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Executive Summary 
JBA Consulting was commissioned by the Environment Agency to update the tidal procedures for 
Dartmouth.  An existing model was updated and a range of model scenarios were completed.  The 
objective of the study was to use the updated results to provide a greater understanding of the level 
of flood risk to Dartmouth and use these data to update the tidal procedures. 

An existing 1D-2D ESTRY-TUFLOW model was used.  This model extends from Castle Point on 
the estuary mouth approximately 3.8km north towards Noss House.  It was developed for the 
Dartmouth Flood Risk Mapping Project by Hyder Consulting in 2012.  This study has updated the 
existing model so that it complies with current best practice standards. This has included updating 
the tidal boundary to be in line with the latest guidance, inserting a wave overtopping boundary at 
the Dartmouth defences, and carrying out more general updates to improve model stability and 
incorporate newly available data.  

To provide a clear understanding of the flood risk the model was used to simulate a range of extreme 
tidal scenarios, these included: 

• 50% AEP event 
• 10% AEP event 
• 5% AEP event 
• 2% AEP event 
• 1.33% AEP event 
• 0.5% AEP event 
• 0.1% AEP event 
• 0.5% AEP event plus climate change (2065 UKCP09) 
• 0.5% AEP event plus climate change (2115 UKCP09) 

The model results show that the dominant flood risk to Dartmouth up to the 1.33% AEP event arises 
from waves overtopping the Dartmouth defences.  The 50% AEP flood extent covers the North and 
South Embankment, Dart Marina, Bayard's Cove and the Lower Ferry slipway. From the 10% AEP 
event, the flooding is more extensive and reaches as far as Victoria Road at Dartmouth town centre, 
becoming progressively worse with increasing severity of event.  From the 0.5% event, the dominant 
flood mechanism switches to a tidal flood risk, as the water level is high enough to overtop the 
Dartmouth defences.  

The model results show that the area at most risk are the properties surrounding the Lower Ferry 
Slipway, Bayard's Cove and Dart Marina.  The town is protected by continuous defences along 
North and South Embankment and by a sluice gate at Dartmouth Harbour.  These defences prevent 
flooding for most properties in the town and it is only when the harbour gate fails or the defences 
are overtopped that there is a significant flood risk.  The model results were used to describe the 
flood risk and calculate the number of properties at risk.  The results, in terms of the numbers of 
properties at risk, are summarised in the table below.  The risk for the properties in the defended 
scenario includes wave overtopping, whereas in the undefended scenario the risk is from still water 
with no wave overtopping. 

Event (% AEP) Properties at risk in the 
undefended scenario 

(No.) 

Properties at risk in the 
defended scenario 

(No.) 

Properties 
defended 

(No.) 
50 394 7 387 

10 431 30 401 

5 467 65 402 

2 467 139 328 

1.33 470 160 310 

0.5 479 327 152 

0.1 490 355 135 

0.5 plus climate change 2065 595 528 67 

0.5 plus climate change 2115 620 549 71 
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Due to the steeply rising topography, the flood risk extents are relatively contained, close to the 
channel of the River Dart, bounded by Coombe Road in the north of the town and Lower Street to 
the south.  There is an area of low ground where flood waters propagate further into the town along 
Duke Street and Victoria Road.  No model simulations were completed with the defences removed 
but the numbers of properties at risk in an undefended situation were estimated based on the 
property thresholds taken from the available LIDAR data.   

The model results show that the defences protect the town well up to the 1.33% event.  During the 
0.5% event the tide level is high enough to overtop the defences, significantly increasing the number 
of properties at risk.   

The harbour sluice gate performs an important function protecting properties in the centre of town 
behind the harbour.  With the harbour gate removed an additional 141 properties are shown to be 
at risk during the 0.5% event, increasing the number of properties at risk in the defended scenario 
from 327 to 468. 

The model results were used to update the tidal procedures and propose new thresholds for Flood 
Alerts, Warnings and Severe Flood Warnings.  The updates were based on the flood risk wave 
overtopping the Dartmouth defences and still water flooding.  For the most severe events the flood 
risk area does not change significantly due to the controlling influence of the steep topography and 
the main differences from the model results are the depths of flooding.  

The new FWA proposed as a result of this study (113FWCDART) has two sub-areas, FWA-A 
(113FWCDARTA) and FWA-B (113FWCDARTB).  FWA-A covers the areas in Dartmouth town 
centre simulated to flood as a result of wave overtopping the Dartmouth quayside.  FWA-B covers 
the additional areas of Dartmouth which are simulated to flood when the water levels are high 
enough to result in still water flooding.  

Recommendations 
Dart marina and the area to the south of Bayard's Cove is simulated to flood from the 50% AEP 
event. This is likely due to the current lack of defence survey data at these locations. The result is 
that there is currently no clear defining line between the estuarine and land environments. It is 
recommended that a survey of the defences in place at these locations be carried out so that a 
more accurate flood risk at these locations can be estimated.   

Due to the limited resources, available within the monitoring and forecasting team, splitting the 
proposed FWA into further sub-areas was not viable.  If additional resources were to become 
available, splitting the FWA into four sub-areas with separate trigger levels would help to reduce the 
number of unnecessary flood alerts and warnings. 
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1 Introduction 
1.1 General 

JBA consulting were commissioned by the Environment Agency to update the one dimensional (1D) 
- two dimensional (2D) ESTRY-TUFLOW model for Dartmouth.  The updated model was used to 
simulate a range of model scenarios and extreme events. The results from these simulations were 
used to provide a greater understanding of the flood risk to Dartmouth, and to update the tidal 
procedures. 

The existing model was built by Hyder Consulting in 20121, developed for the Dartmouth Flood Risk 
Mapping Project. The purpose of this study was to update the existing model so that it complies 
with current best practice standards. This included updating the tidal boundary to be in line with the 
latest guidance2, inserting a wave overtopping boundary at the Dartmouth defences, and carrying 
out more general updates to improve model stability and incorporate newly available data.  

1.2 Study Aims 
The aims of this study were to: 

• Update the existing 1D-2D ESTRY-TUFLOW model 
o Update the model run time to cover 3 tidal cycles 
o Update the tidal boundary to comply with latest guidance2 
o Update the model digital terrain map (DTM) 
o Update the Dart channel representation 
o Re-define the model active area to extend beyond the tidal limit 
o Re-define the model orientation to align with the dominant flow direction 
o Incorporate additional defence data to improve the models representation of in 

channel flows 
o Update the model control files to a single master TUFLOW Control File (tcf) 
o Improve the representation of the sluice gate 

• Identify overtopping sites and flood propagation routes 
• Calculate the wave overtopping risk to Dartmouth and insert a wave overtopping boundary 

into the updated model at the Dartmouth defences 
• Investigate the current Standard of Protection (SoP) of local defences. 
• Assess numbers of properties at risk of flooding 
• Identify the first property to flood 
• Identify the water level at which the Dartmouth and Kingswear Hospital experience flooding. 

1.3 Report 
The tidal procedures report provides a technical overview of the modelling undertaken and applied 
assumptions as well as an overview of model results and limitations. The report describes how the 
model results were used to update the tidal procedures. 

  

                                                      
1 Hyder Consulting (2012), 'Dartmouth Flood Risk Mapping Project' 
2 Environment Agency (2011), 'Coastal flood boundary conditions for UK mainalnd and islands - SC060064 
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2 Tidal Modelling Updates 
This section details the updates carried out to the existing ESTRY-TUFLOW model built by Hyder 
Consulting Ltd. 

2.1 Active area 
The previous model's active area extended from Castle Point on the estuary mouth to Noss House 
approximately 3.8km to the north. This model setup did not cover the full tidal limit of the Dart 
estuary, and without the inclusion of a flow time boundary to allow the water to exit the model at the 
upper limit, resulted in instabilities and inaccurate glass walling. The updated model has re-defined 
the active area of the model so that it covers the full tidal limit, now extending approximately 18.5km 
upstream along the River Dart, with the upper extent now situated upstream of Totnes.  The outputs 
for the locations north of Dartmouth should not be used in further studies, as these areas have not 
been calibrated and were included only to allow the full tidal progression in the estuarine 
environments.  Figure 2-1 shows the updated model extent for the Dartmouth model.  This model 
has been built specifically for Dartmouth alone.  

 
Contains OS data © Crown copyright and database right 2016 

Figure 2-1:  Updated Dartmouth model extent 
 

 

2.2 Model Orientation 
The previous model was orientated to a horizontal location line, giving east to west grid squares.  
The main direction of flow in the Dart channel however, is in a south-east direction. This study has 
re-orientated the grid to reflect the main flow direction along the Dart.  This has improved the model 
stability and is in line with best practice.  
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2.3 Relocation of the tidal boundary 
The previous model's tidal boundary was situated immediately south-east of Dartmouth at the most 
constricted point of the River Dart.  The tidal boundary also lay slightly within the boundary of the 
models active area, rather than being snapped precisely to the active area boundary.  These two 
factors lead to significant model instabilities and the requirement for the inclusion of significant 
stability patches.  This study has updated the tidal boundary location, moving the tidal boundary 
further downstream of the Dart estuary mouth, and aligning it precisely with the active area boundary 
(Figure 2-2). This is in line with best practice.  

 
 Contains OS data © Crown copyright and database right 2016 
Figure 2-2:  Previous and Updated tidal boundary location  

2.4 Tidal boundary 
The flood risk in the study area is entirely dominated by the tide, with only negligible fluvial affects. 
The previous study used 2008 tide levels to define the tidal boundary conditions.  This project 
updated the tidal boundary to 2015 tide levels.  For this purpose, a Highest Astronomical Tide (HAT) 
curve at Dartmouth was obtained from the Admiralty Tide software and corrected from Chart Datum 
(CD) to Ordnance Datum (mAOD:-2.62). Based on these data, tide curves were generated for the 
following eight Annual Exceedance Probability (AEP) events: 

• 50% AEP event  
• 10% AEP event 
• 5% AEP event 
• 2% AEP event 
• 1.33% AEP event 
• 0.5% AEP event 
• 0.1% AEP event 
• 0.5% AEP event plus climate change for 2065(UKCP09) and 2115(UKCP09) 

The sea levels for a range of events were obtained from the Coastal Flood Boundary Dataset 
(CFBD)3 at Dartmouth (Chainage 4880, FID 2440).  These estimates are provided for a baseline 
year of 2008 and were updated to account for sea-level rise to the year of project start (2015) using 
the UKCP094 95 percentile medium emission scenario data.  The sea level estimate for 2115 was 
calculated using UKCP095 allowances.  The updated 2015 extreme sea level estimates are 
tabulated in Table 2-1. 

                                                      
3 Environment Agency (2011) 'Coastal flood boundary conditions for UK mainland and islands - SC060064 
4 UK Climate Projections science report (2009) ‘Marine and coastal projections’ 
5 Department for Communities and Local Government (2012) ‘Technical Guidance to the National Planning Policy Framework’ 
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Table 2-1: Extreme sea level estimates for Dartmouth 

Event (% AEP) 2008 extreme sea 
levels (mAOD) 

2015 extreme sea 
levels (mAOD) 

2065 extreme sea 
levels (mAOD) 

2115 extreme sea 
levels (mAOD) 

HAT - 2.68 - - 

50 2.87 2.91 - - 

10 3.03 3.07 - - 

5 3.10 3.14 - - 

2 3.19 3.23 - - 

1.33 3.22 3.26 - - 

0.5 3.33 3.37 3.75 4.17 

0.1 3.49 3.53 - - 

 

Environment Agency guidance6 was followed to develop tidal curves for Dartmouth.  Design surge 
profile shapes for the UK, from the CFBD project, were used.  Surge profile number 15 (Weymouth) 
was selected to derive tidal curves for this study. 

To generate tide curves for a variety of events, the peak of the design surge profile was aligned to 
coincide with the low tide level before the maximum peak of the HAT to generate the tidal profile.  
The design surge profile was multiplied by a growth factor and added to the HAT to form a new tide 
curve for each event.  An example plot of a generated tide curve, for the 0.5% AEP 2015 tidal event, 
showing the surge profile and the influence of surge on the HAT tide is provided in Figure 2-3.  The 
CFB guidance allows the placement of the surge peak at any point from low to high tide.  In this 
instance, aligning the peak surge with the trough increases the overall volume of the tide graph by 
a greater volume than aligning the peak surge with the peak tide.  Alignment with the trough was 
therefore chosen as it was the more conservative option. 

