 1 to 3 m for sections of the profile surveyed by boat and ± 0.2 m if surveyed by 

land. The spatial consistency of the bathymetric and land surveys was assessed for every profile; 

e.g. for a given transect, the beach and bathymetric cross-shore sections should overlap vertically 

to within 200 mm and in the horizontal by a minimum of 10 m. These accuracies are suitable for 

estimating short and long term changes in beach profiles. 

 

3.1.2 Shoreline Position from Beach Profiles 

The Excursion Distance Analysis technique has been applied to extract the shoreline position data 

from the beach profiles at a given elevation. This method consists of a measure of the cross-shore 

distance from the beach profile survey marker, or beach bench mark, to a point where the beach 

profile intersects a specific elevation e.g. Mean Sea Level. Thus, the shoreline data were extracted 

using the ‘Norfolk 1 km’ beach profiles, N108 to N119, at three specific elevations referred to 

Ordnance Datum Newlyn (ODN): Mean Sea Level (MSL= 0.201 m ODN), Mean High Water Spring 

(MHWS= 1.096m ODN) and Mean Low Water Spring (MLWS = -0.694 m ODN). The elevation 
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datum corresponds to those used by the BpiTool (EA), and also correspond to those consulted in 

Admiralty Tide Tables Vol. 1 (ATT, 012) provided by the Standard Port relative to ODN at 

Lowestoft.  

 

A fitted segmented regression to changes in distance (or chainage) values at the Mean Sea Level 

elevation (MSL=0.201m ODN) was applied. This statistical method consists of fitting a linear line to 

changes in the shoreline at the measurement points before and after the construction of the 

Great Yarmouth Outer Harbour.  This approach assesses the shoreline variability according to the 

change in the slope (i.e. changes to accretion or erosion) given a 95% of confidence defined by the 

lower and upper confidence limits, L95 and U95 respectively (see Section 5.1). The date of the 

construction (considered as the break point) was set to 01/01/2008. A single break point was 

needed and this was set to approximately half way through the construction period, as the main 

structure would have been present.  While the harbour was “geomorphologically” finalised in 

September 2008, it is our expert opinion that this would not have changed the results.  Normally 

distributed errors were assumed and summer-winter effects, within a year where possible, 

counted as part of the random natural variation. 

 

Table 3 - Colour and letter key from EA BpiTool. 
Month ID key Colour key Month ID key Colour key Month ID key Colour key 

January A 

Blue 

June F 

Red 

April D 
Green 

February B July G May E 

March C August H October J 
Yellow 

December L September I November K 
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Figure 2 - Screen shot of the data base table (BpiTool) showing the list of the surveyed transects. The axes on the top show the time scale in years 
and months; colour and letter key is indicated in Table 3 
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Figure 3 - Screen shot of the data base table (BpiTool) showing the list of the surveyed transects. The axes on the top show the time scale in years 
and months; colour and letter key is indicated in Table 3
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3.2 Modelling Methodologies 

The tide, wave and sediment transport regimes used topographic data from the latest Astrium 

bathymetry dataset, licensed by Defra for use by Cefas.  These data were modelled to determine a 

reference condition (without the GYOH) of sediment transport processes and evolution along the 

frontage of the local area including Caister-on-Sea, Great Yarmouth, Hopton and Corton.  The 

features of the GYOH were then imposed on the model domain and differences in sediment 

transport rates predicted between the two conditions determined, to investigate the degree of 

impact at the shoreline. The numerical modelling for the project employed an unstructured grid 

approach allowing high resolution in areas of specific interest around the harbour area and 

adjacent shorelines whilst more distal regions of the domain had a less dense mesh configuration. 

The modelling scenarios include estimates of sediment transport due to tides alone (bedload) 

over a spring – neap cycle, with waves alone (deriving longshore transport rates at the shoreline) 

during specifically identified storm conditions (based on analysis of the 30 year wave hindcast) 

and a third prediction which combines tides and waves to derive a total load sediment transport 

rate and predict morphological evolution during these same periods. Whilst these 3 scenarios are 

not exhaustive, they represent the most likely wave and tidal processes that could control 

sediment transport within the available resource and time limits. Using these three modelling 

scenarios separately we will show the relative sediment transport magnitudes due to the action of 

tides, waves and their effects when coupled. 

3.2.1 Numerical Modelling with Telemac  

Telemac is a suite of hydro-informatics programmes published by EDF-LNHE of France.  Since its 

inception in the early 1990’s it has been adopted by many hundreds of professional and academic 

users throughout the world.  The Telemac suite comprises several modules which may be coupled 

or run independently of each other. In this way it is possible to create a simulation of tidal 

currents alone (using Telemac2D or Telemac3D), wave orbital currents alone (using Tomawac or 

Artemis modules) or to couple both tidal and wave modules together to achieve an integrated 

result. The modules may also be coupled to a third module (Sisyphe) which simulates sediment 

transport and resultant bed evolution. A combination of all these techniques has been used in this 

report.  

 

One of the benefits of modelling hydrodynamic and morphological processes with Telemac is its 

use of an unstructured mesh.  This allows the mesh density to be increased in areas of specific 

interest and decreased in areas outside the focus of the modelled processes but still important to 

the model operation. The mesh has the same form as a Triangular Irregular Network (TIN) in a GIS 

system.  
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3.2.2 Limitations of the modelling  

Modelling of hydrodynamic processes is a complex process and many proprietary software 

packages are available for scientists to achieve a simulation. Whilst many of the systems may use 

similar mathematical procedures and input data to achieve a predicted result, small variations in 

the model output may exist. The model setup for use in this report (Thurston 2011) was chosen 

because: 

1. It was specifically developed for the region of Great Yarmouth and Scroby Sands and the 

adjacent coastline to the north and south. 

2. The model uses a contemporary version of the well established Telemac hydrodynamic 

modelling system. 

3. The inputs used for the Thurston (2011) model were sourced from reliable and well 

established primary data sources in the UK marine domain. 

4. The choice of this approach ensured an appropriate and cost-effective model providing 

reliable results in a timely manner. 

 

However, as with all models and modelling systems, they provide simulations and predictions of 

the physical system and small variations can be expected between the results they generate. 

These small differences can include the following: 

3.2.2.1 Input Data 

Cefas has utilised the following data sources.  

 Model domain and liquid boundary conditions were used from the Telemac model built 

by Thurston (2011).  Whilst Cefas conducted a high level review of these data for normal 

checks of accuracy and appropriateness, Cefas did not generate the data and cannot fully 

verify their accuracy.  The model outputs may vary from those presented in this report if 

different input data were utilised. 

 Bathymetric data used is sourced from the UKHO and licensed by Defra for use by Cefas 

and its partner organisations.  

 The Tidal input data from the model of Thurston (2011) were used, derived from 

information provided by NOC Liverpool.  Whilst the Thurston (2011) model is validated 

against observational data, Cefas does not have access to the validation of the original 

NOC Liverpool dataset and cannot include an assessment of its accuracy. 
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 Meteorological data and wave data were obtained from the UKMO Wavewatch III model 

with claimed accuracy within 1 Beaufort Force for 95% of the time in accordance with 

MCA requirements.  

 Outer Harbour Breakwater design information provided by Marine Management 

Organisation (coordinates of breakwater positions). 

 Beach profile data as supplied by the Environment Agency (accuracy LIDAR). Note LiDAR is 

‘Light Detection and Ranging’ and is a remote sensing technology that is commonly used 

to make high resolution maps. 

3.2.2.2 Type of Model 

Cefas used the Telemac V6P3 model, which is considered appropriate for this application because 

of its ability to provide an unstructured grid domain and coupled wave and tide computations (see 

section 3.2.1 for more detail). Other model packages are commercially available and their use may 

generate different outputs. 

The resolution of the mesh adopted is considered appropriate in this application to simulate 

nearshore processes.  In Cefas' opinion such a grid size represents a reasonable balance between 

model accuracy, run duration and cost efficiency. 

3.2.2.3 Scope of Results 

Hydrodynamic/sediment transport modelling provides a prediction of the likely impacts of the 

development on the coastal processes within the study area.  It does not and cannot provide a 

100% accurate output. Nonetheless, the model has been developed based on Cefas' extensive 

experience in the use of a wide range of models for such applications and it is Cefas' professional 

opinion that the level of accuracy from the model provides an appropriate method of prediction 

of the likely impacts of the development.  

 

3.2.3 Model Domain and Input Data 

The reference domain for the model used an unstructured mesh extending from just south of 

Horsey (to the north of Great Yarmouth), to just north of Southwold (Figure 4).  The mesh uses 

the most recent Astrium bathymetry data set, licensed from the UKHO for use by DEFRA. 

Boundary conditions used are those described in Thurston (2011)1.  Thurston (2011) applied the 

                                                           
1
 Thurston K, 2011, Morphological evolution of nearshore sand banks: the Great Yarmouth banks, UK., PhD 

thesis, University of East Anglia, Norwich, UK. 
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Sutherland test (Sutherland et al., 2004) to compare model output of current speed, the u and v 

components of velocity and elevation with observations. This method calculates a relative mean 

absolute error (RMAE) which is categorised according to Sutherland’s criteria with an adjustment 

for instrument error of +/- 0.05ms-1 applied (Park, 2007) to give the adjusted relative mean 

absolute error (ARMAE).  

 

The domain has water depths ranging up to 30 m whilst the area of Scroby Sands is emergent 

during a low spring tide.  Further detail was added to the coastline of the model mesh, including 

the mouth of the River Yare.  The resolution of the unstructured mesh increases around the area 

of Great Yarmouth to 30m and is at 100m for the surrounding sand banks (Figure 5). 
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Figure 4 - Telemac model domain used by Thurston (2011). The domain formed the basis of 
the Telemac models used (tides, waves and sediment transport) but was adapted to provide 
increased detail along the foreshore at Great Yarmouth and Hopton and also for the 
inclusion of the GYOH structures. 

 

Two model domains were created, one of the original shoreline without the Great Yarmouth 

Outer Harbour and one with the harbour structure.  Figure 6 shows the inclusion of the harbour 

structure in the model mesh and the corresponding increase in mesh resolution to 15m around 
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the harbour walls.  These two meshes were then mapped to bathymetry extracted from the latest 

bathymetry datasets for the area, licensed for use by Cefas in 2013/2014. 

 

 

Figure 5 – Mesh density variation across the Telemac model domain. 
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Figure 6 - Great Yarmouth Outer Harbour reresented in the Telemac model mesh. 

 

3.2.4 Tidal Model 

A TELEMAC2D tidal model was run for a 14 day period, using the original boundary inputs from 

Thurston (2011).  Boundary conditions were taken from the CS3 model developed at Proudman 

Oceanographic Laboratory; applied using the method described in Thurston (2011) and a depth 

averaged flow field was simulated by the model.  This process prescribes free surface elevations 

and current velocity over a period of 14 days from 5th September 2013, at liquid boundaries one 

(south) and two (north, Figure 7). The offshore liquid boundary (eastern) is set as a closed 

boundary with a no-flow conditions imposed. The tidal input covers a period of neap to spring and 

back to neap tide conditions.  Figure 8 shows the free surface elevation and current velocity 

prescribed at liquid boundaries one and two.  To avoid an energy imbalance in the model domain 

caused by over-constrained boundaries, a modelling option for ‘Thompson boundary conditions’ 

was implemented.  This allows adjustments to be made to the prescribed elevation and velocity at 

the liquid boundary which should prevent an energy flux imbalance across the boundaries.  The 

flow from the River Yare mouth adjacent to the port was added to the model in 2D, to explore the 

effects of the flow regime close to the GYOH breakwaters.  The input data included a time series 

of estimated discharge rates through the tidal cycle at high and low water approximately 1km into 

the mouth of the River Yare. This input would be better suited to a full density input of a 3 

dimensional model simulation as the river water is bouyant with less density, however the 2D 

flow gives sufficient detail for this study in the context of sediment transport.  
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Figure 7 - Telemac model grid showing the location of the liquid boundaries for prescribed 
tidal velocities and free surface elevations (liquid boundaries 1 and 2) and river flow rates 
(liquid boundary 3). The location of the Caister velocity and depth measurement site is 
shown. 

 

In order to explore the impacts of the construction of the GYOH the TELEMAC2D model was run 

with bathymetric grids and topography representing the situation before and after the 
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construction of the harbour. The position, height and profile of the harbour walls were 

established using Environment Agency Lidar data and construction plans as submitted to the 

MMO. 

 

 
 

  

 
Figure 8 - Free surface elevation and current speed prescribed at liquid boundaries 1 and 2 
over a 14 day period for the TELEMAC2D tidal simulation 

 

3.2.5 Wave Climate  

As with the tidal model, boundary conditions for the wave (TOMAWAC) model need to be 

established. The wave conditions for this study are taken from a 30 year hindcast dataset covering 

the UK Coastal Waters, provided by the UKMO and in conjunction with the Environment Agency 
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(http://cefasmapping.defra.gov.uk/hindcast). For this study, point number 1128 from the wave 

hindcast data at longitude 1.8976 E and latitude 52.5888N was used to provide the wave input 

data to the model as this provides a point outside of the inshore bank (see Figure 9). 

 

The hindcast comprises a re-analysis of pressure and wind fields using the NAE (North Atlantic 

European) meteorological model (http://www.metoffice.gov.uk/research/modelling-

systems/unified-model/weather-forecasting). Subsequently, these pressure and wind fields have 

been used to drive the WAVEWATCH IIITM model to produce modelled values for wave conditions 

around the UK coast (Li, 2012). These are been validated by the Met Office with wave 

observations from a variety of locations around the UK coastline. 

 

Table 4 - Start and end dates and frequency details for the hindcast dataset. 

Start End Hours Values Interval 

01/01/1980 00:00 31/12/2000 21:00 184101 61367 3 hours 

01/01/2001 00:00 01/01/2012 00:00 96408 96408 hourly 

 

The wave hindcast consists of a series of wave statistics (wave height, period and direction) and 

wind speed and direction for the period specified in Table 4.  In order to assess the variability in 

the wave climate off Great Yarmouth, the hindcast database has been explored to assess 

variability on monthly, seasonal and annual time-scales. For instance, the monthly averaged 

results indicate a mean significant wave height of 0.94 m and a maximum wave height of 5.7m in 

February 1996 (shown in Figure 90 in Annex 1).  Maximum wave heights vary significantly on both 

annual and monthly time scales with 1996 having a maximum height of 5.7m, whilst 1997 has one 

of the lowest annual maximum wave heights of 3.5m. The seasonal signal is observable in the 

mean wave height (Figure 91, Annex 1) with a minimum in June and July of typically 0.7m with 

winter means of approximately 1.2m. Since 2000, the annual maximum significant wave heights 

average 4.1m with only those in 2002 falling below 0.5m of the 4.1m mean, indicating that in 

terms of maximum wave heights the offshore wave climate has been relatively constant.  

 

The wave simulations chosen for analysis were selected using the data shown in Figures 10 to 12, 

as they show the predominant storm directions are north and south, with frequent low energy 

events from the east. To set the context of specific wave events and conditions in relation to the 

overall wave climate, Figure 12 plots a proxy for wave power (the product of time and significant 

wave height squared), against 15 degree directional bins and number of occurrences. The plot 

shows the relationship between higher energy events which drive sediment transport processes 

http://cefasmapping.defra.gov.uk/hindcast
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/weather-forecasting
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/weather-forecasting
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and lower energy events where recovery to an equilibrium coastline may occur. The three chosen 

events included in the model simulations are also shown ringed on the plot.  

 

3.2.6 Modelling Waves and Longshore Sediment Transport Processes. 

The new UKMO Wavewatch III wave model hindcast dataset has been used to provide a 

simulation of offshore boundary conditions to drive the TOMAWAC, phase-averaging, spectral 

wave model, part of the TELEMAC suite (http://cefasmapping.defra.gov.uk/hindcast). This wave 

simulation model was run on the same mesh as the tidal model) and is used to predict the 

influence of waves on sediment transport at the coastline around the Great Yarmouth region prior 

to and after construction of the GYOH.  Initially, wave simulations are made with a static water 

level, using extracts of wave data from the 30 year hindcast and focus on potentially significant 

wave events lasting typically two or three days, as input wave boundary conditions.  Secondly, the 

wave model is coupled with the TELEMAC2D tidal model so that the effects of non-linear wave-

current interactions are included. 

http://cefasmapping.defra.gov.uk/hindcast
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Figure 9 - Map showing the coastline north and south of the GYOH along with wave hindcast 
grid and point chosen (red star). Reproduced from Admiralty Charts 1534 and 1535 by 
permission of the Controller of Her Majesty's Stationery Office and the UK Hydrographic 
Office. (www.ukho.gov.uk ) Arcs Chart Licence F46558002C2B4F56.  Not to be used for 
navigation. 
 

 

Figure 10 shows the frequency distribution of wave heights and wave direction from the 30 year 

hindcast at the point location chosen for the model boundary. One of the peaks coincides with a 

direction from 0-30 degrees (north to north-north easterly) and the second, slightly lower at 165-

195 degrees (south-easterly to southerly. These wave conditions represent the directions from 

which the longest distance of sea exists for waves to be generated by wind stress on the surface 

(longest fetch). To predict sediment motion driven by these higher energy events, two storm 

wave simulations were extracted from the 30 year hindcast to suit these conditions and provide 

physical scenarios to input to the model. Figure 11 shows the frequency distribution of wave 

height and wave period from the 30 year hindcast data. This shows the frequency of these larger 

http://www.ukho.gov.uk/
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storm events chosen for the wave model scenarios in relation to conditions which occur over the 

full 30 year period. Wave heights in the range of 0.5-1 m with period of 3-4 seconds are the most 

frequent wave events for the region. A third model scenario was added to simulate an event 

where lower energy waves propagate from the east, in addition to the two storm events. The 

wave conditions used in the three scenarios are shown ringed in Figure 10.  
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Figure 10 - Directional vs wave height analysis for point 1128 from UKMO wave hindcast. The storm scenarios chosen are highlighted by the circled 
conditions, a typical winter northerly storm, a typical winter southerly storm and a lower energy easterly wave event. The wave direction is on the top 
axis of the graph. These data are synthesised from the 30 year wave hindcast dataset and the colour scale of the cells indicates the change in the 
number of occurrences of a particular wave height and direction, scaling from red for most occurrences to green for least. 
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Figure 11 - Wave height vs mean wave period distribution. These data are synthesised from the 30 year wave hindcast dataset and the colour scale of 
the cells indicates the change in the number of occurrences of a particular wave height and direction, scaling from red for most occurrences to green 
for least. 
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Figure 12 - Wave Power, Direction and Frequency of occurrence for the 30 year hindcast dataset. The context of the conditions modelled are shown in 
relation to the overall wave climate for the 30 year period used. 
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Table 5 - Scenarios used in wave and sediment transport modelling. 

Scenario Maximum Wave height Maximum Wave 

Period 

Wave Cardinal 

Direction (from) 

1 3.5m 4.1s Northerly 

2 3.0m 4.1s Southerly 

3 2m 5.3s Easterly 

 

Figure 13 to Figure 15 show polar plots of wave height and wind speed and direction from the UKMO 

30 year hindcast data at point 1128. This shows the bi-modal signal of wave direction when waves 

are carrying the most energy, with largest wave heights, greater than 3 m, occurring from northerly 

and southerly directions. The total energy held in waves breaking at the shore increases non-linearly 

and as a function of the square of the  wave height, and hence these less frequent but higher and 

more energetic events are likely to drive the greatest morphological change at the coast. A smaller 

wave event is used to predict coastal sediment transport occurring during much more frequent, 

calmer conditions.  
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Figure 13 - Wave height and wind speed directional plots for UKMO 30 year hindcast data at 
point 1128 for 1980-1989. 
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Figure 14 - Wave height and wind speed directional plots for UKMO 30 year hindcast data at 
point 1128 for 1990-2000. 
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Figure 15 - Wave height and wind speed directional plots for UKMO 30 year hindcast data at 
point 1128 for 2001-2011. 

 

 

3.2.7 Sediment Transport Modelling 

SISYPHE is the sediment transport module and the third member of the TELEMAC suite that was 

used on this project. This model combines steady tidal flow fields from TELEMAC2D and orbital wave 

currents from TOMAWAC to compute predicted bed shear stresses, re-suspension of fine sediments 

due to waves and predicted morphological evolution and change to the bed. The model results show 

the effects of the GYOH on near-shore and offshore sediment pathways. Using this model, predicted 

changes in sediment transport rates and bed evolution due to small changes in the tide and wave 

induced currents imposed by GYOH walls were identified. The effects of bedload on sediment 



 

48 

 

bypassing (where sediment is transferred to the downdrift shoreline) and changes to transport 

pathways due to wave driven currents were examined.  

 

Table 6 - Sediment transport modelling scenarios and components. 

Simulation Tides  Waves  Sediment transport 

14 day YES NO YES (bedload) 

Northerly storm YES YES YES (total load ) 

Southerly storm YES YES YES (total load) 

Small wave event YES YES YES (total load) 

 

Table 6 shows the sediment transport scenarios simulated. These four scenarios are simulated with 

and without the GYOH. The 14 day simulation simulates tidal currents and sediment transport in a 

coupled mode, calculating bedload transport. The northerly and southerly storms and the small 

wave event simulate tidal currents, waves and sediment transport in a fully coupled mode, 

calculating the total load (bedload and suspended load) transport. Sediment samples from Scroby 

Bank on 24.04.05 (Figure 16) indicate particle size percentage distribution in the region. A median 

grain size (d50) of 0.26mm (~2 Phi)  was used within the SISYPHE sediment transport simulations. A 

constant grain size was used over the domain, which whilst simplistic,  approximates conditions over 

much of the domain and corresponds with the method applied by Thurston (2011) who used a d50 of 

0.25mm. A constant grain size was used to minimize the complexity of the model and computational 

time of the simulations. However, in reality there will be some variation in grain size spatially 

throughout the model domain and sediment transport predictions may be over or under estimated. 

Information available regarding the spatial distribution of grain sizes around Great Yarmouth is 

limited, however the coursest documented d50 is 0.4mm (Whitehouse, 2001). Dimensional analysis 

of the Soulsby-Van Rijn sediment transport formula found the transport to be approximately equal 

to 
 

    
  (Thurston, 2011). Therefore, using the d50 value applied in this study (0.26mm) and the 

larget recorded value (0.4mm) give us 

 

 

        
    and 

 

       
    

This suggest that using the largest documented grain size (0.4mm) would reduce simulated sediment 

transport rates by 19%. A Nikuradse roughness length of 0.006m was applied to the sediment 

transport simulations for a rippled sand bed (Soulsby 1997). The Nikuradse roughness describes the 

roughness of the sea bed, related to the grain size, and is also adopted by Thurston (2011) in the 

original validated tidal model. 
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Figure 16 – Particle Size Analysis data from sediment samples from Scroby Sands sandbank. 
Each line refers to a different sample analysed, to provide an envelope of sediment 
composition at Scroby Sands.  
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4 Results 

4.1 Historic Beach Volumes, Shoreline Positions and Bathymetry 

Beach profiles provide important information on temporal and spatial variation in the cross-shore 

shape of a section of beach, in response to variations in the offshore wave energy and tidal 

conditions. Accretion and erosion events and/or trends may be identified from beach profile data 

analysed at different levels, e.g. low water. Depending on the temporal frequency of the beach 

profiles, their changes may indicate short term variability (e.g. days, weeks, storm events), seasonal 

response e.g. between the summer and winter, and long term variability of the beach, i.e. from 

years to decades. 

 

A selection of three profiles (N108, N113 and N117) from the “Norfolk 1km” transects is shown in 

Figure 17 - Figure 19 as a time-series of the beach cross-shore sections. For each location, the 

elevation and chainage (distance from the baseline to the specific level) are given in m OD as the 

reference datum. For each transect location,  the green dashed line represents the first beach profile 

data available whereas the red dashed line represents the latest beach profile surveyed available. All 

of the beach profiles can be found in Annex 2.  The locations of the beach profiles relative to GYOH 

are shown in Figure 1. 