 
Figure 2-3:  Tide curve example, 0.5% AEP (present day) 

 

The best practice guidance recommends that three tidal cycles are modelled for tidal inundation 
studies, with the tidal peak occurring during the second cycle. This practice has been followed in 
the model update. 

                                                      
6 Environment Agency (2011) 'Using the national coastal flood boundary data for the coasts of England and Wales: Operational 
Instruction 490_11'. 
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2.5 Bathymetry updates 
The model's DTM has been updated to include the newly available survey data. The updated model 
DTM now includes:  

• High resolution 2m LiDAR to represent the land 
• A combination of low resolution SeaZone and high resolution United Kingdom Hydrographic 

Office(UKHO) bathymetry survey data to represent the bathymetry of the Dart estuary 
channel 

• For upstream locations not covered by either SeaZone or UKHO bathymetry survey, a ztin 
(a TUFLOW modification to the z, elevation points using a triangulated network) has been 
used to incorporate cross-section survey data (see section 2.6) 

To remove unrealistic steps in the updated model DTM resulting from the intersection between the 
varying survey datasets, ztin polygons have been used.  

2.6 Cross section channel survey data 
This study has updated the models active area to extend to the upper limit of the tidal extent of the 
Dart estuary.  This required the model to extend approximately 18.5km upstream of Dartmouth. 
Unfortunately, the upper sections of the Dart channel are not covered by the SeaZone and UKHO 
bathymetric survey.  The EA provided cross section survey data for the upper sections, available 
from a 1D ISIS model of Totnes (Black & Veatch 2014, Totnes-2014). This has been incorporated 
into the model using ztin.  

2.7 Additional defence data 
The increase in the model active area required the inclusion of additional defence survey data (AIMS 
CDL defence data) for the newly modelled upstream locations.  This survey data would allow the 
model to more accurately simulate in channel flows.   

2.8 Dartmouth to Kingswear Lower Ferry slipway representation 
The previous model did not represent the slope of the Dartmouth to Kingswear Lower Ferry slipway 
due the combined effect of the model grid size and the detailed level in which the defence data was 
represented.  The result was that instead of the slipway, the model DTM was representing the 
defence either side of the slipway.  This effectively stopped a major potential flow path of tidal 
flooding into Dartmouth. This has been rectified in the model update by slightly adjusting the location 
of the defence (Figure 2-4).  

  
Contains OS data © Crown copyright and database right 2016 

Figure 2-4:  Adjusted defence lines to allow for the proper representation of the Dartmouth to Kingswear 
Ferry slipway. 
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2.9 Sluice Modifications 
A sluice gate connects the inner harbour in Dartmouth with the River Dart estuary.  The sluice gate 
controls the water levels in the inner harbour, opening and closing when a threshold water level is 
reached in the estuary.  

The previous model setup for the sluice only allowed for one tidal cycle to be run, and once the 
sluice was opened it remained open for the remainder of the simulation irrespective of the water 
level.  This study has updated the sluice representation, so that it is now able to operate over 
multiple tidal cycles.  The sluice is now represented using a 1D structure that enables the operation 
of the sluice to be determined by the water levels in the estuary.   

At the time when the previous model was constructed (TUFLOW version 2010-10-AA), the use of 
the automated 1D structure was not available.  This project uses the latest TUFLOW version (2016-
03-AA), enabling this new modelling approach for the sluice gate to be applied.    

During the modelling process, it was identified that the flow curve through the culvert was not 
smooth.  To improve the results, several measures were taken: 

• The topography upstream and downstream of the sluice gate faces was smoothed; 
• Increased roughness of the sluice gate was introduced to increase energy losses within the 

structure, and; 
• A slope to the structure from the estuary to the inner harbour was applied;  
• The 1D ESTRY timestep was set to 1 second (half the 2D time-step).  

The effect of these measures were limited, but they are standard approaches and negative impacts 
on model results have not been detected.  Thus, it was decided to keep the model changes.  The 
sluice gate schematisation is described in Table 2-2.  The model commands used to improve the 
operation of the sluice are summarised in Table 2-3. 

Table 2-2:  Dartmouth Harbour sluice 

Name of structure: Sluice 
Location (NGR): 287879, 051381 
Included in model 
(state reason if not): 

Yes 

Model label:  Sluice 
Type: SGO – Operated sluice unit 
How has structure 
been modelled? 

According to the original model schematisation the sluice gate has a width of 
5m and length of 20m.  The upstream invert level was set to -1.19mAOD, 
which was the bed level of the inner harbour in the previous model.  The 
downstream invert was set to -1.39mAOD.  The level difference of 0.2m was 
applied to generate a slope through the structure which usually improves 
model performance.  The height of the sluice was set at 4.53mAOD resulting 
in a structure soffit level of 3.34mAOD.  This value was taken from the 
defence layer which defines the promenade level adjacent to the structure in 
the original model.  The soffit is at a similar height (see right hand picture).  A 
better definition of the soffit was not possible as no survey data of the 
structure was available.  
 
The Manning’s n roughness value of the sluice gate was set to 0.07. 
 
The sluice is operated by a TUFLOW Operating Control file (.toc). Being open 
at the beginning of the simulation, the gate closes in a period of 0.1hr once a 
water level of 2.28mAOD is reached in the estuary (X,Y: 287895, 051380).  
The structure opens at the same speed when the water level falls below 
2.28mAOD. 
 
Flow over the structure was represented in the 2D domain. 
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Upstream face 

 
Upstream face 

 

 Table 2-3: Model modifications to represent operational sluice gate 

Topography modification 
command 

Purpose of command 

1d_nwk_dart_sluice_008.MIF This Network layer is used to define the sluice dimensions.  

2d_bc_sx_dart_sluice_006.MIF This layer creates a 1D/2D link at the upstream and downstream end 
of the sluice gate.  

2d_zsh_dart_lidar_smooth_008.MIF This Z-Shape sets the ground level within the inner harbour to -
1.39mAOD (downstream invert level of sluice gate) and to -1.19mAOD 
for a small area at the estuary site (upstream invert level of sluice 
gate).  

sluice_gate.toc This operating control file is used to operate the sluice gate related to 
water levels in the estuary close to the structure (X,Y: 287895, 
051380).  

 

2.10 Update model control files 
The existing model control files were set up with individual tcf's for each scenario.  To improve 
efficiency, the previous model's separate tcf's were consolidated down to a single tcf.  This single 
control file specified all the required event scenarios and in doing so, reduced the likelihood of 
typographical errors in the control file set up, as well as reducing the number of model run files 
required.  
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3 Wave Conditions 
Although still water levels provide the background conditions resulting in a flood event, a significant 
proportion of the flooding in coastal areas can be attributed to the overtopping of defences due to 
wave overtopping.  An accurate representation of the effects of wave overtopping is crucial because 
if defences are overtopped, the impact on the flood extents may be significant.  Historical evidence 
has indicated that a wave overtopping risk exists at Dartmouth.  Therefore, a wave overtopping 
boundary has been added to the updated ESTRY-TUFLOW flood inundation model. 

Unfortunately, wave overtopping has to be calculated separately as there is no one model capable 
of simulating both still water flooding and wave overtopping.  The method outlined in the State of 
the Nation (SoN) National Flood Risk Assessment (NaFRA) 20147 project has been used to 
calculate the wave overtopping volumes at each of the nine Dartmouth defences.  A full description 
of the methodology used for the State of the Nation Project update can be read in 'The State of the 
Nation Flood Risk Analysis, Coastal Boundary Conditions' report7 .  This section provides an 
overview of the various assumptions that have been made for the wave overtopping process, and 
the methodology followed specifically for this study.  

3.1 Assumptions 
The behaviour of waves in the nearshore and surf zone is highly complex and the subject of detailed 
research.  Due to this, a number of assumptions have been made to represent wave overtopping 
at the model boundary for the appropriate design conditions.  Firstly, for the purposes of a flood 
inundation model, it is unnecessary to incorporate details of individual wave processes but rather 
to represent worst case conditions.   

The most important assumption is that wave conditions, remain consistent throughout the 
progression of the tidal curve.  This approach is appropriate for modelling design events as it 
simulates the conditions at the boundary of the model where extreme tides, surge levels and waves 
occur at the same time.  Changes in overtopping rates are therefore a result of the changing water 
level conditions rather than any changes in the incident wave conditions.  Environment Agency 
Flood and Coastal Risk Management Modelling Guidance recommends modelling wave action over 
a 12-24hour period, as the waves will then diminish as the storm moves and the wind changes 
direction.  It was assumed that the storm continues with constant wind speeds and direction for the 
entire progression of the tidal curve, concurrent with the wave action.  

 

3.2 Method 
The method for calculating wave overtopping is a multistage process, which can be broken down 
into 4 key stages; 

Defence schematisation  
Dartmouth is defended by 1.6km of defences.  These defences were separated into nine separate 
stretches that were theorised as having a specific wave overtopping risk.  Schematisation of the 
defence profile is principally required for calculating the wave overtopping discharge rate during the 
wave overtopping calculations stage.  However, it is also used at the wave transformation and 
emulation stage, as it defines the locations of where the nearshore wave conditions are required.  

Wave transformation modelling 
To transform offshore wave conditions into the nearshore, wave transformation modelling was 
undertaken using the SWAN (Simulating Waves Nearshore) wave model.  This is consistent with 
the SoN project.  SWAN is a third-generation wave model incorporating complex physics for the 
description of nearshore processes.  It is an open source package (no licence required) used widely 
for research and commercial applications, developed by internationally recognised experts at the 
Delft University of Technology8. 

                                                      
7 Environment Agency 2015 'State of the Nation Flood Risk Analysis, Coastal Boundary Conditions' MCR5289-RT025-R02-00 

8 SWAN User Manual, SWAN Cycle III version 40.81, Delft University of Technology, 2010 
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Emulation 
To translate the offshore extreme event dataset to nearshore, an emulator approach has been used. 
This is consistent with the SoN project. In principle, it is necessary to transform all the offshore 
extreme event dataset (comprising of over 200,000 events) through to the nearshore.  Simulating 
all the events is not feasible in the SWAN wave model as this is computationally time consuming.  
The emulator approach removes the requirement to simulate all these events, acting in a similar 
way to a “look-up” table.  A representative sample of 500 events from the offshore extreme event 
dataset is run through the SWAN wave model to calculate the nearshore wave conditions.  
Interpolation techniques are then applied to the results, selecting the empirical function that best 
describes the relationship between the offshore and nearshore wave conditions.  These 
relationships are then used to derive the nearshore wave conditions for all events in the offshore 
extreme event dataset.  

Wave overtopping calculations 
The wave overtopping method calculates a wave overtopping discharge, quantified by the 
parameter 'q', in m3/s/m.  The method outlined in the European Overtopping Manual (EurOtop) has 
been used to calculate the wave overtopping discharges for this project.  The manual includes 
methods and guidelines on prediction of wave overtopping at various structures.  For this study the 
Neural Networks methodology was used.  It requires a set of input parameters for the calculations 
which comprise the still water level at the defence toe (including wave set-up), the incident wave 
conditions, and the defence profile schematisation.  The nearshore wave conditions for each event 
in the full offshore extreme event dataset, derived using the emulator approach, are run using the 
Neural Network method.  The resulting wave overtopping discharges were analysed and assigned 
an event probability.  A time series of wave overtopping volumes for each event, 50%, 10%, 5%, 
2%, 1.33%, 0.5%, 0.1% AEP events were then derived 
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3.3 Defence Schematisation 
The Dartmouth defences were split into nine representative sections.  Figure 3-1 shows the location 
of the nine wave overtopping boundaries included in the model update and the survey lines used to 
schematise the nine defences.  Table 3-1 details the defence type and crest level of each defence.  