 

Figure 17 - N108 beach profiles since August (H) 1991 represented by the green dashed line, to 
July (G) 2013, red dashed line.   
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An overall increasing accretion trend is evident for profiles N108 (Figure 17) and N109 (see Annex 2) 

that can be observed as a significant shoreline accretion measured with reference to the Mean Sea 

Level (MSL) (m ODN) between August 1991 and August 2007 before construction of the harbour.  

Location N110 (Annex 2) beach profile also shows a shoreline accretion trend but less significant 

than N108 and N109. Between January 2008 and July 2013, i.e. after construction, the shoreline 

advance trend changes for N108 and N110, showing a significant decrease in the rate of accretion. 

 

 

Figure 18 - N113 beach profiles since August (H) 1992 represented by green dashed line, to 
July (G) 2013, red dashed line.   

 

 

The N113 beach profile at Gorleston (Figure 18) showed a general accreting trend between 1992 and 

2013.  In particular, the variability observed for the profile represented by the red dashed line (July 

2013) relative to the other profiles, indicates a redistribution of sediments along the cross-shore 

section. The N114 beach profile, located approximately 1 km south of Gorleston, shows a steady 

trend of sediment accumulation between 1992 and 2013. Profile N115 shows an accreting sediment 

trend before construction of GYOH, which was then reversed after 2008, indicating an erosive 

shoreline trend. The N116 beach profile also showed a significant erosive trend after the 

construction of the GYOH while the shoreline variability observed between 1992 and 2007 was 

stabilised with no significant changes. At Hopton (N117), and at c. 1km between Hopton and Corton 

(N118 profile), an erosive trend was observed between 1992 and 2013, however, the N117 trend did 
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not significantly change after the construction of the harbour, while N118 showed a significant 

accelerated increase in erosion rate.  

 

Figure 19 - N117 beach profiles since August (H) 1992 represented by green dashed line, to 
September (I) 2013, red dashed line. 

 

 

At Corton, the N119 beach profile also shows a significant change in the shoreline before and after 

the construction of the harbour.  However, while there was a slight erosional trend before 

construction, the level of the beach has been relatively stable since the construction of the GYOH 

(Figure 122).  

 

Figure 20 to Figure 22 represent three of the beach profile time series of the cross- shore sections 

with bathymetry data available, combined with an aerial image of the location of the profiles and a 

plan view showing the extent of such profile data. Profiles N108 to N112 extend up to approximately 

1800 - 2500 m offshore and show no significant changes along the profile. However, beach profiles 

N113 to N119 indicate changes in the profile at a distance of 2500 – 3000m. At these locations and 

at 3000m, the 1992 beach profiles indicate the presence of a sandbank. Significant bathymetric 

changes were observed at transects located at Hopton, (N116, N117 and N118), and for N119 at 
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Corton; the bathymetry showing an onshore movement of the profile indicating a sandbank 

migration landwards.   

 

 

 

 
Figure 20 - Top panel: N108 transect showing the bathymetric data surveyed in August (H) 
1992, 1996 and July 2002. Bottom panel: aerial view of the extension of the N108 transects. 
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Figure 21 - Top panel: N113 transect, at Gorleston, showing the bathymetric data surveyed in 
August (H) 1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the N113 
transects. 
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Figure 22 - Top panel: N117 transect, at Hopton, showing the bathymetric data surveyed in 
August (H) 1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the N117 
transects. 
 

 

Figure 23 to Figure 25 represent some of the time series of shoreline position at Mean High Water 

Springs, Mean Sea Level  and Mean Low Water Springs for 10 beach profile transects from north of 

Great Yarmouth (N108), to Corton (N119). All the time series of shoreline positions can be found in 

Annex 2. Transects N111 and N112 correspond to the north and south breakwaters of the Great 

Yarmouth Outer Harbour (GYOH); those sections have data only from August 1991 to January and 

August 2007 respectively, so were not used to compare the shoreline behaviour before and after the 

harbour construction. Shoreline position time series between Gorleston and Hopton are shown in 

Figure 24 and Figure 25. Historical beach profile data from 1992 until the latest data available from 

2013, i.e. July or September have been used to extract the shoreline positions at these three water 

levels.  

 

A significant shoreline accretion was observed at north of Great Yarmouth, transects N108 and 

N109, before and after construction (Figure 23), however, at N110, approximately 1km north of the 

north breakwater of the GYOH, the shoreline advances slightly before the GYOH was constructed 

and remains stable after construction, Figure 24 (Left panel). Figure 24 (Right panel) indicates a 

general trend of shoreline accretion at Gorleston (N113) and at transect N114 ,located 1 km to the 
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south of Gorleston (Figure 120). This progressive tendency seaward is also observed before the 

construction of the GYOH, but in both figures, an increase in the shoreline advance is observed post 

construction. Beach transect N115 (c.2km south of Gorleston and c.2km north of Hopton) Figure 120 

in Annex 2, shows different behaviour. Before the GYOH works, the shoreline had a progressive 

tendency showing an advanced trend.  After the GYOH construction works the shoreline retreated.  

Figure 126 and Figure 127 (Annex 2) show a general tendency of shoreline retreat to the north and 

south of Hopton, and at Hopton; it is observed that this trend occurs before of the construction of 

the GYOH, although the profiles to the north and south of Hopton (N116 and N118) show a 

pronounced retreat after the construction of the harbour.   
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Figure 23 - The black arrow indicates the date of the GYOH construction. Right: Time series of shoreline positions, given as the chainage (m), 
north of the GYOH at N108 from August 1991 to July 2013. Left: Time series of shoreline positions, given as the chainage (m), north of the GYOH 
at N109 from August 1991 to July 2013. 
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Figure 24 - The black arrow indicates the date of the GYOH construction. Left: Time series of shoreline positions, given as the chainage (m), north 
of the GYOH at N110 from August 1991 to July 2013. Right: Time series of shoreline positions, given as the chainage (m), at Gorleston N113 from 
August 1992 to July 2013.  
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Figure 25 - The black arrow indicates the date of the Outer Harbour construction. Left: Time series of shoreline positions, given as the chainage 
(m), for beach transect N116 located c.1km north of Hopton from August 1992 to September 2013. Right: Time series of shoreline positions, given 
as the chainage (m), at Hopton from August 1992 to September 2013.  
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In order to assess the changes in trend a robust statistical analysis was undertaken to distinguish the 

trends in erosion/accretion before and after construction. Table 7 shows the parameters of the 

fitted segmented regression applied to the MSL shoreline data with the date of the construction of 

the Outer Harbour as the break point2. The second column gives the ‘intercept’ value of the linear 

trend with the y-axis (Chainage (m)) before the construction; the ‘Slope Before’ is the slope of the 

linear relationship before the construction, whereas, ‘Change In Slope’ is the variation of the slope 

after the construction within 95% confidence limits (L95 and U95 respectively). Days were used as 

units to account for leap years. Finally, p is the probability value for test of whether ‘Change In Slope’ 

is significantly different to zero, based on variation around the fitted lines; thus, p- values closer to 0 

indicate that there is evidence of change of the shoreline trend, while p- values close to 1 indicate 

that there is no evidence of change of the shoreline variability, i.e. the shoreline keeps the same 

trend before and after construction. 

 

Table 7 – Parameters from the fitted segmented regression applied to the shoreline data 
respect to the MSL.  

Profile Intercept Slope Before (m/day) Change In Slope (m/day) L95 U95 p 

N108 130.410 0.011 -0.007 -0.008 -0.005 0.000 

N109 72.185 0.006 0.003 0.001 0.004 0.000 

N110 89.810 0.002 -0.002 -0.005 0.000 0.034 

N113 71.074 0.009 0.028 0.022 0.035 0.000 

N114 29.469 0.006 -0.001 -0.004 0.003 0.691 

N115 52.437 0.004 -0.011 -0.014 -0.009 0.000 

N116 66.336 0.000 -0.012 -0.016 -0.009 0.000 

N117 64.101 -0.005 0.000 -0.003 0.003 0.882 

N118 47.586 -0.001 -0.010 -0.014 -0.005 0.000 

N119 29.686 -0.004 0.004 0.002 0.007 0.001 

  

Considering the parameters of the table above and looking at Figure 26 to Figure 28 it is observed 

that there is a statistically significant change in slope (at 5% significance level) for all profiles except 

for N114 (c. 1km South of Gorleston) and N117 (Hopton). The profiles N109, N113 (Gorleston) and 

N119 (Corton) show an increased slope that indicates a shoreline advance and sediment 

accumulation processes, while the other profiles had a decreased slope. The latter are transects 

N108, N110, N114, N115, N116 and N118; these negative changes in slope indicate erosion. At 

                                                           
2
 Whilst this approach does not take account of long term (. 50 years) changes in forcing e.g. due the cyclical 

nature of the North Atlantic Oscillation, it is aimed at assessing the timing of potential impacts of the 
construction of the GYOH over decades. Also inter-annual variability is not considered. 
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Hopton, N117, there is no change in slope that indicates that the rate of erosion trend observed 

before and after construction is stabilised. Observations from the beach profiles are in agreement 

with the shoreline statistical analysis results which provide evidence of the potential effects to the 

shoreline changes due to the presence of the Outer Harbour with a high level of confidence.    
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Figure 26 – Fitted segmented regression analysis applied to the Mean Sea Level  shoreline data at N108 and N109 before and after the GYOH 
construction; the vertical line indicates the break point corresponding with the construction date set the 01/01/2008. 
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Figure 27 - Fitted segmented regression analysis applied to the Mean Sea Level shoreline data at N110 and N113 (North of the North breakwater of the 
GYOH and Gorleston respectively), before and after the GYOH construction; the vertical line indicates the break point corresponding with the 
construction date set the 01/01/2008. 
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Figure 28 - Fitted segmented regression analysis applied to the Mean Sea Level  shoreline data at N116 and N117 (at Hopton) before and after the 
GYOH construction; the vertical line indicates the break point corresponding with the construction date set the 01/01/2008. 
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4.1.1 Summary of results 

The status of the beach profiles is summarised in Table 8 for the frontage between Great 

Yarmouth and Corton. The analysis summarises the change in chainage (distance) to the Mean 

Sea Level for each profile before and after the construction of GYOH along with the significance of 

the change in trend. 

 

Table 8 - Summary table of accumulation/erosion rates along Great Yarmouth to Corton 
frontage. 

Profile 
Chainage (distance) to MSL 

before construction 

Chainage to MSL after 

construction 

Significant 

change in 

Trend 

Location 

N108 Increasing Increasing Yes 
North of 

GYOH 

N109 Increasing Increasing Yes  

N110 Increasing Slightly Increasing Yes  
Just north 

GYOH 

N113 Increasing Rapidly increasing Yes Gorleston 

N114 Increasing Relatively Stable No  

N115 Increasing Decreasing Yes  

N116 Marginal decrease Accelerated decrease Yes  

N117 Decreasing Decreasing No Hopton 

N118 Marginal decrease Accelerated decrease Yes  

N119 Decrease Relatively stable Yes Corton 

 

 

4.1.2 Qualitative Sediment Transport from Photographs 

 

Aerial images available from 1992, 1994, 1997, 2001, 2003-6, 2008-11 and 2012, provided by the 

Environment Agency, have been assessed to show the predominant sediment transport direction 

between Gorleston and Corton. In order to do that, the aerial imagery available for each year was 

divided in 1- 1.5 km spacing. Some examples are presented in Figure 29 to Figure 31. 

 

Indicators of sediment transport direction around groynes and other constructions have been 

categorised into five broad groups, northerly, slightly northerly, negligible or inconclusive, slightly 

southerly and southerly. These qualitative indicators will give an indication of local scale (+/- 15 
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km) dynamics of the coastline within which the potential impacts of the outer harbour can be 

assessed. 