 
Contains OS data © Crown copyright and database right 2016 

Figure 3-1:   Dartmouth Defences - Wave overtopping boundaries and locations of defence 
schematisation  
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Table 3-1:   Dartmouth defence information 

Defence Information 

1 Seawall defence. Effective crest level 2.94m AOD (AIMS) 

2 Steel sheet piling and concrete capping. Effect crest level 3.34m AOD (AIMS) 

3 Steel sheet piling and concrete capping. Effect crest level 3.33m AOD (AIMS) 

4 Masonry sea wall. Effective crest level 3.7m AOD (AIMS) 

5 Lower Ferry ramp area. No wall but a continuous slope. Effective crest level 3.18m 
AOD (AIMS). Ferry runs from Dartmouth to Kingswear.  

6 Wall. Effective crest level 3.45m AOD (AIMS). Cobbled street and houses behind 
wall.  

7 Wall. Effective crest level 2.68m AOD (AIMS). Cobbled street and houses behind 
wall, 3.0m AOD. 

8 Wall. Various private walls, no access allowed. Crest level extracted from LiDAR. 

9 Wall. Various private walls, no access allowed. Crest level extracted from LiDAR, 
3.6m AOD.   

 

This study has applied the Neural Network methodology to calculate the wave overtopping 
discharge rates, the details of which are outlined in the European Overtopping Manual (EurOtop). 
The Neural Network tool in EurOtop was developed by the European CLASH programme and uses 
a large database of results from physical modelling tests to derive a solution based on a complex 
defence profiles.  The schematisations of the nine defences, detailed above, describe the 
components of the profile using the parameters required by the Neural Network tool.  All but one of 
the defences at Dartmouth are simple vertical walls.  The Neural Network database has numerous 
cases of vertical walls and so this choice is suitable for the calculation of wave overtopping volumes 
at the Dartmouth defences.  
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3.3.1 Cross Section Profiles 
The mesh bathymetry was graphically compared with the measured bathymetry along each survey 
line (Figure 3-2).  These cross sections are surveying the 1.6km defence wall lining the west bank 
of the Dart estuary, protecting Dartmouth.  The profiles depicted by the mesh show no obvious 
disjoint between the datasets and follow the bathymetry with acceptable accurately.   

 

   

   

   
 

Figure 3-2:   Cross section profiles comparing SWAN Mesh Bathymetry with LiDAR and Seazone 
bathymetry  
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3.4 Wave transformation modelling 
To transform offshore wave conditions into the nearshore, wave transformation modelling was 
undertaken using the SWAN wave model.  For this study, a new 2D SWAN wave transformation 
model has been developed which is nested within the SWAN wave model developed as part of the 
SoN project.  

The SoN Joint Probability Area 9 (JP9) Lyme Bay SWAN 2D wave transformation model (SoN-JP9 
model) is comprised of a 200m regular computational and bathymetric grid, based on the latest 
SeaZone TruDepth Data.  A higher resolution model nested to this grid is necessary because the 
physical processes of wave transformation, in particular, wave breaking, are magnified as waves 
near the coastline.  These processes could not be accurately captured with a grid size of only 200m.  
A higher SWAN 2D wave transformation model was therefore developed for Dartmouth that 
transforms the nearshore conditions from the SoN-JP9 model to the toe of the flood defence 
structures.  

3.4.1 Mesh description 
The nested model extends approximately 20km offshore from the Dartmouth coastline, inland to the 
10m AOD contour, stretching from the south west at Start Point (NGR 283038, 037138) to the north 
east at Berry Head (NRG 294727, 056504).  The SWAN model was constructed using a 
computation grid with a varying spatial resolution.  This approach allows for larger spacing between 
grid points in the offshore region where a detailed representation of the deep bathymetry is 
unnecessary, and more detailed information in the nearshore region.  The mesh resolution is highest 
at Dartmouth Harbour, the location of the defences, with a 10m resolution.  The mesh density 
decreases outside the harbour, progressively decreasing the further offshore, attaining a maximum 
distance of 1500m between mesh points.  Overall there are 33,319 nodes within the model domain.  
The nested mesh is shown in Figure 3-3 below.  

 
Figure 3-3:   Nested Dartmouth 2D wave transformation SWAN model mesh with Bathymetry. 
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3.4.2 Mesh bathymetry 
The model bathymetry for the computational mesh was constructed based on three sources of data;  

• LiDAR data of Dartmouth, 2m resolution, supplied by the Environment Agency through 
Open Source.  

• SeaZone, TruDepth Grid – NW55000040, 25m resolution. Provides a detailed depiction of 
the nearshore bathymetry at Dartmouth. 

• SoN-JP9 SeaZone TruDepth bathymetry, 200m resolution, used for the offshore model 
bathymetry not covered by the higher resolution SeaZone bathymetry survey.  

All datasets are in Ordnance Datum Newlyn (ODN), the vertical datum used in this project. The 
bathymetry datasets cover up to the -3mAOD contour and LiDAR data shoreward of the -2mAOD 
contour.  A small gap was left between the datasets to allow for smooth interpolation when mapping 
to the mesh.  

The Dartmouth coastline is rocky by nature, and on close inspection of the significant wave height 
results at Dartmouth Harbour, individual rocks were found to be causing an unrealistic overall wave 
pattern.  To resolve these issues, several node values were changed manually (Table 3-2);  

• Removing individual small rocks that were considered too small to be included as features, 
as their impact would be minimal 

• Smoothing significant differences in elevation between mesh nodes, as SWAN does not 
resolve large level changes in Bathymetry well. 
 

Table 3-2:   Individually edited nodes in nested model mesh 

Node Bathymetry (mOD)  
Old Value New Value Change 

29146 -3.23 -6.85 -3.62 
33296 -10.12 -8.05 2.07 
25752 -11.50 -7.81 3.69 
32560 -12.99 -8.87 4.12 
32561 -12.99 -8.83 4.16 
25884 -9.77 -5.70 4.07 
23809 -3.19 -6.89 -3.7 
161 -6.61 -19.37 -12.76 
25922 -2.62 -5.81 -3.19 
25883 -2.62 -5.70 -3.08 
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3.4.3 Wave propagation 

Significant wave height 
Visual checks of the storm scenarios were completed to assess that wave patterns over the nested 
mesh were propagating as expected.  The significant wave height plots show smooth wave fields 
and realistic changes over bathymetric features.  Wave fields specifically at Dartmouth under a 
range of wind conditions are shown in Figure 3-4.   

  
South West winds(25m/s) South West winds(16m/s) 

  
West winds(18m/s). South winds(16m/s) 

Figure 3-4:   Significant wave height at Dartmouth for a range of storm events 
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Wave period 
A sensibility check was completed for wave period.  The wave period plots (Figure 3-5) show the 
waves breaking upon entry to the Dart estuary.  The wave period shows some increase as the 
waves move up the estuary, which is attributed to the wind.  

  
South West winds(25m/s) South West winds(16m/s) 

  
West winds(18m/s). South winds(16m/s) 
Figure 3-5:   Wave period at Dartmouth for a range of storm events 

 
  



 
 

  
2015s3057 Dartmouth - Final Model Update Report v6.0.docx 17 

 

Wind Direction 
Wave direction plots show that the wave direction turns upon entry into the Dart estuary.  The wave 
direction results are shown at Dartmouth (Figure 3-6).  

  
South West winds(25m/s) South winds(16m/s) 

Figure 3-6:   Wave directions at Dartmouth for a range of storm events 

3.4.4 Model Setup 

Water Level 
A variable water level grid has been used in both the SoN-JP9 model and the newly developed 
nested wave transformation model.  These water level grids were generated by interpolating the 
water level at the Exmouth tide gauge using CFB data.  This is the same method employed in the 
SoN study. The equations used to calculate the water level grids can be found in the SoN report7.  

Boundary Conditions 
The newly developed wave transformation model is nested within the SoN-JP9 model.  The nested 
model takes its boundary conditions from the SoN-JP9 model results, applying these conditions 
along all the water boundaries (i.e. north east, south east and south west boundary).  The boundary 
conditions for the SoN-JP9 model come from the Met Office WWIII wave point 174 and the Met 
Office WWIII wind point 242, consistent with the SoN study.  Wind conditions are constant across 
the domain throughout the model simulations.  The wave conditions at the model boundary are 
constant throughout the model simulation.   

Frequency discretisation 
There was insufficient data to customise the frequency discretisation, therefore, a generic 
discretisation of 29 frequencies between 0.04 and 1Hz was used.  

Triad interactions 
Traids are not added by default in SWAN.  The SoN-JP9 model has included triad interactions and 
as such, for consistency, triad interactions have been used in the nested SWAN wave 
transformation model. 

Diffraction 
The diffraction command allows diffraction to be included in the wave computation.  SWAN does 
not properly handle diffraction in harbours or in front of reflecting obstacles.  Sensitivity tests found 
that including the diffraction command altered wave heights at the entrance of the Dart estuary and 
at the foot of the cliffs.  However, it did not alter the wave heights at the defence toes.  For model 
simplicity, diffraction has not been including in the nested model setup. 
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3.4.5 Data output 
The purpose of this wave transformation model is to provide nearshore wave conditions to calculate 
wave overtopping volumes for the Dartmouth defences during a range of extreme events.  The wave 
condition extraction points are at nine locations along the 1.6km stretch of defence walls. These 
points are positioned to align with the “toe” of the defence overtopping profile.  The SWAN output 
conditions used to extract data at these points are shown in Table 3-3. 

Table 3-3:   SWAN commands used to output wave conditions at the toe 

SWAN command Description 
[XP], [YP] Coordinates of output location 
HS Significant wave height (in m) 
RTP Peak period (in s) of the variance density spectrum (relative frequency spectrum) 
TMM10 Mean absolute wave period (in s) 
DHSIGN The difference in significant wave height as computed in the last two iterations. 

This is not the difference between the computed values and the final limit of the 
iteration process, rather at most, dhsign can be seen as an indication of this 
difference.  

BOTLEV Bottom level (in m) 
WATLEV Water Level (in m) 

3.4.6 Calibration 
The calibration process was performed using 10 recorded events which cover a range of 
meteorological and wave conditions.  The data used for this process was observed data from the 
Exmouth tide gauge, and the Met Office WWIII EUCH model points PT174 (offshore waves) and 
PT242 (wind).  This data was used to be consistent with the SoN study.  

Sensitivity tests were limited to wind speed adjustments i.e. model wind speeds unmodified, 
increased by 10% and decreased by 10%, consistent with the SoN study.  The recorded event data 
used to calibrate the model is from the Start Bay wave buoy (NGR 284870, 044683) from the 
Channel Coastal Observatory (CCO) Data.  The Start Bay wave buoy was considered acceptable 
for the calibration process as it is the closest wave buoy to the area of interest.  It is important to 
note however, that the Start Bay wave buoy is located outside the Dart estuary and so is subject to 
different wave conditions to the Dartmouth defences.   

The wind model Jansen was unstable and therefore was discounted from the calibration process.  
Model calibration was performed by testing various physics options, considering two wind model 
options: Komen and Westhuysen and three friction model options: Jonswap, Collins and Madsen.  
SWAN does contain a fourth friction model, Ripples, but this has not been considered due to 
insufficient sediment data to parameterise the model.  In total, 6 different permutations were run for 
10 calibration events, resulting in a total of 60 simulated runs.  

Data at the time of the peak significant wave height (Hs) was extracted.  For each of the separate 
wind/friction model options, the SWAN model output was compared to the recorded data at the Start 
Bay wave buoy, and error statistics were calculated.  The theory is that the wind/friction model 
settings which gave simulated wave heights closest to the wave heights recorded by the Start Bay 
wave buoy should be used for subsequent application. 

• Bias: mean of model error 
• Relative Bias: Average Bias of all events / average observed wave height 
• RMSE: root mean square model error 
• Scatter Index: Average RMSE of all events / average wave height 

Calibration - sensitivity testing results 
The nested model was found to consistently under-predict the wave heights at the Start Bay wave 
buoy.  The sensitivity testing found that increasing event wind speeds by 10% decreased the under-
prediction bias.   