 

 

Figure 29 Aerial image from Gorleston to Corton from 2001(EA). 
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Figure 30 Aerial image from Gorleston to Corton from 2008 (EA). 
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Figure 31 Aerial image from Gorleston to Corton from 2010 (EA) 
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Table 9 - Qualitative assessment of sediment transport from aerial imagery by beach profile location between Gorleston and Corton. The construction 
of Great Yarmouth Outer Harbour occurs in 2008. 

 

 Key        ↑ Northerly                          ↑ Slightly Northerly           --- Inconclusive                        ↓  Slightly Southerly                              ↓ Southerly 

 1992 1994 1997 2001 2003 2004 2005 2006 2008 2009 2010 2011 2012 

N113 ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ 

N114 ↑ --- --- --- ↑ ↓ ↑ ↑ --- ↑ ↓ ↓ --- 

N115 ↑ --- ↑ ↑ ↑ --- --- ↑ --- --- --- ↓ --- 

N116 ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ 

N117 ↑ ↑ No data ↑ --- ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ 

N118 No data ↑ No data ↑ --- --- ↑ ↑ ↑ --- ↓ --- --- 

N119 No data ↓ No data --- --- --- ↑ ↑ No data No data ↓ --- --- 

 

 



 

70 

 

 

4.2 Tidal Circulation Modelling 

 

The processes associated with coastal evolution can be well understood and predicted using 

modelling concepts based on 2 dimensions (De Vriend et al., 1993) and currently only the 2D 

model can be coupled to Sisyphe.  Therefore, the approach of using Telemac2D rather than the 

Telemac3D is appropriate.  

 

A direct comparison between simulated tidal velocities and free surface elevations with measured 

velocity and free surface elevations could not be made as data from a corresponding time were 

not available.  

 

Figure 32 - A comparison of measured and modelled U and V velocity components. The 
dominant component of flow V (north-south) is shown to have the best correlation between 
modelled and measured, with an R

2
 value of 0.78. 
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Water elevation and velocity data were available for 18.02.05-19.03.05 at the location marked as 

Caister Road in Figure 7.  The data were collected as part of the Cefas Scroby Sands Offshore Wind 

Farm – Coastal Monitoring Report.  This site was originally chosen as it is sheltered from waves 

from the East but is located within the tidally dynamic Caister Road channel. Therefore, this is 

assumed to give a good representation of the tidal velocity in the region without the influence of 

waves in the data. 

 

A comparison was made between modelled and measured tidal velocities by corresponding the 

two data sets to an approximate similar tidal phase.  TELEMAC2D was run for 14 days using the 

liquid boundary data covering 13.09.05-27.09.05 and an appropriate 14 day period of measured 

data was selected to fit Figure 32. 

 

Figure 32 shows that the comparison for the measured and modelled U (east-west) component of 

velocity was poor, while the V (north-south) velocity component shows a good agreement with an 

R2 value of 0.78. The root mean square error performance (       is calculated for the simulated 

and measured V velocity component, to show a normalised model performance score, using 

 

          
    

    
  

with        
 

 
        

 
  

and       
 

 
     

 
  

where   are the observed values,    are the modelled values and N is the number of records. 

This gives a non-dimensional model performance indicator ranging from 1 (perfect correlation) to 

0 (uncorrelated). The root mean square error performance for the V velocity component at 

Caister is 0.80, showing an acceptable level of model performance. This is considered as an 

acceptable result as the dominant component of tidal flow is in a north-south direction (V 

velocity), therefore the model is considered to represent the tidal flow to an acceptable level of 

accuracy. 

 

Additional validation was conducted in the form of harmonic analysis (for sea surface height (Z) 

and velocity (UV)), which was conducted on a 14 day tidal simulation and the measured data. The 

results of the harmonic analysis (Table 10) show the amplitudes of the major tidal constituents 

(M2, S2 and M4) to correspond well between the modelled and measured data for both elevation 

and velocity. The modelled and measured elevation for the principal lunar (M2) and solar (S2) 
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semidiurnal tidal constituents are within 2% while the elevation of the shallow water overtide 

constituent (M4) performs less well with a 46% difference. The modelled and measured velocities 

for M2, S2 and M4 all show a difference of approximately 10-12%. 

 

 
 
Table 10 - A comparison of modelled and measured tidal harmonic validation of free surface 
elevation (Z) tidal currents (UV) at Caister Road. 

 

Z DATA  Z MODEL  % DIFF  

Constituent Amp Constituent Amp  

M2 0.83 M2 0.82   1.23 

S2 0.40 S2 0.41   1.72 

M4 0.06 M4 0.10 46.15 

     

UV DATA  UV MODEL  % DIFF 

Constituent Amp Constituent Amp  

M2 0.88 M2 0.99 10.68 

S2 0.36 S2 0.32 12.29 

M4 0.08 M4 0.08 10.65 

 

4.2.1 Tidal velocities 

Figure 33-Figure 36 show the velocity magnitude vectors of the tidal currents from the 14 day 

simulations without the harbour and with the harbour, at times of peak neap ebb and flood and 

peak spring and flood. The velocity vectors have been mapped onto a 100 m grid in the coastal 

domain for clarity and therefore do not represent the true resolution of the model grid which is 

30 m in the region. 
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Figure 33 - Peak ebb (top panel) and flood (bottom panel) neap tidal velocities without the 
harbour. 
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Figure 34 - Peak ebb (top panel) and flood (bottom panel) neap tidal velocities with the 
harbour. 
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Figure 35 - Peak ebb (top panel) and flood (bottom panel) spring tidal velocities without the 
harbour. 
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Figure 36 - Peak ebb (top panel) and flood (bottom panel) spring tidal velocities with the 
harbour. 

 

4.2.2 Difference in Tidal Velocities 

The tidal velocities from the two 14 day TELEMAC2D simulations, with and without the harbour, 

are compared to determine any effects caused by the construction of the Outer harbour.  Figure 

37 shows the mean velocity difference over the 14 day simulation where the velocities from the 

simulation without the harbour are subtracted from the simulation with the harbour, therefore, 
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an increase in velocities represents an increase due to the harbour.  A clear decrease in mean 

velocity can be seen inside the harbour itself, with a large increase in velocity at the Eastern 

extent of the harbour.  This is to be expected as the construction of the harbour wall will stop flow 

through the region, forcing flow around the structure leading to an increase in velocity.  This trend 

is also observed in the difference in maximum tidal velocity (Figure 38).  A small increase in 

velocity can also be seen South of the river mouth for both mean and max velocity, this could 

possibly be associated with the enhancement of an eddy current observed with the inclusion of 

the harbour, and is detailed further in Section 5.2.4. 

 

 

Figure 37 - Difference  in mean tidal velocity with and without the harbour. Positive velocity 
values represent an increase in velocity due to the construction of the harbour. 
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Figure 38 -  Difference in maximum tidal velocity with and without the harbour. Positive 
velocity values represent an increase in velocity due to the construction of the harbour. 

 

 

4.2.3 Difference in Ebb and Flood Tidal Velocities 

The difference in ebb and flood velocities were calculated to investigate change in tidal velocities, 

seen in Figure 37 and Figure 38, as a result of the harbour construction. The ebb and flood periods 

of the tide were averaged separately to derive Figure 39, showing difference in ebb velocity due 

to the construction of the harbour whilst Figure 40 shows the difference in flood velocity. This 

shows the increase in tidal velocity outside of the harbour (also shown in Figure 37 and Figure 38), 

is greatest during the flood tide and represents increased velocity immediately outside the 

harbour during the southerly flood tide. Velocity increase for the ebb tide occurs slighty south of 

that for the flood tide. This is due to the channelling effect of the harbour walls, so that an 

increase in current speed with flow from the north (flood) will occur adjacent to the northern 

harbour wall, while an flow from the south (ebb) results in increased velocity adjacent to the 

southern harbour wall.  
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Figure 39 - Difference in mean ebb tidal velocity with and without the harbour. Positive 
values represent an increase in velocity with the presence of the harbour while negative 
values represent a decrease in velocity. 

 

  

Figure 40 - Difference in mean flood tidal velocity with and without the harbour. Positive 
values represent an increase in velocity with the presence of the harbour while negative 
values represent a decrease in velocity. 
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4.2.4 Tidal Eddy Current 

Figure 41 and Figure 42 show the formation of an eddy structure south of the River Yare in both of 

the 14 day tidal simulations.  This eddy forms on the flood tide with tidal currents flowing in a 

southerly direction, causing a recirculation of flow just south of the river mouth (Figure 41 B).  

This eddy structure continues to grow and move south east through high water and into the 

ebbing tide (Figure 41 C).  The eddy structure disperses east of the harbour wall at approximately 

mid ebb tide (Figure 41 D).  With the harbour wall included in the simulation a much larger eddy is 

observed to generate in a similar location (Figure 42 B).  This larger eddy can be seen to increase 

in size and move offshore in a similar way to the smaller eddy generated without the harbour wall 

(Figure 42 C-D). 

 

4.2.4.1 Tidal eddy without the harbour 
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Figure 41 - Tidal eddy current forming to the south of the River Yare and moving into deeper 
water without the harbour. The free surface elevation is plotted below each velocity vector 
plot, with the vertical red line representing the stage of the tide. 
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4.2.4.2 Tidal eddy with the harbour 
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Figure 42 - Tidal eddy current forming to the south of the River Yare with the presence of the 
harbour. This feature can be seen to be significantly larger than the tidal simulation without 
the harbour. The free surface elevation is plotted below each velocity vector plot, with the 
vertical red line representing the stage of the tide. 

 
 

4.2.5 A Comparison of Tidal Velocity Vectors South of the Harbour Structure 

Figure 43 shows tidal velocity vectors south of the harbour during peak spring ebb and flood tides.  

This region was investigated due to the formation of the enhanced eddy current (Figure 42).  The 

velocity vectors show that there is a slight easterly shift during peak ebb tide. Peak flood tide 

shows a far greater difference with velocity vectors moving westerly and beginning to form the 

eddy current detailed previously in the lee of the harbour.  When no harbour is present velocity 

vectors can be seen to travel in a more southerly direction in the near shore region. Whilst neither 

this study or the study of Thurston (2011) is able to physically validate or verify the presence of 

the gyre it is a well known phenomena locally, particularly amongst yachtsmen and fishermen.   
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Figure 43 - Tidal velocity vectors south of the harbour for peak spring ebb (top) and flood 
(bottom) for both of the simulations with (green) and without (red) the harbour . 
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4.3 Wave Driven Sediment Transport Modelling 

The Telemac wave module Tomawac was used to simulate three wave events: northerly storm, 

southerly storm and a small easterly wave event.  Wave data for these wave events from the 

UKMO 30 year wave hindcast, including wave height, wave frequency and wave direction, were 

input along the eastern and up to 1km offshore on the northern and southern liquid boundaries.  

This prescribes time varying wave boundary conditions which are spatially constant.  Time varying 

wind data, also from the UKMO 30 year wave hindcast, were input to the Tomawac wave model 

which was uniform over the model domain.  Figure 44-Figure 46 shows the wave boundary 

conditions and wind prescribed over the model domain for the three wave events extracted from 

the UKMO 30 year wave hindcast.  The northerly storm, southerly storm and small wave event 

cover a period of 2 days 20 hours, 3 days 12 hours and 2 days 12 hours respectively. 

 

 

Figure 44 - Wave height (Hs), mean wave period (Tm), wave direction (Dir) and wind speed 
(wind) boundary conditions for the Tomawac northerly storm simulation. 
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Figure 45 - Wave height (Hs), mean wave period (Tm), wave direction (Dir) and wind speed 
(wind) boundary conditions for the Tomawac southerly storm simulation. 
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Figure 46 - Wave height (Hs), mean wave period (Tm), wave direction (Dir) and wind speed 
(wind) boundary conditions for the Tomawac small wave event simulation. 