Calibration - wave friction model 
Comparison of the three wave friction model options found the Jonswap wave friction model resulted 
in the lowest calculated RMSE and bias.  
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Calibration - wind/wave physics  
The wind/wave physics combinations Komen/Jonswap and Westhysen/Jonswap predicted wave 
heights which calculated the same RMSE at 0.24m.  This RMSE is 9% of the average Hs, 2.57m, 
recorded at the Start Bay wave buoy during the 10 calibration runs. 

The two wind/wave physics combination options predicted similar wave heights at the wave buoy 
location during each event, with the average difference between the two wind/wave physics 
combinations just 0.04m.  Considering that the wave buoy recording these events would not be 
accurate to 0.04m (especially during extreme events), and that both options calibrated with an equal 
RMSE, it is not possible to determine which physics set up is the better option.  The Komen/Jonswap 
combination predicted a slightly lower bias, but this was not significant enough to indicate this setup 
to be the definitive better option.  

Calibration - Defence toe analysis 
To obtain and understanding of the effects of the various model setups specifically at the Dartmouth 
defences, the wave height at the defence toes were analysed.  The wave heights at the defences 
were found to be comparatively small, considering the extreme nature of the simulated storms, with 
the highest wave height simulated at just 0.52m.     

The small simulated wave heights are due to the location of the defence toes at Dartmouth. 
Dartmouth is situated within the Dart estuary.  The waves that reach the defences at Dartmouth 
have lost a significant proportion of their initial wave energy upon entry into the estuary, breaking 
further with the movement up the Dart channel.  Any subsequent change in wave height after the 
wave has broken is from wind energy.  The result is locally generated wind waves.  The wave 
heights at the defence toes were therefore found to be determined chiefly by the wind physics 
options, with the wave friction option having minimal influence.  Analysis of the average wave 
heights at the toes found that the physics wind option Westhysen resulted in consistently higher 
waves compared to the Komen wind option.  

Calibration - final model setup 
Considering the results from the calibration process, to be conservative, the wind/wave physics 
option combination Westhyson/Jonswap was chosen for the nested wave transformation model 
setup, with all event winds increased by 10%. 

3.4.7 Validation 
The SWAN model was validated using 10 events derived from the same source as the calibration 
data, namely the Exmouth tide gauge, and the Metoffice WWIII EUCH model points PT174 (offshore 
wave) and PT292 (wind).  The SWAN model validation process calculated a negative bias 
of -0.09m, and a RMSE of 0.29m, which is 5% of the average significant wave height of the 10 
calibration events at 6.40m. 

3.5 Emulation  
Fundamentally, an emulator is similar in concept to a "look-up" table, using a representative sample 
to derive results for the complete dataset.  As part of the SoN project, HR Wallingford performed a 
multi-variate probability statistical analysis on wave, wind and water level data to create offshore 
statistical samples representing 10,000 years for 24 separate locations around the English coast.  
This study uses the SoN offshore dataset derived for Lyme Bay.  In principle, it is necessary to 
transform all the events from the SoN offshore dataset (comprising of over 200,000 events) through 
to the nearshore.  Unfortunately, it is not feasible to simulate all the events as SWAN is 
computationally time consuming.  Instead, an emulator approach is adopted. This approach is 
consistent with the SoN project.    

A maximum distance algorithm (MDA) was applied to the SoN offshore dataset to derive a 
representative sample of 500 events.  These 500 events were then run through the SWAN 2D wave 
transformation models to derive the nearshore conditions at the toe of the defences at Dartmouth.  
The SWAN 2D wave transformation model assumes the wind and wave data used to drive the 
model are constant across the model domain.  These nearshore conditions formed the base data 
on which the emulators were trained to be able to derive data for all events in the SoN offshore 
dataset.  The simulation results were divided, 90% of the results were used to create the emulators 
(training data), and the remaining 10% of the results were used for validation (validation data).  
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Interpolation techniques were applied to the training data, selecting the empirical functions that best 
describes the relationship between the offshore and nearshore wave conditions, specifically the 
wave height, period and direction.  These empirical functions form the emulator, with a separate 
emulator required for each defence toe.  Once the emulators have been selected, they were tested 
using the validation data.  The emulators were used to derive the wave conditions at the nine 
defence toes for each validation event.  The resulting wave conditions were then compared against 
the validation data.  In cases where there were significant differences between the wave conditions 
derived from the emulator and the SWAN wave model, the emulator was revised, and this process 
repeated.  

Figure 3-7 shows the difference between the SWAN and emulated wave period plotted against the 
SWAN simulated significant wave height, Figure 3-8 shows the same but for wave direction.  Figure 
3-7  and Figure 3-8 show that the emulators are better at predicting the wave conditions during 
events with higher significant wave heights than for events with lower significant wave heights.  This 
is considered acceptable because generally, it is for those events with the larger significant wave 
heights that result in wave overtopping, and as such are the events that are of interest for this study.   

  
Figure 3-7:   Difference between SWAN 
and emulated wave period plotted against 
the SWAN significant wave height at the 
nine defence toes. 

 

Figure 3-8:   Difference between SWAN 
and emulated wave direction plotted 
against the SWAN significant wave height 
at the nine defence toes. 
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Figure 3-9 shows a graphical comparison of the SWAN and emulated significant wave heights for 
the validation results at the nine defence toes.  The graphs show that the emulators predict the 
significant wave heights with much greater accuracy than the wave period and wave direction.  

   

   

   
Figure 3-9:   Comparison of the SWAN significant wave height and the emulated significant wave 
height at the nine defence toes. 

Once the emulators were finalised, they were used to calculate the wave conditions at each of the 
separate defence toes for all the events in the SoN offshore dataset.  
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3.6 Wave overtopping calculations 
This study has used the Neural Network tool to calculate wave overtopping discharges.  The Neural 
Network tool was developed by the European CLASH programme, and uses a large database of 
results from physical modelling tests to derive a solution based on a complex defence profile.  The 
Neural Network tool requires a set of input parameters for wave overtopping calculations which 
comprise, the still water level at the defence toe (including wave set-up), the wave conditions at the 
defence toe, and the defence profile schematisation. 

The emulator process derived the wave conditions at the defence toe for each event in the SoN 
10,000-year offshore dataset.  These wave conditions were run through the Neural Network tool to 
derive a wave overtopping discharge for each event in SoN offshore dataset.  The overtopping rates 
were then ranked, the largest being the overtopping rate associated with the 0.01% AEP event.  
Once ranked, the wave and water level conditions could then be extracted for each desired AEP 
event and run through the Neural Network using a full tidal water level time-series; this generates 
the wave overtopping discharges that vary through time for each AEP. A list of the wave condition 
parameters calculated at each defence toe for the 0.5% AEP event can been seen in  Table 3-4. 

Table 3-4:   0.5% AEP event parameters for each defence toe. 

Defence  Wave Conditions 
Wave Height (m) Wave Period (s) Wave Direction (o) Water Level (m OD) 

1 0.17 1.78 94 3.36 
2 0.25 1.31 164 3.35 
3 0.39 1.93 151 3.35 
4 0.52 2.07 136 3.08 
5 0.45 1.69 131 3.35 
6 0.50 1.83 134 3.26 
7 0.23 1.65 172 3.36 
8 0.21 3.86 216 3.36 
9 0.47 2.19 102 3.09 

Time series of wave overtopping volumes, representing the design event conditions for each annual 
exceedance probability event were then derived.  In cases where the still water level is at or above 
the defence crest, resulting in a zero or negative freeboard, the wave overtopping volumes have 
been adjusted so as not double count the volume of water overtopping the defence from wave action 
with that from still water flooding.  The volume of water overtopping the defence from still water 
flooding in TUFLOW is subtracted from the wave overtopping volumes.  Figure 3-10 shows the 
wave overtopping discharge profile for the seven present day events.  The 0.1% AEP event 
exemplifies modifications to account for negative freeboard.   

 
Figure 3-10:   Wave overtopping profile at defence 3 
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3.6.1 Validation with Hindcast data 
As there is no gauged data to calibrate the wave overtopping discharges, hindcast data was used 
to validate the calculated wave overtopping volumes at each defence.  In total, 14-years of 
intermittent wave and water level data was available spanning from 10/11/2000 - 02/08/2015.  The 
14-year dataset was run through the Neural Network tool and a time series of wave overtopping 
volumes derived.   

The peak wave overtopping volumes derived at each defence, for each annual exceedance were 
compared against the 14-year hindcast dataset of wave overtopping volumes.  The comparison was 
only carried out if the annual exceedance probability peak wave overtopping volume had not been 
altered by the negative freeboard calculation.  Table 3-5 shows the number of times the AEP peak 
wave overtopping volume calculated for each defence appears in the 14-year Hindcast record 
period.  Only defences 1 to 6 are shown as these are the defences which flood Dartmouth town 
centre and have a defence crest elevation high enough to not by effected by the negative freeboard 
calculation. 

Table 3-5:   The number of times the AEP peak wave overtopping volume at each defence 
appears in the 14-year hindcast record period.  

Defence Number of events in 14-year hindcast record period 

50% AEP 10% AEP 5% AEP 
1 7 NF* NF 
2 7 2 1 
3 7 3 2 
4 5 2 2 
5 7 3 1 
6 5 3 2 

*NF - negative freeboard calculation effecting wave overtopping volumes 
 

This process indicates that the calculated wave overtopping volume for each annual exceedance 
probability event at each defence appear to be reflecting the recorded data.   
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4 Model runs 
The updated model has been used to simulate a range of extreme events to assess the present 
day and future tidal flood risk to Dartmouth.  The results from these simulations were used to update 
the current tidal procedures at Dartmouth. 

4.1 Scenarios 
Two scenarios have been simulated using the updated model, these are the Defended scenario 
and the Tidal Gate Failure scenario.  The Defended scenario represents the current state at 
Dartmouth, and as such the results from these scenario runs can be used to assess the present 
day and future flood risk from a tidal event at Dartmouth.  The Tidal Gate Failure scenario simulates 
the flood risk to Dartmouth were the tidal gate protecting Dartmouth harbour were to fail, and the 
gate remained open for the full tidal event.  

4.2 Simulations  
A range of AEP events have been simulated, 50%, 10%, 5%, 2%, 1.33%, 0.5% and 0.1% AEP 
events and 0.5% event plus climate change for 2065(UKCP09) and 2115(UKCP09).  Table 4-1 
outlines which events were simulated for each of the scenarios.  All events include a tidal and wave 
overtopping boundary.  

Table 4-1:   Events simulated for each scenario 

% AEP event Return Period (1 in x-year 
event) 

Scenario 
Defended Tidal Gate 

Failure 
50 2 ✓  
10 10 ✓  
5 20 ✓  
2 50 ✓  

1.33 75 ✓  
0.5 200 ✓ ✓ 

0.1 1000 ✓  
0.5 + climate change UKCP09 

(2115) 
200 + climate change UKCP09 

(2115) 
✓  

0.5 + climate change UKCP09 
(2115) 

200 + climate change UKCP09 
(2115) 

✓  
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5 Model Results 
All model runs were processed to generate model outputs to be able to analyse the flood risk at 
Dartmouth, determine the number of properties at risk, and provide updates to the Flood Alert and 
Flood Warning Areas. Geographical Information System (GIS) files were processed for the following 
outputs: 

• Flood outlines 
• Depth grids 
• Water level grids 
• Velocity grids 
• Flood hazard grids 

5.1 Baseline defended scenario 
Figure 5-1 shows the flood extents simulated for the defended scenario, with all events simulating 
flooding of varying severity at Dartmouth.  For the lower AEP events, the dominant mechanism of 
flooding is from waves overtopping the defences along the North and South Embankment, Bayards 
Cove and at the defences surrounding the Dartmouth to Kingswear Lower Ferry slipway.  It is not 
until the 0.5% event that still water flooding becomes the dominant mechanism of flooding at 
Dartmouth town centre. 

During the 50% AEP event, flooding is simulated along the North and South Embankment, Bayards 
Cove and Lower Street, as a result of waves overtopping the defences at these locations.  Waves 
overtopping the South Embankment result in flooding which is significant enough that it spills into 
the sides streets leading to Fairfax Place and The Quay.  Although not affecting the main town, still 
water flooding is still a factor during the 50% AEP event, with flooding simulated at Dart Marina and 
Coronation Park. 

During the 10%, 5% and 2% AEP events, the flooding effecting the town centre progressively 
increases with increasing event severity.  The source of the flooding is from waves overtopping the 
defences along the Southern Embankment.  Water from this source spreads through Dartmouth 
using the road network, following decreasing land topography.  Flood waters are simulated to reach 
as far as Duke street for the 10% AEP event, and Victoria Road for the 5% and 2% AEP event. 
Victoria Road appears to be a low point in Dartmouth, with flood waters accumulating in this area, 
increasing in depth and extent as event severity increases. 

During the 1.33% AEP event, still water flooding starts to contribute to the flooding at Dartmouth 
town centre.  As the tide level reaches approximately 3.25m AOD, the water level is high enough to 
overtop the defences at Bayards Cove, resulting in still water flooding at this location.  The dominant 
source of flooding during the 1.33% AEP event however, is still from the waves overtopping 
defences.  The still water flooding instead acts to contribute to the flooding at Bayards Cove, Lower 
Street and along the South Embankment.   

From the 0.5% AEP event, the dominant mechanism of flooding switches to still water flooding.  
During the 0.5% event, the tide levels are high enough to overtop the defences along the North and 
South Embankment.  This results in much more extensive flooding, with much of the low-lying areas 
of Dartmouth simulated to be inundated.  The flood waters follow the road network with decreasing 
land topography, inundating the properties along the South Embankment, Lower Street and Fairfax 
Place, including Dartmouth Hospital.  The flooding at Victoria Road is significantly worse, with the 
entire area now inundated.  Compared to the 0.5% event, the 0.1% event is marginally more 
extensive and with significantly greater flood depths.  Flooding is additionally simulated at the main 
Car Park in Dartmouth and at properties along Mayor's Avenue.  
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Figure 5-1:   Simulated flood extents for all AEP events, 50%, 10%, 5%, 2%, 1.33%, 0.5% and 0.1% 
AEP events. 
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5.2 Defended scenario climate change events 
Figure 5-2 shows the flood extents of the 0.5% event for the present day (2015) conditions and for 
climate change 2065 (UKCP09) and 2115 (UKCP09).  The flood extent at Dartmouth are limited by 
the topography of Dartmouth, however, the differences in the flood depths is significant.  Table 5-1 
tabulates the flood depth for the 0.5% event for present day (2015) and 2065(UKCP09) and 
2115(UKCP09) at various locations in Dartmouth. 
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Figure 5-2:   Simulated flood extents for the 0.5% event for present day (2015) and 0.5% plus sea-
level rise for 2065(UKCP09) and 2115(UKCP09) 

Table 5-1:   The average flood depth for the 0.5% AEP event for present day (2015) and climate 
change for 2065(UKCP09) and 2115(UKCP09) 

Location 0.5% AEP event average flood depth (m) 

2015 2065 2115 
South Embankment 0.63 0.99 1.42 

North Embankment 0.33 0.85 1.28 

Bayard's Cove 0.80 1.17 1.59 

Lower Street 0.57 0.94 1.37 

The Quay 0.40 1.05 1.48 

Victoria Road 1.01 1.99 2.42 

Coronation Park 0.42 0.77 1.19 

Mayor's Avenue 0.28 0.93 1.36 
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5.3 Gate failure scenario 
An additional model simulation was completed to assess the flood risk in the event of a failure of 
the tidal gate.  The gate was left fully open throughout the model simulation for a 0.5% event.  All 
other defences remained in place within the model.  The simulation results show the important role 
the harbour gates play in protecting Dartmouth during a tidal event (Figure 5-3), with the flood extent 
for the gate failure scenario being similar in extent to the 0.1% event flood extent. The failure of the 
gate allows the peak tide to affect the water level in the harbour, where the flood defences are 
significantly lower that the defences along the North and South Embankment.  This results in a 
much earlier onset of flooding from high tide levels than during the Defended scenario.  
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Figure 5-3:   Simulated flood extents for the 0.5% AEP event for the Defended scenario and the 
Dartmouth Harbour Gate Failure scenario 
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5.4 Model Validation 
A tide gauge at Dartmouth is available with a record period from 2007 to present day however, an 
upstream tide gauge within the model domain does not exist.  Without a secondary gauge, a formal 
calibration of the TUFLOW model was not possible.  A check using local knowledge and details of 
past events was instead carried out.  

5.4.1 3rd January 2014 
A tidal event on the 03/01/2014 was one of many storms which effected the south east coast of 
England during winter 2013 to 2014. The aftermath of the 03/01/2014 at Dartmouth was surveyed, 
the results of which were provided for this study.  

During the 03/01/2014 event, the peak tide level recorded at the Dartmouth tide gauge was 
2.90mAOD, almost identical to the 50% AEP event design tide level of 2.91mAOD, suggesting the 
03/01/2014 event was approximately a 50% AEP event.  Estimates of wave overtopping volumes 
at each of the Dartmouth defences were calculated using available hindcast data of water levels, 
wind and wave conditions.  For all defences, the estimated wave overtopping volumes for 
03/01/2014 were found to be less than the 50% AEP design wave overtopping volumes.   

Figure 5-4 compares the simulation results of the 50% AEP event against the post event flood 
survey information collected at Coronations Park (Left) and for the South Embankment, Cole's Court 
and the Bayard's Cove area of Dartmouth (Right).  The survey only detailed information for the still 
water flooding, with notes on the water level at various key points, while the 50% AEP simulated 
flood outline is an amalgamation of both still water and wave overtopping volumes.  The greater 
extent of the 50% AEP design event simulation results is expected as it also incorporates the 
flooding resulting from the 50% AEP wave overtopping at each defence.  It is also noted that the 
estimated wave overtopping volumes during the 03/01/2014 event were less that the 50% AEP 
design wave overtopping volumes.  The flooding from wave overtopping during the modelled 
scenarios is expected to be slightly greater than that observed during the 03/01/2014 event, as the 
modelled 50% AEP event contains the 50%AEP wave overtopping at each defence plus the 50% 
AEP water level.   

Overall the simulated flooding appears to be showing similarities to that observed during the 
03/01/2014 event.  

• Coronations Park - the simulated peak water level is roughly at the top of the ferry slipway, 
observed during the 03/01/2014 event.  The additional flood water passing along the roads 
and into Coronation's Park is due to wave overtopping the defences, with the water level at 
Coombe road less than 0.05m and along the A379 less than 0.10m.  

• South Embankment - the simulated peak water level is not high enough to inundate the 
road.  The water levels simulated along the South Embankment is due to wave overtopping 
volumes, with depths less than 0.10m. 

• Coles Court Ferry Slipway - the simulated peak water level is similar to that drawn in the 
post event survey.  The additional flooding is due to wave overtopping volumes, with flood 
depths at Coles Court less than 0.05m 

• Bayard's Cove - the simulated peak water level is just at the property thresholds along 
Bayard's Cove, which is observed in the post flood event survey. 
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Figure 5-4:   Post event survey information (comments displayed are from the post flood survey) 
for the 3rd January 2014 compared to the 50% AEP modelled flood extent at 
Coronations Park and Bayard's Cove 

 

5.4.2 27th October 2004 
The next event used to do a visual check was the 27/10/2004 event.  A severe flood warning was 
issued for the South Devon Coast.  Winds reached between to F7-F9 on the Beaufort scale, and 
the peak water level was approximately 3.05mOD, (estimated high water level 2.25mAOD and 
approximated tidal surge of +0.80m).  A number of wrack marks around Dartmouth were also 
surveyed: 

• Dart Marina Hotel car park - Wrack mark at 3.18mOD 
• A379 - Wrack mark at 3.15mOD 
• South Embankment quay wall - Wrack mark at 3.10mOD 

This information places the event approximately between a 10% and 5% AEP event, which have a 
design peak tide levels of 3.07-3.14mOD.  Unfortunately, there was not enough information on the 
wave conditions to derive estimates for the events wave overtopping volumes.  A Flood 
reconnaissance summary report was made available for the 27/10/04 event, detailing wrack marks, 
anecdotal evidence, and photographs of key locations which experienced flooding.   

Figure 5-5 shows the post flood event survey information for the Lower Ferry slipway and Bayard's 
Cove, along with the 10% AEP design flood depths and the properties simulated to flood during the 
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10% AEP event.    The 10% AEP design flooding looks to be reflecting the flooding observed during 
the 27/10/04 event.  All properties where flooding was observed, or where flood boards indicate the 
potential for flooding, were simulated to flood in the 10% AEP design event.  The exception being 
the Compass Books shop at 24 Lower Street.  This shop was simulated to flood during the 10% 
AEP event but reportedly had no problems during the 27/10/04 event.   

Dartmouth is an old historic town with particularly narrow streets.  This means that even with a 
relatively refined model resolution of 5m, streets and properties are often modelled in the same 
model grid square.  This limitation is particularly relevant around the Lower Ferry slipway, where 
wave overtopping inflow lines have had to be placed within model grids squares containing 
properties.  In reality, waves would overtop these walls and pass along the small lanes between the 
walls and property.  The simulated flooding at the Compass Books shop at 24 Lower Street is likely 
due to the placement of the wave overtopping inflow lines, rather than a flooded property.    

 
Figure 5-5:   Post event survey information (comments displayed are from the post flood survey) 

for the 27th October 2004 event compared to the 10% AEP modelled flood extent at 
the Lower Ferry slipway and Bayard's Cove 

 

Figure 5-6 shows photographs from the post flood event survey at key locations throughout 
Dartmouth.  The photographs show that the 27/10/2004 event's flood extent and depths look to be 
reflecting the flood risk during a 10% and 5% AEP design event.  The flood depth observed at 
Bayard's Cove was similar to that modelled during the 5% AEP design event, with flood depths 
outside properties simulated at approximately 0.45m.  Wrack marks around the Lower Ferry slipway 
indicate the accumulation of water in this area, simulated during both the 10% and 5% AEP design 
events.   
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Bayard's Cove 

  
Lower Ferry slipway and Cole's Court 

  
Coronation Park and Upper Ferry slipway 

  
Figure 5-6:   Photographs collated from the post event survey for the 27th October 2004 event for 

Bayard's Cove, the Lower Ferry slipway and Coronation Park 
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6 Flood resilience and tidal procedures 
6.1 Flood warning updates 

The existing Flood Alert and Flood Warning Areas were reviewed against the new modelled flood 
extents as shown in Figure 6-1, which compares the existing Flood Alert area and the modelled 
extent for the 0.1% AEP defended scenario.  No undefended model scenarios were completed but 
a review of the existing Flood Zone 2 extent confirmed that the outlines are almost identical to the 
existing Coastal Alert polygon. 
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Figure 6-1:   Existing Flood Alert Area and new flood extent 
 

The flood risk along the estuary and within Dartmouth is topographically controlled and once the 
defence levels are exceeded the maximum flood extents are clearly defined.  The existing Flood 
Alert area was compared against the maximum flood extents from the 0.1% AEP defended 
simulation and the 0.5% AEP event undefended simulation.  Both new model simulations produced 
flood extents very similar to the existing Flood Alert Area, therefore, no major changes to the Flood 
Alert Area are recommended.  There are minor improvements that could be made such as adjusting 
the flood extents around properties that are currently shown to be partially flooded.  
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6.1.1 Property Threshold  
To represent buildings in the TUFLOW flood inundation model, the building footprints were 
increased by 0.3m.  This is a standard method.  

A threshold survey was available from 2005, which provides spot thresholds for properties 
throughout Dartmouth (Appendix C).  This data was used to help delineate flood warning areas. 
Where appropriate, interpolation techniques were used to estimate the threshold for those 
properties not surveyed.  In some situations, however, the base topography was too variable to 
utilise interpolation techniques.  Figure 6-2 shows where property survey data was available and 
where interpolation techniques have, or have not been used.   

These thresholds were compared against flood levels for each event simulated.   Figure 6-3 shows 
the properties flooded during each event.  This has used both measured and interpolated threshold 
values, and as such should be used to give an overview of the potential flood risk and not as an 
exact flood risk.  