 

 

Figure 47 to Figure 49 show wave heights at the coast around Great Yarmouth from the three 

wave simulations with (bottom panel of each Figure) and without (top panel of each Figure) the 

harbour. Tidal currents are not included in these plots and they represent waves only. These show 

how Scroby banks act to attenuate inshore wave heights at the coast as waves lose energy due to 

frictional losses and partial breaking over the sand banks themselves. This effect is reduced where 

waves propagate through gaps and channels between the banks. 
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Figure 47 - Northerly storm simulated wave heights around the Great Yarmouth coastline, 
without the harbour (top) and with the harbour (bottom). 
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Figure 48 - Southerly storm simulated wave heights around Great Yarmouth coastline, 
without the harbour (top) and with the harbour (bottom). 
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Figure 49 - Small wave event simulated  wave heights around Great Yarmouth coastline, 
without the harbour (top) and with the harbour (bottom). 

 

Wave power mapped to bathymetry contours at 1m intervals from 1 to 7m depth. The difference 

in wave power for the simulation with and without the harbour is also calculated for the 5m 

contour. A positive value represents an increase in wave power, while a negative value represents 

a decrease after the construction of the harbour. There is a decrease in wave power in the 

location immediately north and south of the harbour after construction (Figure 50 to Figure 52). 

Wave power is a function of wave height and wave period, the harbour structure itself absorbs 

and reflects wave to prevent them breaking on coast line. 
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Figure 50 - Wave power for the northerly storm Tomawac simulation with and without the 
harbour and the difference these simulations showing the influence of the harbour on wave 
power at the 5m contour. 
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Figure 51 - Wave power for the southerly storm Tomawac simulation with and without the 
harbour and the difference these simulations showing the influence of the harbour on wave 
power at the 5m contour. 
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Figure 52 - Wave power for the small wave event Tomawac simulation with and without the 
harbour and the difference these simulations showing the influence of the harbour on wave 
power at the 5m contour. 
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4.4 Sediment transport due to tidal currents 

Initially the 14 day TELEMAC2D tidal simulations were run in a coupled mode with Sisyphe to 

simulate the bed load transport due to the action of tidal currents.  This also includes bed 

feedback effects so that the evolution of the sea bed at each iteration is used in the following 

hydrodynamic calculation.  The sediment transport formula of Van Rijn to calculate bed load 

transport was used within the Sisyphe module.  A constant grain size of 0.26mm and roughness 

length of 0.006m was applied for the sediment transport simulations, appropriate for a rippled 

bed (Soulsby, 1997; Thurston, 2011). 

 

 

Figure 53 - Telemac model grid showing the locations of 12 transect lines for the analysis of  
sediment transport from the coupled Sisyphe simulations . 

 

Profile lines were extracted from the simulated Telemac results along similar coordinates to those 

used in the previous beach plan modelling (Section 4.2.6). Along these 12 profiles (Figure 53) 

simulated sediment transport and sea bed evolution are examined for conditions with and 
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without the harbour.  For the case of the tide alone coupled sediment transport simulations 

(Telemac2d coupled with Sisyphe), the mean bedload transport and sea bed evolution after 14 

days is extracted along each of these profiles.  The difference in mean total load transport and 

final sea bed evolution is then calculated for each profile, where the simulation without the 

harbour is subtracted from the simulation with the harbour.  Any negative difference will 

represent a decrease in magnitude while a positive difference indicates an increase in magnitude. 

 

Figure 54 - The difference in bed load transport along 12 selected transects  for coupled 
Telemac2d-Sisyphe simulations with and without the harbour. 

 

 

Figure 54 is a 3D plot showing the location of the coast line (green) and the north and south 

harbour walls (Red and blue), with each transect line plotted showing the difference in bed load 

transport.  Paired profiles also show the relative magnitudes of sediment transport (Figure 55 and 

Figure 56) with and without the harbour at selected locations.  Figure 57 is a similar 3D plot, with 

each transect line plotted showing the difference in sea bed evolution.  Figure 58 and Figure 59 
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show paired profiles for sea bed evolution at selected locations north and south of the harbour 

for simulations with and without the harbour.  Paired profiles for all transects shown in Figure 53 

can be found in Annex 3. 

 

 

 

Figure 55 - Transects 2 and 3 north of GYOH showing mean bedload transport with and 
without the harbour north of the harbour location. 

 

 

Figure 56 - Transects 6 and 7 south of GYOH showing mean bedload transport with and 
without the harbour south of the harbour location. 
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Figure 57 - The difference in sea bed evolution along 12 selected transects  for coupled 
Telemac2d-Sisyphe simulations with and without the harbour. An increase in magnitude 
represents an increase in sediment transport due to the harbour, while a decrease 
represents a reduction. 
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Figure 58 - Transects 2 and 3 north of GYOH showing sea bed evolution with and without 
the harbour north of the harbour location. 

 

 

 

Figure 59 - Transects 6 and 7 south of GYOH showing sea bed evolution with and without 
the harbour north of the harbour location. 

 

The difference in simulated mean bedload transport for the Telemac2d-Sisyphe coupled 

simulations shows that there are some small changes in transport to the order of 10-6m2s-1 due to 

the presence of the harbour.  These differences in bedload transport are predominantly seen to 

the north of the harbour.  However, these are mean simulated transport rates and so therefore 

do not take into account the direction of transport.  The difference in sea bed evolution, should 

indicate the change in sediment pathways due to the construction of the harbour.  There was a 

greater change in sea bed evolution north of the harbour, however, a positive difference in 
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evolution can also be seen to occur just south of the harbour.  These are very small magnitudes on 

the scale of 10-4m after a simulated duration of 14 days. Figure 60 shows the cumulative bed load 

sediment transport for the 14 day tidal simulations with (red) and without (blue) the harbour. This 

shows the major difference in sediment transport pathways and magnitudes to be diretly outside 

of the harbour entrance, where tidal velocities are increasing due to the harbour walls obstructing 

the flow.  

 

 

Figure 60 - Cumulation sediment transport pathways and rate for the 14 day tidal simulation 
with (red) and without (blue) the harbour. 
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4.5 Model Coupling – Waves, Tides and Sediment Transport 

Telemac was run in a fully coupled mode to include time varying wave and wind boundary 

conditions and compute resultant sediment transport and morphological evolution.  This takes 

into account the tidal modulation of wave heights at the coast around the sand banks. When 

running in this mode information about morphological change and hydrodynamic conditions are 

continuously fed back between the modules after each iteration of the model. The total load 

sediment transport is calculated using the Soulsby – van Rijn formula in the Sisyphe module (EDF, 

2014).  For each of the three simulated wave events (Northerly storm, Southerly storm and the 

small wave event) the mean simulated total load transport is extracted along the 12 profile lines 

shown in Figure 53, as well as the resultant sea bed evolution after the respective storm 

durations.  Total load transport and sea bed evolution are plotted on 3 dimensional graphs, with 

paired profiles for transects 2 and 3 (north of the harbour) and 6 and 7 (south of the harbour), in 

the same way as the Telemac2d-Sisyphe, bedload simulations.  All of the paired profiles for the 12 

transects are given in Annex 3. 
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4.5.1 Mean Total Load Transport – Northerly storm 

 

Figure 61 - The difference in total load transport along 12 selected transects for coupled 
Telemac2d-Tomawac-Sisyphe northerly storm simulations with and without the harbour. 
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Figure 62 - Transects 2 and 3 north of GYOH showing total load transport with and without 
the harbour north of the harbour location for the northerly storm simulation. 

 

 

 

 

Figure 63 - Transects 6 and 7 south of GYOH showing total load transport with and without 
the harbour south of the harbour location for the northerly storm simulation. 

 

Positive and negative differences in the mean simulated total load transport can be seen to occur 

throughout the 12 selected transects during the northerly storm (Figure 61).  A concentrated 

region of reduction in mean simulated total load transport can be seen to occur to the south of 

the harbour in the nearshore region during the northerly storm (Figure 63), whereas any 

reduction in transport north of the harbour occurs further offshore (Figure 62).  This is reflected in 

the simulated sea bed evolution after the simulation duration of 2 days and 20 hours (Figure 64), 
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where a significant region of accumulation (positive difference in sea bed evolution) can be 

observed in the region directly south of the harbour during the Northerly storm, however this 

effect reduces as you move south (Figure 66).  No change in sea bed evolution can be seen to 

occur north of the harbour (Figure 65). 

 

Figure 64 - The difference in sea bed evolution along 12 selected transects for coupled 
Telemac2d-Tomawac-Sisyphe northerly storm simulations with and without the harbour. 
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Figure 65 - Transects 2 and 3 north of GYOH showing sea bed evolution with and without 
the harbour north of the harbour location for the northerly storm simulation. 

 

 

Figure 66 - Transects 6 and 7 south of GYOH showing sea bed evolution with and without 
the harbour south of the harbour location for the northerly storm simulation. 

 

 

Figure 67 shows the indicative cumulative sediment transport pathways and rate of transport for 

the northerly storm simulation with (red) and without (blue) the harbour at locations north and 

south of the harbour construction site. 
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Figure 67 - Cumulation sediment transport pathways and rate for the northerly storm simulation with (red) and without (blue) the harbour. 
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As shown in Figure 64, the greatest difference in sediment transport during the northerly storm 

occurs immediately south of the harbour construction site. Little change is observed to the 

direction and magnitude of the sediment transport vectors for the northerly storm simulation 

north of the harbour. In the region immediately south of the harbour a change in the direction of 

sediment transport by up to 20-30⁰ is simulated, however, no clear directional trend is shown. 

The difference in magnitude of the sediment transport vectors also shows this spatial variability, 

with regions of increase and decrease. 
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4.5.2 Mean total load transport - Southerly storm 

 

Figure 68 - The difference in total load transport along 12 selected transects for coupled 
Telemac2d-Tomawac-Sisyphe southerly storm simulations with and without the harbour. 
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Figure 69 - Transects 2 and 3 north of GYOH showing total load transport with and without 
the harbour north of the harbour location for the southerly storm simulation. 

 

 

 

Figure 70 - Transects 6 and 7 south of GYOH showing total load transport with and without 
the harbour south of the harbour location for the southerly storm simulation. 

 

A region of reduced total load transport with an associated increase further offshore can be seen 

to occur north of the harbour in the southerly storm simulation (Figure 68 and Figure).  There is 

also some reduction in transport towards the nearshore region south of the harbour, while an 

increase in transport can be seen to occur offshore south of the harbour (Figure 70).  The resulting 

change does not show the increase in sea bed evolution south of the harbour towards the 

nearshore region (Figure 71).  However, there is some variation in sea bed evolution south of the 

harbour further offshore, with both positive and negative differences.  North of the harbour a 
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reduction in sea bed evolution can be seen to occur, with localised regions of positive sea bed 

evolution (Figure 72).  This could be the result of a shielding effect of the region north of the 

harbour during the Southerly storm conditions, as the increase in sea bed evolution observed in 

the Northerly storm south of the harbour (Figure 66) is not simulated in the southerly storm 

(Figure 73). 

 

Figure 71 - The difference in sea bed evolution along 12 selected transects for coupled 
Telemac2d-Tomawac-Sisyphe Southerly storm simulations with and without the harbour. 

 

 

Figure 74 shows indicative cumulative sediment transport pathways and rate of transport for the 

southerly storm simulation with (red) and without (blue) the harbour at locations north and south 

of the harbour construction site. 
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Figure 72 - Transects 2 and 3 north of GYOH showing sea bed evolution with and without 
the harbour north of the harbour location for the southerly storm simulation. 

 

 

 

Figure 73 - Transects 6 and 7 south of GYOH showing sea bed evolution with and without 
the harbour south of the harbour location for the southerly storm simulation. 
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Figure 74 - Cumulation sediment transport pathways and rate for the southerly storm simulation with (red) and without (blue) the harbour. 
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The net sediment transport pathways and rates of transport are very similar either with or 

without the harbour during the southerly storm simulation. Sediment transport occurs in a 

northerly direction, which is as to be expected from waves arriving from the south. A reduction in 

sediment transport occurs immediately north of the harbour due to the sheltering effect of the 

harbour walls. 

4.5.3 Mean total load transport - Small wave event 

 

 

Figure 75 - The difference in total load transport along 12 selected transects for coupled 
Telemac2d-Tomawac-Sisyphe small wave event simulations with and without the harbour. 
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Figure 76 - Transects 2 and 3 north of GYOH showing total load transport with and without 
the harbour north of the harbour location for the small wave event  simulation. 