Properties are shown to flood for all modelled events on Sandquay Road at Dartmouth Marina but 
these properties were not included in the 2005 threshold survey. It should be noted that the 
defences fronting this road have not been defined in the model which may result in properties 
flooding earlier due to a lack of separation between the estuarine and urban environment. 

The first properties to flood are the properties at Dart Marina on Sandquay Road.  These make up 
14 of the 34 properties at risk in the 50% AEP event.  The other 20 properties comprise 17 properties 
on Newcomen Road just to the south of Bayard’s Cove and 7 properties surrounding the Lower 
Ferry slipway.  The properties at Bayard's Cove flood due to wave overtopping.  The properties at 
Dart Marina and Newcomen Road flood due to tide levels, although this is likely because of the lack 
of separation between the estuarine and urban environment.  
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Figure 6-2:  Property threshold survey 
availability 

 

Figure 6-3:  Simulated properties flooded 
during the 50%, 10%, 5%, 2%, 
1.33%, 0.5% and 0.1% AEP 
events  

Both maps contain OS data © Crown copyright and database right 2016 
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6.1.2 Flood Warning Area 
There is currently one Flood Warning Area serving Dartmouth.  This covers the main flood risk areas 
and is almost identical to the Flood Alert area.  Figure 6-4 compares the current Flood Warning 
Area and the modelled flood extents.  Up to and including the 1.33% AEP design event, flood risk 
to Dartmouth town centre is mainly from waves overtopping the defences along the North 
Embankment and, more significantly, the South Embankment.  Flood waters spread through the 
town following the road network, with the flood waters accumulating in the low point at Victoria Road 
from the 5% AEP event, affecting this location and the surrounding streets.  From the 0.5% AEP 
design event, the dominant flood risk switches to still water.  
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Figure 6-4:  Existing Flood Warning Area and revised modelled flood extents 
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Figure 6-5 shows the proposed operational FWA (113FWCDART) for Dartmouth derived from this 
study update.  There are two proposed sub-areas for the FWA, FWA-A (113FWCDARTA) and FWA-
B (113FWCDARTB).    

• FWA-A encompasses properties simulated to flood during the 10% to 1.33% AEP flood 
events where the dominant flood risk is from waves overtopping the North and South 
Embankment.  From here, flood waters spread through the town following the road network. 
From the 5% event, the flood waters accumulate in the low point at Victoria Road, affecting 
this location and surrounding streets. The area covers the properties along the South 
Embankment, Coronation Park, and much of Dartmouth town centre (yellow areas on 
Figure 6-5).   

• FWA-B encompasses properties simulated to flood during the 0.5% to 0.1% AEP flood 
events, where the dominant flood risk is from still water.  This area covers the remaining 
areas of Dartmouth town centre not covered by FWA-A, Dartmouth car park, Mayors 
Avenue, and the far west of Victoria road (red areas on Figure 6-5Figure 6-6).   

• The TUFLOW inundation model simulated the properties around the Lower Ferry slipway 
to flood from the 50% AEP design event.  Including this area within the proposed operational 
FWAs would require significantly lower thresholds.  The result would be a high number of 
unnecessary flood alerts and warnings for much of Dartmouth, as properties away from the 
Lower Ferry slipway were not simulated to flood until the 10% AEP event.  After discussions 
with the client, it was proposed that this area be included in the "South Devon Coast low-
lying areas of the Dart Estuary", and for this area to use the associated flood alert and 
warning thresholds (blue area in Figure 6-5).   
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Figure 6-5:  Proposed Flood Warning Areas 
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The new FWA excludes Bayards Cove, the Lower Ferry slipway, Sandquay road and Dart Marina:   

• Bayard's Cove was not included in the proposed operational FWA as the flooding 
mechanisms operating in this location are very different to those at Dartmouth.  The defence 
at Bayard's Cove is significantly lower than the defences along the Dartmouth quayside, 
and as such still water flooding is a factor from the 50% AEP event although, the properties 
are not simulated to flood until the 10% AEP event.   

• Sandquay road was not simulated to flood for any of the present day design AEP events 
and so was not included in the proposed operational FWA.   

• Dart Marina was also not included in the operational FWA because the properties were 
simulated to flood from the onset of the 50% AEP design event.  This simulated flooding is 
due solely to the lack of defence survey data available at this location, and so there was no 
separation between the estuarine and land environments.  Deriving a flood risk threshold 
for this location was therefore not possible and as such, this location was excluded from the 
proposed operational FWA.  It is thought that if defence data at this location was available, 
the onset of flooding would be much later.  

6.1.3 Future Study 
Due to the limited resources within the current flood warning teams, splitting the FWA into further 
sub-areas was not viable.  If additional resources were to become available, splitting the FWA into 
four sub-areas with separate trigger levels would help to reduce the number of unnecessary flood 
alerts and warnings (Figure 6-6). 

• FWA-A encompasses properties simulated to flood during the 50% AEP event,  
• FWA-B encompasses properties simulated to flood during the 10% to 5% AEP events. 
• FWA-C encompasses properties simulated to flood during the 2% to 1.33% AEP events  
• FWA-D encompasses properties simulated to flood during the 0.5% to 0.1% AEP events. 
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Figure 6-6:  Potential multiple area FWA 
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6.1.4 Comparing Plymouth and Dartmouth tide gauge 
The existing FWA thresholds for Dartmouth relate to tidal levels observed at Plymouth (Table 6-2).  
The Plymouth gauge is the Devonport tide level gauge (SX 44693 54342).  A tide gauge was 
installed at Dartmouth in late 2007 (SX 87886 51327). Both gauge records were provided for this 
study and an analysis was carried out for the concurrent tide gauge data for the years 2007 to 2015. 

Figure 6-7 shows an extract of the tide gauge data for Plymouth and Dartmouth for January 2008 
and 2014.  Tide gauge data for all months for years 2008 and 2014 are available in Appendix D.  
The two gauges look to be following the same overall tidal patterns and characteristics.   

  

Figure 6-7:  Tide gauge observations at Plymouth and Dartmouth for January 2008 and 2014 

The difference between the peak tides for the two gauges were analysed.  Figure 6-9 shows the 
peak tide level difference between the Plymouth (Devonport) tide gauge and the Dartmouth tide 
gauge for the concurrent data period.  This plot indicates that a datum shift may have occurred at 
one of the two gauges over the winter 2011-2012 period.  The average difference in peak tides is 
around -0.3m before winter 2011-2012, increasing to approximately -0.15m after this period. This 
shift is evident when looking at the two graphs in Figure 6-7, as the Dartmouth tide levels are clearly 
lower than the Plymouth tide level in 2008 compared to 2014.  For the data provided, it is not 
possible to determine at which gauge this shift may have occurred.  It would be prudent to carry out 
further analysis to further understand the difference between the two gauges.  

 
Figure 6-8:  Peak tide level difference between the Plymouth (Devonport) tide gauge and the 

Dartmouth tide gauge for the concurrent data period 
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6.1.5 Current FWA thresholds at Dartmouth 
Analysis was completed to determine Flood Warning thresholds for Dartmouth using the full 
concurrent data period.  The full data period was used because at this stage, it is not possible to 
determine the impact of the potential datum shift highlighted in Figure 6-8.    The peak tides at the 
Dartmouth gauge were on average 0.21m lower than the Plymouth gauge, and occur on average 
31 minutes 20 seconds after the peak tide at Plymouth.  Table 6-1 details the current flood warning 
thresholds for Dartmouth based on the Tide Level at Plymouth. 

Table 6-1:  Current Flood Warning Thresholds based on Tide Level at Plymouth 

Tide Level mAOD 
(Plymouth) 

Wind Conditons 
(Plymouth) 

Proposed Level of Warning 

≥2.8 ≥F7  
SE-SW 

Alert 

≥3.0 All conditions Alert 
≥3.2 ≥F8  

SE-SW 
FW 

≥3.3 ≥F6 
SE-SW 

FW 

≥3.4 All conditions SFW 
Note:  Dartmouth: Modelling undertaken in 2008 indicates that still water overtopping of defences 
would occur at a local level of 3.2mAOD (approximately 3.25mAOD at Plymouth) causing flooding to 
properties in Market Square, Victoria Road.  Modelling undertaken in 2009 at Dartmouth indicates that 
a severe flood warning would be appropriate to issue once the tide level at Plymouth exceeds 
3.4mAOD.  Coronation Park, South Embankment and Victoria Road areas are indicated to be 
inundated, flood depths may be 0.5m greater than those experienced during an event with less 
significant action. 
Kingswear: Inundation at Kittery Quay – no significant impacts expected. 

Table 6-2 details the current Flood Warning thresholds with 0.21m subtracted to provide the levels 
applicable to the Dartmouth gauge and also presents information on the historical flood events that 
have resulted in flooding to Dartmouth. 

Table 6-2:  Existing Flood Warning Thresholds with 0.21m subtracted 

Tide Level mAOD 
(Dartmouth) 

Wind Conditions 
(Plymouth) 

Level of Warning 

≥2.59 ≥F7  
SE-SW 

Alert 

≥2.79 All conditions Alert 
2.84 14/12/2012 – flooding on quayside at Bayard’s Cove, also at Lower Ferry and 

Coombe Road from the upper ferry ramp 
2.88 10/03/2008 – flooding on quayside at Bayard’s Cove and water running up the 

Lower Ferry ramp.  Pictures of water on the road near Coronation Park. 
≥2.99 ≥F8  

SE-SW 
Flood Warning 

2.98 03/01/2014 – Flooding on roadside at Coronation Park, flooding on Bayard’s 
Cove quayside but just below thresholds of floodgates. 

≥3.09 ≥F6 
SE-SW 

Flood Warning 

≥3.19 All conditions Severe Flood Warning 
3.18 27/10/2004 – 3.13m recorded at Plymouth indicating 2.83mAOD at Dartmouth 

but residents and post flood survey estimated levels of 3.1-3.5mAOD.  Flooding 
at higher Ferry, Lower Ferry, Bayard’s Cove and Market Square. 
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6.1.6 Proposed flood warning threshold for Dartmouth 
Based on the flood history and the modelled flood extents it is proposed that the thresholds are 
amended to take account of the defence levels and the modelled flood risk.  The flood alert and 
warning thresholds were derived using the wave overtopping data from the 10,000-years of event 
data for the South Embankment defence, as wave overtopping at this defence is the main source 
of flooding for Dartmouth.  The proposed thresholds are summarised in Table 6-3.   

Table 6-3:  Proposed Flood Warning Thresholds for Dartmouth  

Tide Level 
mAOD 

(Dartmouth) 

Wind Conditions Acton 
 

Overtopping 
rate 

(l/m/s) Speed (Beaufort) Direction FWA-A FWA-B 
2.50 5 NE-SW Flood Alert Flood Alert 0.1 - 1.0 
2.86 All All Flood Alert Flood Alert 1 < 
2.77 9 S Flood Warning Nil 0.55 - 0.70 
2.80 8 NE-S Flood Warning Nil 0.55 - 1.70 
2.94 6 NE-SW Flood Warning Nil 0.56 - 3.20 
3.32 All All Severe Flood 

Warning 
Severe Flood 

Warning 
Still water 

flooding risk 
These modelled thresholds should not be used for the Lower Ferry slipway, Bayard's Cove or Dart Marina (Section 6.1.2).   
 

The new flood alert thresholds were derived using the overtopping thresholds stipulated in the 
Eurotop Manual for an "Aware pedestrian" and "Trained staff".  The "Aware pedestrian" level was 
considered appropriate for the lower limit for a Flood Alert at Dartmouth, as the defences at 
Dartmouth are quaysides with a wide walkway, allowing for a clear view of the sea. 

The Flood Warning thresholds use the 10,000-year data set of overtopping rates, ranked based on 
AEP, derived during the wave overtopping calculations stage (3.6).  The first property to flood in the 
proposed operational FWA is during the 10% AEP design simulation.  The flooding is due to the 
10% AEP peak wave overtopping rate along the South Embankment.  The thresholds were 
therefore derived using the wave conditions for wave overtopping rates greater than or equal to the 
10% AEP.  