 

 

 

Figure 77 - Transects 6 and 7 south of GYOH showing total load transport with and without 
the harbour south of the harbour location for the small wave event simulation. 

 

 

The small wave event simulation shows small localised changes in total load transport over the 

region, with both positive and negative differences (Figure 75).  However, there does not appear 

to be any areas of significant change in transport, rather a change in the location of sediment 

transport (Figure 76 and Figure 77).  The sea bed evolution at the end of the small wave event 

duration shows regions of erosion south of the harbour and erosion and accretion north of the 

harbour (Figure 78).  It should be noted that the magnitude of the sea bed evolution for the small 

wave event is on the scale of 10-4 mm, and should therefore not be considered to be a significant 
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change.  Figure 79 and Figure 80 show the high similarity between the sea bed evolution profiles 

north and south of the harbour, with and without the harbour, as a result of the small wave event 

simulation. 

 

 

 

Figure 78 - The difference in sea bed evolution along 12 selected transects for coupled 
Telemac2d-Tomawac-Sisyphe small wave event simulations with and without the harbour. 
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Figure 79 - Transects 2 and 3 north of GYOH showing sea bed evolution with and without 
the harbour north of the harbour location for the small wave event simulation. 

 

 

Figure 80 - Transects 6 and 7 south of GYOH showing sea bed evolution with and without 
the harbour south of the harbour location for the small wave event simulation. 

 

Figure 81 shows indicative sediment transport pathways and rates of transport for the small wave 

event simulation with (red) and without (blue) the harbour at locations north and south of the 

harbour construction site. 
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Figure 81 - Cumulation sediment transport pathways and rate for the small wave event simulation with (red) and without (blue) the harbour. 
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There are small differences in magnitude and direction of the sediment transport vectors for the 

small wave event simulation. The transport in the near shore region is predominantly directed 

offshore. Small reductions in transport are simulated in the immediate north and south regions of 

the harbour walls, attributed to the sheltering effect of the harbour walls. 

 

4.6 Longshore Transport  

Waves in the nearshore region will act to transport sediment in a longshore direction, parallel to 

the beach.  This mode of sediment transport is an important nearshore process and can 

determine whether the shoreface will erode, accrete or remain stable.  One of the most widely 

used methods to determine longshore sediment transport in the nearshore region is the use of 

the CERC formula (Coastal Engineering Research Centre, 1984). This approach was used by 

Coughlan et al., (2007) applying the CERC formula to examine longshore transport around the 

coastline at Lowestoft, Suffolk, UK.  The principle behind the technique determines that where 

incoming waves arrive at the beach at an oblique incident angle, an alongshore sediment 

transport motion is generated.  In this study the simulated wave height and direction, as well as 

water depth, were used as inputs to the CERC formula, which essentially relates the at shore wave 

energy flux to longshore transport.   

 

As an initial step, the root mean square wave height (Hrms) is calculated from the simulated 

significant wave height (Hs).  The wave energy flux in the breaker zone, Pw, is calculated using  

 

                          

    
 

 
         

   

                 

          

 

Where teta is the wave angle relative to the shore, Hrms is the root mean square wave height, ρs is 

the density of sea water, g is gravity and d is the water depth. A dimensionless proportionality 

coefficient K is calculated following the method of Bailard (1984) 

 

                                   
     

  
   

Where u0max is the maximum oscillatory velocity calculated as  
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And ws is the sediment settling velocity defined as 

   
 

   

                
             

Where ν is the kinematic viscosity and D* is the dimensionless grain size. The immersed weight 

transport rate I is then calculated as  

      

Which can then be converted into a volumetric transport rate Qlst using 

 

     
 

            
 

Where ρ is the sediment density and n is the porosity. 

 

 

 

 

Figure 82 - Location of points for analysis of wave driven longshore transport calculated 
using the CERC formula. 
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The calculated volumetric transport rate (Qlst), simulated wave height (Hs) and simulated wave 

direction to the beach (Dir) are extracted at point locations on the original transect coordinates 

(Figure 53) at the nearest mesh node point to the 3m depth contour (Figure 82).  Transects 4 and 

5 are omitted from this analysis due to their 3m depth coordinate being in the location of the 

harbour wall construction.  In the following Figures locations 3 are 4 are analysed for changes 

caused by the construction of the harbour, as the effects were seen to be local to the harbour 

structure.  Volumetric longshore transport calculations for all of the point locations can be found 

in Annex 3. 

 

Cerc formula from the northerly storm 

Figure 83 and Figure 84 show the volumetric longshore transport (Qlst), wave height (Hs) and wave 

direction (Dir) to the beach for points north (location 3) and south (location 4) of the harbour 

during the northerly storm.  When waves are normal to the beach, negligible longshore transport 

occurs.  When the wave angle to the beach is less than 90⁰, longshore transport occurs in a 

southerly direction, and calculated as a positive magnitude of transport.  If the wave angle is 

greater than 90⁰ to the beach then waves drive sediment in a northerly direction and are 

calculated as negative magnitudes of transport. 
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Figure 83 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for point 
location 3 (north of the harbour) during the northerly storm simulation. 

 

Figure 83 shows that volumetric longshore transport is relatively small for most of the simulation 

at the point north of the harbour.  There are, however, two periods of increased negative 

transport which can be seen to coincide with an increase in wave height and an increase in wave 

direction.  This northerly longshore transport (to the north) could appear to be counter intuitive 

as a result of the northerly storm, however previous wave simulations (Figure 44) have shown 

that the waves approaching the beach are strongly influenced by the offshore sand bars, with 

waves approaching locations north of the harbour through gaps in the sand bar to the south.  

Figure 84 shows that for locations south of the harbour waves approach from a more northerly 

direction.  As a result of this there is greater southerly longshore transport.  The sheltering effect 

of the harbour can be seen to affect the longshore transport at location 4, directly south of the 

harbour (Figure 84), with less positive (southerly) and negative (northerly) longshore transport 
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occurring over the northerly storm duration.  Interestingly, it is not due to a large reduction in the 

wave height but rather a longshore normal shift in wave direction closer to 90⁰. 

 

Figure 84 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for point 
location 4 (south of the harbour) during the northerly storm simulation. 

 

 

 

 

 

 

 

 

 

 

Cerc formula from the southerly storm 
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The southerly storm simulation can be seen to drive mainly northward longshore transport at 

location 3 north of the harbour (Figure 85).  For location 4, south of the harbour, longshore 

transport is relatively small in magnitude (Figure 86), with peaks occurring throughout the 

duration in a southerly direction.  The effect of the harbour can be seen to reduce the magnitude 

of longshore transport along the beach immediately north of the harbour. 

 

 

 

Figure 85 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for point 
location 3 (south of the harbour) during the southerly storm simulation. 
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Figure 86 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for point 
location 4 (south of the harbour) during the southerly storm simulation. 
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Cerc formula from the small wave event 

For location 3, north of the harbour, during the small wave event simulation (Figure 87) longshore 

transport occurs in a northerly direction.  A minor reduction due to the presence of the harbour 

can be seen to occur at location 3, south of the harbour, during the small wave event simulation 

(Figure 88). This simulation indicates that during more quiescent conditions, with smaller wave 

heights, longshore transport is occurring in a predominantly northerly direction at location 3.   

 

 

Figure 87 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for point 
location 3 (north of the harbour) during the small wave event simulation. 
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Figure 88 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for point 
location 4 (south of the harbour) during the small wave event simulation. 
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5 Discussion and Conclusions 

5.1 General Observations from Profile Analysis 

5.1.1 Beach Profile Results 

Observations of the long term changes of the beach profile data have been analysed to indicate 

accretion or recession rates for the coastline relative to the mean sea level (MSL). Furthermore, a 

shoreline statistical analysis has been carried out on these shoreline positions to indicate the 

statistical robustness of accretion/recession trends.  In general, with a high level of confidence, 

shoreline variability has shown accretion at N109  (Figure 91 for profiles and Figure 114 for 

trends) and at N108 to the north of the GYOH and at N113 at Gorleston. This change in accretion 

slope before and after construction of the harbour can be directly related to the construction of 

GYOH. To the north of the harbour, particularly at profiles N108 and N109, beach profiles showed 

a significant accretion trend between 1991 and 2013 (but of only minor magnitude at N110).  

Statistical analysis of the shoreline data at these locations showed accretion before the 

construction of the GYOH, but different responses after construction.  At N108 and N110 the rate 

of shoreline advance decreased significantly after construction whereas at N109 it increased.  

 

South of the GYOH, the rate of shoreline accretion increased at the N113 profile location following 

construction of GYOH. The beach profiles located between Gorleston and Hopton (N115 and 

N116), showed significant changes in accretion/erosion following construction of GYOH.  At N115 

the pattern changed from accretion to erosion whereas at N116 a stabilised situation of no 

apparent change turned to an erosive tendency. Beach profiles at Hopton (N117) provide no 

evidence of any significant effect of the GYOH on the sand supply at this location. There was a 

significant erosive trend of the shoreline, with no evidence of change before and after the 

construction of the GYOH.  This indicates that the presence of the GYOH is not having a significant 

effect on the sediment transport rates at this location.   

 

The qualitative analysis of the aerial imagery does not show a direct relationship between the 

sediment transport patterns observed by deposition against coastal structures, e.g. groynes, and 

the possible effect of the GYOH presence.  Local wave diffraction processes are likely at the 

seaward end of some groynes due to the interaction with tidal currents where the sediment 

transport direction is in some cases inconclusive.  However, a reversal to a consistently southerly 

longshore sediment transport is observed from 2010 to 2012.  
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Whilst predicting future sediment transport rates and direction is complex, some general 

comments can be made assuming that current forcing mechanisms (sources/sinks of sediments, 

storms and tides) remain broadly constant.  Note that confidence in these predictions is low as 

the relative balance in forcing mechanisms in the future may exceed the envelope of forces 

experienced in the last five to 10 years.  If the southerly transport of sand continues from 

Gorleston, then beaches to the south at Hopton may experience an increase in beach accretion. 

Implicit in this assumption is a loss of sand from Gorleston. The build up of sand to the north of 

the harbour may continue to slow and thus the rate of increase may become more constant the 

shoreline may stablise at a new equilibrium.  

 

5.1 General Conclusion from Profile Analysis 

Results from the Profile analysis show that the construction of the GYOH has had a significant 

effect on the beach profiles in the close vicinity of the harbour extension at Gorleston (N113), 

resulting in accretion of sediment. Whilst significant changes are also observed further south at 

N116 where the rate of erosion has accelerated, these are separated from the area of the harbour 

by areas of negligible change at N114.  Further south at Hopton (N117), the beach erosion before 

construction has continued at the same rate after construction with no significant change in the 

rate of loss. 

 

5.2 General Observations from Sediment Transport Modelling 

Coastal morphology and sediment transport in the regions nearby to the GYOH have been 

modelled with a number of wave and current conditions outlined in Table 5. The transport rates 

due to tides only (bedload transport) have been estimated, as well as the effects of waves only 

(longshore transport rates) and finally by coupling tides and waves to predict sea-bed evolution 

with a coupled, total-load computation. The effects resultant to the three modes of computation 

are considered separately in the context of the effect of the GYOH structure.  

5.2.1 Bedload 

The results of bedload modelling show no effective change in bedload transport rate as a result of 

the harbour walls being built, although a small accretion in the bed level is predicted to occur 

immediately south of the harbour, potentially as a result of the decrease in flow velocity in this 

area (Figure 37 to Figure 40). When put into context the deposition predicted is less than 1 mm 

during a spring-neap, 14 day tidal run and is negligible, particularly when considering the 

uncertainties associated with the sediment transport model. 
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5.2.2 Longshore Sediment Transport  

Estimates of wave only driven volumetric longshore transport showed a reduction in transport 

rate immediately south of the harbour for all wave simulations with the inclusion of the Great 

Yarmouth Outer Harbour structure.  This reduction in transport is the result of a minor change to 

wave direction, at the sampled 3m depth contour, caused by refraction.  Longshore transport 

rates calculated from the larger energy northerly and southerly storm simulations show transport 

to occur predominantly in a southerly direction in the region immediately south of the harbour at 

Gorleston. However, for the lower energy small wave event, longshore transport is predominantly 

in a northerly direction.  In the case of the higher energy wave events, transport will be in a 

southerly direction and the supply of sediment to the south is reduced due to the presence of the 

harbour during these energetic storm events.  However, this effect is of limited magnitude and 

are localised to the region within 1.5km south of the harbour. 