The data used for these thresholds are the following; 

• Wind conditions from the Met Office WWIII EUCH model point PT242 
• Water levels from the Dartmouth tide gauge 

 

After discussions with the client, it was proposed that the Lower Ferry area should be included in 
the "South Devon Coast low-lying areas of the Dart Estuary", and for this area to use the associated 
Flood Alert and Warning thresholds.   

Table 6-4:  Proposed Flood Warning Thresholds for Lower Ferry Area for merging with the "South 
Devon Coast low-lying areas of the Dart Estuary" thresholds 

Tide Level 
mAOD 

(Dartmouth) 

Wind Conditions Acton Overtopping 
rate 

(l/m/s) 
Speed 

(Beaufort) 
Direction South Devon 

Coast low-lying 
areas of Dart 

Estuary 
2.45 8 S Flood Warning 0.07 - 0.13 
2.54 5 NE-SW Flood Warning 0.07 - 3.21 
3.18 All All Severe Flood 

Warning 
Still water 

flooding risk 
These modelled thresholds are for the Lower Ferry slipway to be merged with the "South Devon Coast low-lying areas of the Dart 
Estuary" thresholds 
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6.2 Dartmouth hospital 
Dartmouth Hospital has a threshold of 3.06mAOD.  The defence in front of the hospital has an 
elevation of 3.36mAOD which is just below a 0.5% AEP event water level.  The hospital is first 
shown to flood during the 1.33% AEP event from waves overtopping the defence in front of the 
hospital, however there is flood water on the road in front of the hospital from the 50% AEP event.  
Table 6-5 details the average simulated flood depth on the road in front of Dartmouth Hospital for 
all the events simulated.  The average flood depth on the road during the 1.33% AEP event, when 
the Dartmouth Hospital is first simulated to flood is the 0.36m.  

Table 6-5:  Average simulated flood depth on the road in front of Dartmouth Hospital and duration 
flood level is greater than hospital threshold of 3.06mOD 

Event, (% AEP) Average simulated flood depth on 
the road in front of the hospital (m) 

Duration flood level is greater than 
hospital threshold 3.06mAOD 
(hours) 

50 0.07 0 
10 0.21 0 
5 0.26 0 
2 0.34 0 

1.33 0.36 0.58 
0.5 0.68 1.83 
0.1 0.82 4.00 

 

Figure 6-9 shows graphically the duration of which the water level is higher than the hospital building 
threshold of 3.06mOD.  The water levels were extracted from the South Embankment road in front 
of the hospital.  Table 6-5 tabulates the duration of which the flood level is greater than the hospital 
threshold of 3.06mOD. 

 
Figure 6-9:  Water level during the 1.33%, 0.5% and 0.1% AEP events simulated in relation to the 

Hospital building threshold. Level extracted from the South Embankment road in front 
of Hospital building. 

At these depths, the hazard rating is classified as a danger for most. 
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6.3 Incident reporting statistics 
The results from the model simulations were used to produce Flood Intelligence Files and Incident 
Reporting Statistics.  NRD were analysed to count the numbers of properties at risk from each of 
the modelled scenarios.  The NRD was trimmed to only count properties within Dartmouth between 
the southern extent of Lower Street and Sandquay Road.  The properties south of Bayards Cove, 
and at Dart Marina were found to flood during all scenarios.  This inundation is considered to be 
due to the lack of defence information at these locations. Inclusion of these properties would 
therefore give an overestimate of the number of properties simulated to be at risk during event.  The 
properties at Bayard's Cove were also excluded as this area was not included in the proposed Flood 
Warning Areas.  The simulated flooding at Bayard's Cove was different to that simulated at 
Dartmouth, requiring different Flood Warning thresholds.  Table 6-6 summarises the number of 
properties at risk with a breakdown of the critical infrastructure properties. 

Table 6-6:  Properties at flood risk 

Event, (% AEP) Level at 
Dartmouth 
Gauge (mAOD) 

Residential Non-
Residential 

Critical 
Infrastructure 

50 2.92 4 3 0 

10 3.08 15 15 2 

5 3.14 25 40 2 

2 3.24 55 84 3 

1.33 3.27 71 89 3 

0.5 3.37 148 179 3 

0.1 3.54 148 207 5 

0.5 Sluice gate failure 3.38 217 251 5 

0.5 plus climate change 2065 3.75 249 279 5 

0.5 plus climate change 2115 4.17 262 287 5 

 

If there were no defences present, the flood risk would be much greater as the threshold of some 
of the properties further inland fall as low as 1.40mAOD which is much below the 50% AEP event 
water level of 2.91mAOD.  As no undefended model simulations were completed, to provide 
information on the numbers of properties defended, the model DTM was queried to find the number 
of properties with elevations lower than the modelled water levels.  Table 6-7 details the total 
number of properties at risk with elevations lower than the still water levels in the undefended 
scenario (with no additional inflows from wave overtopping) and the total numbers of properties 
defended.  The defences work well to defend most of the properties at flood risk for the less extreme 
events.  Once the defences are overtopped in the 0.5% and 0.1% AEP plus climate change events 
the numbers of properties defended is greatly reduced. 

Table 6-7:  Number of properties defended 

Event (% AEP) Properties at risk in the 
undefended scenario 
from still water (No.) 

Properties at risk in the 
defended scenario 

including wave 
overtopping (No.) 

Properties 
defended 

(No.) 

50 394 7 387 

10 431 30 401 

5 467 65 402 

2 467 139 328 

1.33 470 160 310 

0.5 479 327 152 

0.1 490 355 135 

0.5 plus climate change (2065) 595 528 67 

0.5 plus climate change (2065) 620 549 71 

It should be noted that the flooding from wave overtopping is a combined worst-case overtopping 
at all defences.  An individual event may lead to worst case flooding at one defence but not 
necessarily the other defences, therefore, the flood risk from an individual event would be lower 
than the risk shown in the design events.  The design events show the overall risk for each AEP 
event, with the combined worst case overtopping at each defence. 
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6.4 Flood intelligence files 
To summarise the incident reporting statistics a separate flood intelligence file was produced.  The 
flood intelligence file is presented in Appendix B. 

6.5 Conditions for the issue of a severe flood warning 
New thresholds have also been provided for the proposed FWA updates.  FWA-A covers the 
properties flooding during the 10% to 1.33% events, and FWA-B covers the properties flooding 
during the 0.5 to 0.1% AEP events.  The new thresholds for each FWA align with the dominant flood 
risk operating during these events.  Up until the 1.33% AEP event, the dominant flooding 
mechanism is from waves overtopping the defence, thus the thresholds FWA-A were derived using 
the wave overtopping data used to calculate the overtopping risk at each defence.  From the 0.5% 
event and above, the dominant flooding mechanism switches to a tidal flood risk, and as such the 
thresholds for FWA-B reflect this.  

During the 10% AEP event, 30 properties were simulated to be at risk. Once the water reaches the 
town centre along Duke and Victoria Street, the number of properties at risk rapidly increases, 
covered by FWA-A.  The tidal flooding during the 0.5% event increases the number of properties 
simulated to be at risk to 327 properties, from the 160 properties during the 1.33% event.    

The model outputs were used to produce hazard grids to provide information on the combined risk 
from the depth of water and the velocity of the flow.  Figure 6-10 illustrates the flood hazards from 
the 0.5% AEP event. 

 
Contains OS data © Crown copyright and database right 2016 

Figure 6-10:  0.5% AEP event defended hazard model outputs 
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Within the 0.5% AEP extent the hazard results indicate that the flood conditions would pose a 
danger for most – including the general public for much of the flood risk area.  Only on small sections 
of the North Embankment and Mayor’s Avenue are the hazards classed as very low.  The areas of 
at higher hazard are along North Embankment and into Coronation Park, along South Embankment, 
Lower Street, The Quay, Duke Street and Victoria Road.  Within these low-lying areas, the depth of 
water and the flow velocities combine to produce a hazard for most - including the general public.  
Once the crest level of the North and South Embankment defences are overtopped, or there is a 
failure of the tidal sluice gate, there is a risk of hazardous flood conditions and the issuing of a 
Severe Flood Warning should be considered.  

6.6 Gate failure for the 0.5% AEP event 
The property count for the Dartmouth Harbour Gate Failure scenario sees an extra 76 properties at 
risk from flooding, increasing from 369 to 445 properties, summarised in Table 6.7. 

Table 6-8: Properties at risk from sluice gate failure 

Event (% AEP) Properties at risk in 
the sluice failure 
scenario (No.) 

Properties at risk in 
the defended 
scenario (No.) 

Properties at risk in 
the undefended 
scenario (No.) 

0.5 468 327 479 
 

The results indicate that the sluice protects 141 properties.  A further 11 properties are at risk when 
the remaining defences are removed.  The properties affected by the sluice gate failure include 
three electricity sub-stations, one health centre, one hospital, one local government office, one 
police station and one telecommunication infrastructure. 

6.7 Standard of Protection 

6.7.1 Tidal event 
The Standard of Protection (SoP) of the existing defences is generally around the 0.5% AEP water 
level but there are low spots in the defences.  On the North Embankment, there is a low point with 
an elevation of 2.95mAOD and on the South Embankment there is a low point with an elevation of 
3.32mAOD.  At Bayard’s Cove the 2005 survey indicated a defence level of 2.65mAOD.  The 
defence elevations and associated SoPs against a tidal water level are provided in Table 6.8. 

Table 6-9: Defence standard of protection from a tidal event 

Defence Elevation 
(mAOD) 

Standard of Protection  
% AEP event 1 in x-year event 

Coronation Park 2.95 33.3 3 

North 
Embankment 

3.28 1.11 90 

South 
Embankment 

3.32 0.75 133 

Ferry Slipway 3.18 3.03 33 

Bayard’s Cove 2.65 >100 1 
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6.7.2 Wave overtopping event 
The Standard of Protection (SoP) against a wave overtopping event is harder to quantify.  For this 
study, the SoP has been estimated using various Eurotop Manual wave overtopping tolerable limits.  
The Eurotop Manual provides limits for wave overtopping in terms of tolerability for pedestrians and 
vehicles, quantified in Mean Discharge (Table 6-10).  

Table 6-10: Eurotop Manual Limits for pedestrians and vehicles 

Hazard Type Reason Mean Discharge 
Qm (l/s/m) 

Trained 
staff 

Well shod and protected, expecting to get wet. Overtopping flows 
at lower levels only, no falling jet, low danger of fall from 
walkway. 

1.000 

Aware 
pedestrian 

Clear view of the sea not easily upset or frightened. Able to 
tolerate getting wet, wider walkway 

0.100 

Unaware 
pedestrian 
 

Unusual conditions where pedestrian has no clear view of 
incoming waves. Pedestrian may be easily upset or frightened, 
may be on a narrow walkway. 

0.031 

Driving at 
low speed 

Overtopping by pulsating flows at low flow depths, no falling jets, 
vehicle not immersed 

10.000 

Driving at 
moderate or 
high speed 

Impulsive overtopping giving falling or high velocity jets 0.010 

 
The SoP for wave overtopping has been estimated for the North Embankment (not including 
Coronation Park) and the South Embankment up to the 1.33% AEP events (Figure 6-11). From the 
0.5% event the dominant flood mechanism switches from wave overtopping to tide level, thus this 
event was not included in the wave overtopping SoP estimation.  The SoP for wave overtopping at 
Bayard's Cove and Coronation Park was not calculated as the tide level in these locations is the 
dominant factor.  

  

Figure 6-11:  SoP for wave overtopping at the North and South Embankment using Eurotop 
Manual suggested wave overtopping tolerable limits. 
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7 Conclusion 
7.1 Study findings and conclusions 

The study has assessed the flood risk in Dartmouth for a range of events and have used the results 
to update the tidal procedures for Dartmouth.  The model results show that there are areas of the 
town susceptible to regular flooding. These areas include the Lower Ferry Slipway, the North and 
South Embankment, Coronations Park, Bayard’s Cove and Dart Marina.   

There is one continuous defence along the North and South Embankment which protects Dartmouth 
from coastal flooding events.  The dominant mechanism of flooding up to the 1.33% AEP event is 
from waves overtopping this defence.  At the 0.5% event, the dominant mechanism of flooding 
switches to still water flooding, as the tide level is high enough to overtop the defence, resulting in 
the inundation of much of Dartmouth.  

The 50% AEP event simulated flooding due to wave overtopping along the North and South 
Embankment, Bayard’s Cove, Lower Street and the Lower Ferry Slipway.  The flooding at South 
Embankment was significant enough to spill into the sides streets leading to Fairfax Place and The 
Quay.  Still water flooding was simulated at Dart Marina and the properties south of Bayard’s Cove. 

From the 10% AEP event, the flooding simulated from wave overtopping starts to affect the town 
centre, progressively increasing event severity up to the 1.33% AEP event.  Chiefly arising from 
waves overtopping the South Embankment, water passes through Dartmouth using the road 
network, following decreasing land topography, accumulating at the low point along Victoria Road 
from the 5% AEP event.   During the 1.33% event, still water flooding starts to contribute to the 
flooding at Dartmouth town centre, arising from tide levels overtopping defences at the Ferry 
Slipway and Bayard’s Cove.  The dominant source of flooding during the 1.33% AEP event however, 
is still from the waves overtopping defences, with the still water flooding acting to increase the 
flooding at Bayards Cove, Lower Street and along the South Embankment.   

From the 0.5% event, the dominant mechanism of flooding switches to still water flooding, as the 
tide levels become high enough to overtop the defences along the North and South Embankment.  
This results in more extensive flooding, with the inundation of much of the low-lying areas of 
Dartmouth.  The 0.1% AEP event is marginally more extensive and with significantly greater flood 
depths.  The impact of climate change on the simulated flooding was found to significantly affect 
the flood depths but not flood extent, which is limited by the topography of Dartmouth. 

The failure of the Dartmouth tidal gate was found to significantly increase the flood risk during a 
0.5% tidal event, with the simulated flood depths and extents being more akin to the 0.1% event.  
The failure of the gate allowed the peak tide to affect the water level in the Dartmouth harbour, 
where the flood defences are significantly lower than the main defence along the North and South 
Embankment.  This results in a much earlier onset of flooding from high tides levels than during the 
defended scenario.  

The model results were used to update the tidal procedures and propose new thresholds for Flood 
Alerts, Warnings and Severe Flood Warnings.  The updates have been based on the flood risk from 
both wave overtopping the defences and still water tidal events.   This has lowered the flood warning 
thresholds as a flood risk from wave overtopping was simulated from the 10% event.  As the flood 
risk areas of the town are topographically controlled, the flood risk areas for the most severe events 
do not change significantly, the main difference being flood depths.   

The new FWA proposed as a result of this study (113FWCDART) has two sub-areas, FWA-A 
(113FWCDARTA) and FWA-B (113FWCDARTB).  FWA-A covers the areas in Dartmouth town 
centre simulated to flood as a result of wave overtopping the Dartmouth quayside.  FWA-B covers 
the additional areas of Dartmouth which are simulated to flood when the water levels are high 
enough to result in still water flooding.  
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7.2 Recommendations 
Dart marina and the area to the south of Bayard's Cove is simulated to flood from the 50% event.  
This is likely due to the current lack of defence survey data at these locations.  The result is that 
there is currently no clear defining line between the estuarine and land environments.  It is 
recommended that a survey of the defences in place at these locations be carried out so that a 
more accurate flood risk at these locations can be estimated.   

Due to the limited resources within the current flood warning teams, splitting the proposed FWA into 
further sub-areas was not viable.  If additional resources were to become available, splitting the 
FWA into four sub-areas with separate trigger levels would help to reduce the number of 
unnecessary flood alerts and warnings. 
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Appendices 
A Model simulations 

A series of model runs were undertaken for this study. The following sections describe the model 
scenarios and events that were modelled.  

A.1 General procedures for model runs 
• Prior to running the hydraulic model the most straightforward approach is to save the 

“TUFLOW” folder contained within the “Model” folder, into ‘C:\DART which will need to be 
created on the user computer C drive. 

• All folders will then need to be uncompressed, with care taken to preserve the original folder 
structure. 

• By setting up the folder structure this way, when the model is run both the results and the 
check files will be saved in their relevant TUFLOW folders on the C drive as both the .tcf 
and .ecf reference these locations. 

A.1.1 Explanation of file types 
.tgc = TUFLOW Geometry Control file  .tef = TUFLOW Event File 

.tcf = TUFLOW Control File   .tmf = TUFLOW Material File 

.tbc = TUFLOW Boundary Condition file  .toc = TUFLOW Operating Control File  

A.1.2 Tidal design event runs  

Run Reference: Dartmouth_~e1~_~s1~  
(s1 = DEF/UND, e1 = tidal event) 

Purpose of Runs: To model a range of design events to assess the tidal flood risk to 
Dartmouth. The results will be used to update tidal procedures 

TUFLOW: 2013-12-AD File names: 

Dartmouth_~e1~_~s1~.tcf Dartmouth_001.tbc 

Dartmouth_~e1~_~s1~.ecf Dartmouth_001.tgc 

Dartmouth_General_Commands_001.trd Dartmouth_001.tmf 

Dartmouth_Events.tef sluice_gate.toc 

Notes: 37.75 hour tidal event.  

Run Time: Model event duration: ~3.5hrs 

AEP event(s) 50%, 10%, 5%, 2%, 1.33%, 0.5%, 0.1%, 0.5% + climate change (UKCP09 
EPOC 2065 & 2115) 

Boundary Conditions: A tidal 2D boundary plus minor 1D inflows 
Wave overtopping boundary (9) 

Run Settings: Carried forward from period model for consistency 
Cell Side Wet/Dry Depth == 0.0001 
Cell Wet/Dry Depth == 0.0002 
 
All other parameters were left as default. 

Comments on results: 
 

Representative for 0.1% AEP event: 
MB Error: MIN = -0.11%; MAX = 0.00%   
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B Flood Intelligence Files 
 

Flood intelligence files will be provided digitally 
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C Property Thresholds 
A map of the property thresholds survey will be provided digitally. 
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D Dartmouth and Plymouth tide graph comparison 
The tidal records from the Dartmouth tide gauge and the Devonport tide gauge at Plymouth were 
compared.  The tide level records for the years 2008 and 2014 have been plotted graphically. 
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E Overtopping rates and nearshore wave conditions 

Defence AEP 
(%) 

Run ID Wave 
Height 
(m) 

Mean 
Period 
(s) 

Wave 
direction 
(degrees) 

Water 
level 
(m OD) 

Overtopping 
rate (m3/s/m) 

Overtopping 
rate (l/s/m) 

1 50% 880805 0.45 2.05 162 2.82 0.00327 3.27 

1 10% 305065 0.37 1.77 50 3.01 0.04763 47.63 

1 5% 905534 0.19 1.38 71 3.10 0.10504 105.04 

1 2% 291848 0.32 1.37 170 3.18 0.20533 205.33 

1 1.33% 740579 0.41 1.27 167 3.23 0.27002 270.02 

1 0.50% 504880 0.17 1.78 94 3.36 0.47815 478.15 

1 0.10% 419248 0.68 2.28 170 3.56 0.85183 851.83 

2 50% 364014 0.44 2.08 167 2.55 0.00009 0.09 

2 10% 602904 0.45 2.07 167 2.79 0.00042 0.42 

2 5% 726782 0.43 1.90 162 2.90 0.00083 0.83 

2 2% 501980 0.35 1.97 164 3.20 0.00153 1.53 

2 1.33% 409725 0.48 1.71 158 2.96 0.00209 2.09 

2 0.50% 181672 0.25 1.31 164 3.35 0.01468 14.68 

2 0.10% 204101 0.49 2.29 157 3.52 0.14767 147.67 

3 50% 268297 0.31 2.04 132 2.88 0.00013 0.13 

3 10% 324153 0.42 1.58 135 2.92 0.00055 0.55 

3 5% 730163 0.52 1.86 131 2.85 0.00094 0.94 

3 2% 286933 0.54 1.97 149 2.97 0.00158 1.58 

3 1.33% 313148 0.44 1.72 134 3.19 0.00207 2.07 

3 0.50% 405665 0.39 1.93 151 3.35 0.02940 29.40 

3 0.10% 204101 0.56 2.16 144 3.52 0.16566 165.66 

4 50% 558194 0.45 1.98 132 2.62 0.00006 0.06 

4 10% 913754 0.53 2.00 124 2.74 0.00017 0.17 

4 5% 486908 0.54 2.17 125 2.82 0.00031 0.31 

4 2% 750626 0.45 1.78 123 3.10 0.00051 0.51 

4 1.33% 175335 0.55 2.22 125 2.95 0.00065 0.65 

4 0.50% 414811 0.52 2.07 136 3.08 0.00117 1.17 

4 0.10% 650670 0.47 2.24 124 3.52 0.00420 4.20 

5 50% 278601 0.33 1.68 131 2.87 0.00241 2.41 

5 10% 455926 0.52 1.99 133 2.87 0.01467 14.67 

5 5% 469703 0.50 2.07 135 2.92 0.02145 21.45 

5 2% 329033 0.60 2.18 135 2.95 0.02569 25.69 

5 1.33% 478769 0.07 2.63 162 3.25 0.03337 33.37 

5 0.50% 411702 0.45 1.69 131 3.35 0.14173 141.73 

5 0.10% 341084 0.12 5.45 124 3.53 0.37636 376.36 

6 50% 519290 0.41 1.72 134 2.79 0.00049 0.49 

6 10% 453801 0.57 1.97 134 2.77 0.00170 1.70 

6 5% 619387 0.56 1.98 136 2.88 0.00293 2.93 

6 2% 601533 0.59 2.05 134 2.95 0.00502 5.02 

6 1.33% 173904 0.54 2.08 134 3.05 0.00632 6.32 

6 0.50% 884013 0.50 1.83 134 3.26 0.00975 9.75 

6 0.10% 650670 0.45 2.28 136 3.52 0.05871 58.71 

7 50% 692403 0.12 2.10 167 2.89 0.17821 178.21 

7 10% 396595 0.19 1.52 134 3.02 0.35907 359.07 

7 5% 416942 0.13 1.95 169 3.09 0.48148 481.48 

7 2% 455945 0.16 1.43 175 3.18 0.64897 648.97 

7 1.33% 550924 0.25 1.44 165 3.23 0.74230 742.30 
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7 0.50% 702765 0.23 1.65 172 3.36 1.03879 1038.79 

7 0.10% 419248 0.55 2.13 137 3.56 1.46957 1469.57 

8 50% 788714 0.33 2.69 98 2.77 0.00321 3.21 

8 10% 403407 0.30 2.05 17 3.01 0.02570 25.70 

8 5% 703401 0.08 8.94 89 3.10 0.07401 74.01 

8 2% 833040 0.43 2.40 118 3.17 0.16684 166.84 

8 1.33% 595331 0.02 6.64 90 3.21 0.22942 229.42 

8 0.50% 702765 0.21 3.86 216 3.36 0.42850 428.50 

8 0.10% 341084 0.22 3.42 31 3.53 0.74587 745.87 

9 50% 473463 0.41 2.20 72 2.42 0.00004 0.04 

9 10% 250669 0.34 2.02 110 3.00 0.00011 0.11 

9 5% 476129 0.34 2.11 105 3.05 0.00018 0.18 

9 2% 346611 0.44 2.50 70 2.86 0.00034 0.34 

9 1.33% 450733 0.44 2.55 70 2.89 0.00043 0.43 

9 0.50% 542336 0.47 2.19 102 3.09 0.00090 0.90 

9 0.10% 785438 0.46 2.91 113 3.40 0.00460 4.60 



 

 

 

 

 

  
Offices at 
Coleshill 
Doncaster 
Dublin 
Edinburgh 
Exeter 
Glasgow 
Haywards Heath 
Isle of Man 
Limerick 
Newcastle upon Tyne 
Newport 
Peterborough 
Saltaire 
Skipton 
Tadcaster 
Thirsk 
Wallingford 
Warrington 

 

Registered Office 
South Barn 
Broughton Hall 
SKIPTON 
North Yorkshire 
BD23 3AE 
United Kingdom 
 
 
 

 
 
 
 
 
 
 
t:+44(0)1756 799919 
e:info@jbaconsulting.com 
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www.jbaconsulting.com 

 