 

5.2.3 Total Load 

The effect of waves were included in the sediment transport calculations to produce a total load 

transport rate for the three wave scenarios (northerly storm, southerly storm and the small wave 

event).  The northerly storm simulation showed variations in total load transport throughout the 

region of analysis, as a result of the harbour construction, however a reduction in transport was 

predicted south of the harbour in the nearshore region, indicative of the shielding effect of the 

new harbour walls.  The associated sea bed evolution for the northerly storm simulation showed 

that a change occurs south of the harbour where increased bed levels are predicted.   

 

The southerly storm effect predicts a small reduction in total load transport rate north of the 

harbour.  The sand banks strongly attenuate wave activity as waves propagate inshore, resulting 

in minor bed elevation changes in the order of a few millimetres to the north of the harbour.  This 

prediction is explained by the shielding effect of the harbour walls on the coastline to the north 

during an event when waves arrive from a southerly direction.  The model predicts sediment 

transport increasing and consequent erosion farther offshore to the north of the harbour during 

the southerly storm event.  Absolute values of erosion and deposition are less than 1mm for the 

duration of the southerly storm. The model output from the predicted smaller wave event, with 

waves propagating from the east indicated no change to sediment transport rates or bed 

evolution. 

 

 

5.3 Conclusion (Synthesis of Modelling and Transect Profile Results)  
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The higher energy northerly and southerly storm events along with the lower energy smaller wave 

events were selected as conditions typical of those which control position of the coastline along 

the frontage of the GYOH.  The predicted sea bed evolution as a result of the higher energy 

northerly and southerly storm events was an order of magnitude larger than change simulated 

during the lower energy small wave event, from which it is concluded that high energy storm 

events drive most morphodynamic change in this region. 

 

It is the higher energy events which will cause greatest morphological change around the coastal 

region of Great Yarmouth due to the increased erosion and enhanced bed shear stress acting on 

the sea bed at these times. This study has evaluated the effects of tides and waves separately and 

when they are combined.  However, sea bed evolution predicted during the higher energy events 

is minor in magnitude, on the scale of a few millimetres. These changes are limited to the region 

within 1.5 km of the GYOH structure itself. 

 

The morphological change simulated by the models during the higher energy northerly and 

southerly storms is affected by the construction of the harbour.  In the case of the northerly 

storm, a reduction in total load transport is simulated south of the harbour, with an associated 

accretion of the sea bed.  These predicted changes due the construction of the harbour during the 

northerly storm simulation are due to the sheltering effect of the harbour, so that waves arriving 

from the north are not able to impact on the coast in the region immediately south of the 

harbour. 

 

The southerly storm simulation predicts a corresponding reduction in total load transport north of 

the harbour.  This results in both sea bed erosion and accretion to the north of the harbour during 

the southerly storm simulation due to the sheltering effect of the harbour.  Waves arriving from 

the south will be able to impact the coast south of the harbour as usual, while regions to the 

north of the harbour will experience lower wave heights due to the construction of the harbour.  

While there is a reduction in transport predicted for south of the harbour during northerly storms 

and north of the harbour during southerly storms, these effects are restricted to within 

approximately 1.5km of the harbour site.  Differences in sediment transport rates and sea bed 

evolution due to the construction of the harbour are not predicted north of the harbour during 

the southerly storm simulation and south during the northerly storm simulation outside these 

bounds.   
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It should be noted that the numerical modelling of sediment transport has used a constant grain 

size of 0.026 mm, derived from sediment grain size analysis at Scroby Bank.  In reality there will be 

variance to grain size throughout the model domain.  A larger grain size would result in the model 

over predicting sediment transport rates while a smaller grain size would result in the model 

under predicting sediment transport rates occurring. The values used are relevant to the specific 

areas of the domain being considered.  

 

When set in context of the actual wave climate, changes in sea bed evolution simulated during 

the higher wave energy events along the coastline are minor and restricted to the region 

approximately 1.5km north and south of the harbour.  There are peaks in occurrence for greater 

wave power events from northerly and southerly directions.  However, the frequency of these 

greater wave power events is low in comparison to the overall wave climate, characterised by 

long periods exhibiting much lower wave energy and associated with smaller wave events from a 

variety of directions in between the storm events considered here. Lower energy wave events, 

which occur for much of the time, are likely to balance the morphological equilibrium of the 

coastline. 

 

Volumetric longshore transport calculations using the CERC formula show a reduction in 

longshore transport was calculated for all three wave events with the inclusion of the harbour.  

This reduction in transport rate was due to a change in the wave direction at the coast line with 

the presence of the harbour. Wave direction approaching the beach was predicted to become 

more perpendicular to the shore, which results in a reduction in the magnitude of longshore 

transport.  The longshore transport calculations for the location immediately south of the harbour 

shows that transport is predominantly in a northerly direction, however during the small wave 

event longshore transport in this location is predicted to be in a southerly direction.  When 

considering the wave climate as a whole, the higher frequency small wave event may have an 

important role in the supply of sediment to locations further south. Therefore, a reduction in the 

volumetric transport rate due to the construction of the harbour may cause a localised change in 

the sediment transport pathways. 

 

5.4 Overall Conclusions 

Numerical modelling and beach profile analysis have shown that impacts from the construction of 

the GYOH are limited to locations close to the harbour (~ 1.5 km).  Modelled reductions in seabed 

elevations caused by changes to the applied bed shear stress due to the construction of the 

harbour correspond directly to the observed changes in beach profiles e.g. N113 at Gorleston.  
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Beyond this immediate impact zone, direct sediment transport pathways predicted by the 

numerical model are not significantly altered by the presence of GYOH.  At face value, this is 

contrary to the observations of significant change to beach profiles at N115 between Gorleston 

and Hopton and N118 south of Hopton.  There are two potential explanations for this apparent 

inconsistency: 

1) Indirect or secondary sediment transport pathways have resulted in additional erosion 

along the coast at various locations along the coastline e.g. from a ‘gyre’ type circulation. 

2) That large scale (regional) or long-term (annual or decadal) effects have caused changes in 

the regional wave climate or river runoff that has resulted in changes to the position, 

shape or depth of offshore sand banks subsequently leading to a change to the inshore 

wave climate. 

 

Taking these potential impact hypotheses in turn: 

1) A ‘gyre’ type circulation has been observed in modelling simulations for the flood tide 

south of the harbour extension (Figure 43).  However, the modelling simulations also 

demonstrate that it is the  combination of both wave and tide forcing that is important in 

driving sediment along this frontage.  Therefore, this transitory tidal feature will 

contribute insignificant sediment volumes when compared to the quantity transported by 

tides combined with waves.  Alternatively, a secondary impact could be that the inshore 

banks nearby are directly affected by the construction of the harbour.  This situation can 

be considered using a worst case scenario of a northerly storm due to the higher wave 

heights driving sediment transport. However, as Figure 63 shows, the simulation of the 

bed evolution for this northerly storm with and without the harbour shows only changes 

close to the harbour, as expected but further east, negligible changes in bed evolution are 

observed indicating minor linkages between the harbour and the inshore banks. 

2) The new 30 year wave hindcast produced by the UKMO provides a valuable tool with 

which to explore longer term and wider scale changes to the wave climate offshore off 

Great Yarmouth and outside of inshore sand banks.  Figure 86 (Annex 1) shows that since 

2001 the mean annual wave height has remained remarkably constant with the annual 

maximum significant wave heights average of 4.1m with only 2002 falling outside 0.5m of 

this 4.1m mean. However, closer examination of the storm wave directions in this period 

(Figure 91, Annex 1 as a table and Figure 92, Annex 1 as a chart) shows a trend in the 
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number of northerly and to a lesser extent southerly “storm hours”3.  The linear 

regression for this period indicates a reduction of northerly storm hours from 

approximately 140 to 110 hours whilst conversely an increase of 40 to 50 storm hours for 

a southerly storm.  Whilst absolute measures of resultant sediment transport for the 

whole period 2001 to 2011 are beyond the scope of this project, the relative change in 

the ratio of northerly/southerly storms does provide a potential impact hypothesis which 

links directly to the change in longshore sediment transport.  This impact hypothesis is 

also testable as existing beach profiles will be updated in future years, as will the UKMO 

hindcast. 

 

In conclusion, the construction of the GYOH, “geomorphologically” finalised in 2008, with 

modifications between 2011 and 2012, has had a local (1.5 km) impact on beach 

accretion/erosion, both to the south at Gorleston and to a lesser extent to the north at Great 

Yarmouth.  Significant changes to beach accretion/erosion rates have been observed since the 

construction of the GYOH to the frontage between Gorleston and Hopton and also at Corton. 

However there are no significant changes in trend at Hopton itself.  Numerical modelling provides 

no plausible mechanisms for impacts of GYOH beyond Gorleston.   A credible hypothesis has been 

proposed that relies on the relative balance of northerly and southerly storms that appears to 

relate to longshore sediment transport directions.  This hypothesis is testable and is consistent 

with existing monitoring beach profile monitoring programs . 

 

5.5 Recommendations 

The existing beach profile monitoring program has developed over the last decade; whilst a 

detailed assessment of the efficacy of each profile is beyond the scope of this project, the results 

and interpretations provided in this report support maintaining the dual monitoring programs by 

the EA and GYOH into the future.  

 

The results also demonstrate that decadal length time-series of profiles are essential if the 

impacts of construction or disturbance are to be assessed in a temporal context.  Additionally, the 

release of the 30 year wave hindcast from the UK Met Office/EA and continuing annual updates 

will allow further exploration of any causal relationships between storm strengths and directions 

and Longshore sediment transport rates. 

                                                           
3
 A storm in this exercise is defined a having a significant wave height greater than 2.5m with northerly 

directions defined as 345 degrees clockwise to 60 degrees and a southerly storm 150 degrees clockwise to 
195 degrees (all ‘from’ directions). 



 

135 

 

 

The modelling has used three typical wave scenarios to predict sediment transport rates and 

directions. Developing a longer –term schematisation of the wave climate (wave height, period 

and direction) would enable estimates of medium term (decadal) sediment transport rates and 

directions as well as longshore transport to be made. Whilst this is beyond the scope of this 

current project, research initiatives such as ICOASST (http://www.icoasst.net/) may enable longer 

term geomorphological assessments to be made. 

 

  

http://www.icoasst.net/
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8 Annex 1 – Analysis of 30 year Wave Hindcast 

The UKMO 30 year wave hindcast has been analysed in a number of ways to explore the impact of waves in the vicinity of Great Yarmouth and hence the rates 

of sediment transport. 

 

Figure 89 – Significant wave height from the UKMO Wavewatch III model at point 1128 – monthly mean and maxima.  
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Figure 90 - Monthly mean and maxima wave height values throughout the 30 year UKMO hindcast dataset. 
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Figure 91 - Significant wave height from the UKMO Wavewatch III model at point 1128 – annual mean and maxima. 
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Figure 92 - Storm wave (Hsig > 2.5m) directions from UKMO hindcast from point 1128 for the period 2001 to 2011. 

 

0-15 15-30 30-45 45-60 60-75 75-90 90-105 105-120 120-135 135-150 150-165 165-180 180-195 195-210 210-225 225-240 240-255 255-270 270-285 300-315 315-330 330-345 345-360

2001 127 40 0 0 4 5 5 0 0 5 16 18 0 0 0 0 0 0 0 0 0 0 5

2002 5 8 0 5 9 22 2 0 2 1 7 38 0 0 0 2 1 1 1 1 0 0 0

2003 104 18 0 3 0 0 0 0 0 0 22 20 0 0 0 0 0 0 0 0 0 0 26

2004 80 21 6 2 9 0 5 0 0 5 10 15 4 4 0 0 0 0 0 0 1 3 8

2005 117 41 5 25 4 0 0 0 0 10 38 7 8 0 0 0 0 0 0 0 0 0 36

2006 38 24 0 5 13 0 0 0 0 0 1 56 12 1 2 0 0 0 0 0 0 0 10

2007 74 60 15 2 0 0 0 0 0 0 3 21 0 2 0 0 0 0 0 0 0 0 13

2008 65 21 9 11 0 0 13 0 0 10 36 41 12 0 0 2 2 1 0 0 0 1 22

2009 17 35 4 37 12 12 3 6 0 0 26 48 0 0 0 0 0 0 0 0 0 1 11

2010 68 18 30 38 28 37 6 11 4 7 1 19 0 0 1 1 0 0 0 0 0 1 18

2011 7 0 0 1 0 0 0 7 14 1 4 21 5 0 0 0 0 0 0 3 4 0 6

Wave Direction (from)
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Figure 93 - Annual storm hours (Hsig > 2.5m) hours from northerly and southerly directions for 2001 to 2011. 
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9 Annex 2 – Shoreline profile data 

This Annex contains the beach profile data used within this report. First all the beach profiles are 

shown with the first and last profiles indicated. Secondly, all the extended lines with bathymetric 

profiles are shown. Thirdly, the outputs from the beach profile analysis using the BpiTool are 

shown for MHWS (mean High water Springs), MSL(mean Sea Level) and MLWS (Mean Low Water 

Springs) and finally the outputs of the MSL trend analysis for all the profiles. 

 

Figure 94 - N108 beach profiles since August (H) 1991 represented by the green dashed line, 
to July (G) 2013, red dashed line.   
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Figure 95 - N109 beach profiles since August (H) 1991 represented by green dashed line, to 
July (G) 2013, red dashed line.   

 

 

Figure 96 - N110 beach profiles since August (H) 1991 represented by green dashed line, to 
July (G) 2013, red dashed line.   
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Figure 97 - N111 beach profiles since August (H) 1991 represented by green dashed line, to 
January (A) 2007, red dashed line.   

 

 

Figure 98 - N112 beach profiles since August (H) 1991 represented by green dashed line, to 
August (H) 2007, red dashed line.   
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Figure 99 - N113 beach profiles since August (H) 1992 represented by green dashed line, to 
July (G) 2013, red dashed line.   

 

 

Figure 100 - N114 beach profiles since August (H) 1992 represented by green dashed line, to 
July (G) 2013, red dashed line.   
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Figure 101 - N115 beach profiles since August (H) 1992 represented by green dashed line, to 
July (G) 2013, red dashed line.   
 

 

Figure 102 - N116 beach profiles since August (H) 1992 represented by green dashed line, to 
September (I) 2013, red dashed line.   
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Figure 103 - N117 beach profiles since August (H) 1992 represented by green dashed line, to 
September (I) 2013, red dashed line. 
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Figure 104 - N118 beach profiles since February (H) 1992 represented by green dashed line, 
to September (I) 2013, red dashed line. 

 

 

Figure 105 - N119 beach profiles since February (H) 1992 represented by green dashed line, 
to September (I) 2013, red dashed line. 
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Figure 106 - Top panel: N108 transect showing the bathymetric data surveyed in August (H) 
1992, 1996 and July 2002. Bottom panel: aerial view of the extension of the N108 transects. 
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Figure 107 - Top panel: N109 transect showing the bathymetric data surveyed in August (H) 
1992, 1996 and July 2002. Bottom panel: aerial view of the extension of the N109 transects. 

 

 
Figure 108 - Top panel: N110 transect showing the bathymetric data surveyed in August (H) 
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1992, 1996 and 2002. Bottom panel: aerial view of the extension of the N110 transects.  

 

 

 
Figure 109 - Top panel: N111 transect, at North breakwater of the Outer Harbour location, 
showing the bathymetric data surveyed in August (H) 1992, 1996 and 2002. Bottom panel: 
aerial view of the extension of the N111 transects. 

 

 
Figure 110 -Top panel: N112 transect, at South breakwater of the Outer Harbour location, 
showing the bathymetric data surveyed in August (H) 1992, 1996 and 2002. Bottom panel: 
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aerial view of the extension of the N112 transects. 

 

 

 
Figure 111 - Top panel: N113 transect, at Gorleston, showing the bathymetric data surveyed 
in August (H) 1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the 
N113 transects. 
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Figure 112 - Top panel: N114 transect showing the bathymetric data surveyed in August (H) 
1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the N114 transects. 

 

 



 

156 

 

 

 
 
Figure 113 - Top panel: N115 transect showing the bathymetric data surveyed in August (H) 
1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the N115 transects.  

 

 
Figure 114 - Top panel: N116 transect showing the bathymetric data surveyed in August (H) 
1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the N116 transects. 
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Figure 115 - Top panel: N117 transect, at Hopton, showing the bathymetric data surveyed in 
August (H) 1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the 
N117 transects. 
 

 

 
Figure 116 - Top panel: N118 transect showing the bathymetric data surveyed in February 
(B) 1992, 1997, 2003 and 2007 Bottom panel: aerial view of the extension of the N118 
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transects  

 

 

 

 

Figure 117 - Top panel: N119 transect, at Corton, showing the bathymetric data surveyed in 
February (B) 1992, 1997, 2003 and 2007. Bottom panel: aerial view of the extension of the 
N119 transects.  
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Figure 118 - The black arrow indicates the date of the Outer Harbour construction. Right: Time series of shoreline positions, given as the chainage 
(m), at North to the Great Yarmouth Outer Harbour N108 from August 1991 to July 2013. Left: Time series of shoreline positions, given as the 
chainage (m), at North to the Great Yarmouth Outer Harbour N109 from August 1991 to July 2013. 
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Figure 119 - The black arrow indicates the date of the Outer Harbour construction. Left: Time series of shoreline positions, given as the chainage 
(m), at North to the Great Yarmouth Outer Harbour N110 from August 1991 to July 2013. Right: Time series of shoreline positions, given as the 
chainage (m), at Gorleston N113 from August 1992 to July 2013.  
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Figure 120 - The black arrow indicates the date of the Outer Harbour construction. Left: Time series of shoreline positions, given as the chainage 
(m), for beach transect N114 located c.1km South of Gorleston from August 1992 to July 2013. Right: Time series of shoreline positions, given as 
the chainage (m), for beach transect N115 located c.2km North of Hopton from August 1992 to July 2013.  
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Figure 121 - The black arrow indicates the date of the Outer Harbour construction. Left: Time series of shoreline positions, given as the chainage 
(m), for beach transect N116 located c.1km North of Hopton from August 1992 to September 2013. Right: Time series of shoreline positions, given 
as the chainage (m), at Hopton from August 1992 to September 2013.  
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Figure 122 - The black arrow indicates the date of the Outer Harbour construction. Left: Time series of shoreline positions, given as the chainage 
(m), for beach transect N118 located c.1km North of Corton from February 1992 to September 2013. Right: Time series of shoreline positions, 
given as the chainage (m), at Corton, N119, from February 1992 to September 2013.  
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Figure 123 – Fitted segmented regression analysis applied to the shoreline data at N108 and N109 before and after the GYOH construction; the 
vertical line indicates the break point corresponding with the construction date set the 01/01/2008. 
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Figure 124 - Fitted segmented regression analysis applied to the shoreline data at N110 and N113 (North of the North breakwater of the GYOH 
and Gorleston respectively), before and after the GYOH construction; the vertical line indicates the break point corresponding with the 
construction date set the 01/01/2008. 
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Figure 125 - Fitted segmented regression analysis applied to the shoreline data at N114 and N115 before and after the GYOH construction; the 
vertical line indicates the break point corresponding with the construction date set the 01/01/2008. 
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Figure 126 - Fitted segmented regression analysis applied to the shoreline data at N116 and N117 (at Hopton) before and after the GYOH 
construction; the vertical line indicates the break point corresponding with the construction date set the 01/01/2008. 
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Figure 127 - Fitted segmented regression analysis applied to the shoreline data at N118 and N119 (Corton) before and after the GYOH 
construction; the vertical line indicates the break point corresponding with the construction date set the 01/01/2008. 
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10 Annex 3 – Numerical model outputs 

 

10.1 14 day simulation bedload transport 
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Figure 128 - Bedload transport for the 14 day simulation transects 1-5. 
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Figure 129 - Bedload transport for the 14 day simulation transects 6-10. 

 

 

 

 

Figure 130 - Bedload transport for the 14 day simulation transects 11-12. 
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10.2 14 day bed evolution 

 

 

Figure 131 - Sea bed evolution for the 14 day simulation transects 1-3. 
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Figure 132 - Sea bed evolution for the 14 day simulation transects 4-9. 
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Figure 133 - Sea bed evolution for the 14 day simulation transects 10-12. 
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10.3 Northerly storm simulation total load transport 

 

 

Figure 134 - Total load transport for the northerly storm simulation transects 1-2. 
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Figure 135 - Total load transport for the northerly storm simulation transects 3-8. 
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Figure 136 - Total load transport for the northerly storm simulation transects 9-12. 
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10.4 Northerly storm simulation sea bed evolution 

 

 

Figure 137 - Sea bed evolution for the northerly storm simulation transects 1-5. 
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Figure 138 - Sea bed evolution for the northerly storm simulation transects 6-10. 
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Figure 139 - Sea bed evolution for the northerly storm simulation transects 11-12. 

 

 

10.5 Southerly storm simulation total load transport 

 

Figure 140 - Total load transport for the southerly storm simulation transects 1-3. 
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Figure 141 - Total load transport for the southerly storm simulation transects 4-9. 
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Figure 142 - Total load transport for the southerly storm simulation transects 10-12. 

 

 

10.6 Southerly storm simulation bed evolution 

 

Figure 143 - Sea bed evolution for the southerly storm simulation transects 1-2. 
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Figure 144 - Sea bed evolution for the southerly storm simulation transects 3-8. 
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Figure 145 - Sea bed evolution for the southerly storm simulation transects 9-12. 
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10.7 Small wave event simulation total load transport 

 

 

Figure 146 - Total load transport for small wave event simulation transects 1-5. 
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Figure 147 - Total load transport for small wave event simulation transects 6-10. 



 

187 

 

 

Figure 148 - Total load transport for small wave event simulation transects 11-12. 

 

 

10.8 Small wave event simulation sea bed evolution 

 

Figure 149 - Sea bed evolution for small wave event simulation transects 1-3. 
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Figure 150 - Sea bed evolution for small wave event simulation transects 4-9. 
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Figure 151 - Sea bed evolution for small wave event simulation transects 10-12. 
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10.9 Longshore transport northerly storm 

 

 

Figure 152 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 1 
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Figure 153 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 2. 
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Figure 154 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 3. 
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Figure 155 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 4. 
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Figure 156 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 5. 
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Figure 157 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 6. 
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Figure 158 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 7. 
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Figure 159 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 8. 
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Figure 160 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 9. 
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Figure 161 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
northerly storm at location 10. 
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10.10 Longshore transport southerly storm 

 

 

Figure 162 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 1. 
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Figure 163 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 2. 
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Figure 164 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 3. 
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Figure 165 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 4. 
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Figure 166 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 5. 



 

205 

 

 

Figure 167 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 6. 
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Figure 168 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 7. 
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Figure 169 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 8. 
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Figure 170 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 9. 
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Figure 171 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
southerly storm at location 10. 
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10.11 Longshore transport small wave event 

 

 

Figure 172 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 1. 
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Figure 173 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 2. 
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Figure 174 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 3. 
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Figure 175 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 4. 
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Figure 176 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 5. 
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Figure 177 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 6. 
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Figure 178 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 7. 
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Figure 179 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 8. 
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Figure 180 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 9. 
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Figure 181 - Longshore transport (Qlst), wave height (Hs) and wave direction (Dir) for the 
small wave event at location 10.
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