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Executive summary 
JBA Consulting was commissioned by the Environment Agency to investigate the flood risk to 
High and Low Lorton from the River Cocker and Whit Beck in Lorton Vale, situated within the 
Lake District National Park. 

In addition to updating existing flood risk maps for the area, the study examines the impact of 
gravel accumulation and extraction around Low Lorton Bridge and a short reach of Whit Beck.  
Options for realigning the lower reach of Whit Beck to recreate a more natural course are 
evaluated and the impacts this would have to water levels at Low Lorton assessed. 

Hydrological analysis 
Design flood hydrographs were derived both for Whit Beck and the River Cocker.  As per 
accepted practice, the FEH Statistical Method was applied to derive peak flows which were then 
used to scale hydrographs generated using the ReFH rainfall-runoff model.       

Hydrographs were derived for the 2, 5, 10, 30, 50, 75, 100 and 1,000-year return periods.  
Design flows to account for the effect of climate change were calculated by increasing the 
100-year flows by 20%. 

Hydraulic modelling 
The hydraulic modelling was split into two phases: the first was to model the defended and 
undefended scenarios.  The second phase was to model the proposed options for realignment of 
Whit Beck to determine how these impact on water levels at Low Lorton.  The modelling utilised 
an existing ISIS-TUFLOW model with amendments and updates being applied as appropriate.  

Design runs 
The model outputs showed that areas at risk from flooding are mainly rural, but a number of 
properties in both Low and High Lorton may also be affected in larger return period events.  
Bank overtopping from the River Cocker in Low Lorton, which impacts on property, first occurs at 
a 50-year return period.  This risk would increase to a 30-year return period if the current practice 
of gravel removal was discontinued.  Flooding from Whit Beck affects property in Low Lorton.  
This floodwater flows out of Whit Beck into adjacent fields and then down the B5289 into Low 
Lorton.  However the threshold levels of properties here are sufficiently high that flooding is not 
expected to occur until the 1000-year return period.  Table 1-1 quantifies the flooding to property 
for each return period event. 
Table 1-1 Table of properties flooded for modelled return periods   

Return period 
(years) 

Scenario
Defended Undefended

2 0 0 
5 0 2 

10 0 3 
30 0 6 
50 3 6 
75 3 6 
100 4 6 

100 climate change 5 7 
1,000 12 13 

Realignment scenarios 
The second phase of the modelling tested the impact, in terms of peak water levels at Low 
Lorton, of re-routing the lower reach of Whit Beck in order to recreate a more natural river 
course.  The modelling shows that the realignment scheme does not increase flood risk to Low 
Lorton. 
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1 Introduction 
1.1 Overview of study 

JBA Consulting was commissioned by the Environment Agency to investigate the flood risk to 
the Lorton Vale area within the Lake District National Park.  The Statement of Requirements 
(SoR) specified two watercourses were to be modelled: the River Cocker and its tributary Whit 
Beck, and hence focuses around the villages of High and Low Lorton.  Figure 1-1 shows the 
location of the study area.   

Figure 1-1 Location plan of area modelled 

The blue watercourse represents the modelled extent.  Contains Ordnance Survey data (c) Crown copyright and 
database right 2013. 
 
In addition to updating the flood risk maps the study examined the impact of gravel accumulation 
and extraction around Low Lorton Bridge and a short reach of Whit Beck.  Finally the study 
tested options for the realignment of the lower reach of Whit Beck to recreate a more natural 
course and assesses the impacts this would have on water levels at Low Lorton. 

1.2 Description of study area 
The river reaches to be modelled include a 1.4km reach of Whit Beck passing through the village 
of High Lorton and a 4.5km reach of the River Cocker passing through Lorton Vale and the 
village of Low Lorton (Figure 1-2).  Whit Beck flows into the River Cocker.  The study area lies 
within a valley base located between steep, rural upland areas which are subject to high rainfall.  
The Standard Average Annual Rainfall (SAAR) is 1,889mm.     
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Figure 1-2 Location plan of model reaches 

 
The blue watercourse represents the modelled extent.  Grid lines are at 1km spacing.  Reproduced from Ordnance 
Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License Number10002002498. 

1.2.1 River Cocker 
The River Cocker meanders gently across a broad floodplain within the Low Lorton study area. 
The reach contains only one significant structure, Lorton Low Bridge, located in Low Lorton 
village.  Significant gravel accumulation on the River Cocker can occur immediately downstream 
of this bridge (Figure 1-3) and this is periodically removed by the Environment Agency. 

An exceptionally large flood event (having an estimated magnitude of between a 600 and 
700-year return period) occurred on the River Cocker in November 2009.  During this event the 
bridge at Low Lorton was washed away.  A new bridge was constructed in 2010.  As an addition, 
this study includes simulations using the old and new bridges and compares the resulting water 
levels.    

1.2.2 Whit Beck 
Whit Beck is a narrow watercourse which, in the study area, is influenced by a number of 
bridges.  These are Boonbeck Bridge (single arch) in High Lorton, Highmill Bridge and High 
Whitbeck Bridge (both single arch) and Whitbeck Bridge (single span) all located downstream of 
High Lorton.  Whit Beck is contained within an engineered and, in places, raised channel along 
much of the reach to be modelled (Figure 1-3).   
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Figure 1-3 Watercourse photographs 

The River Cocker (downstream of Low Lorton Bridge in gravel removal reach) 

 
Whit Beck (downstream of High Lorton in gravel removal reach) 

 

1.3 Approach to the study 
This study included a hydrological investigation to determine design flood hydrographs for the 
modelled watercourses.  This was then followed by hydraulic modelling of the River Cocker and 
Whit Beck in order to achieve the modelling objectives. 

A comprehensive site visit was undertaken to inspect the catchment on the 30 January 2013 in 
order to identify key sites and structures.  A second site visit was carried out on the 
14 June 2013 to ground truth potential flood mechanisms identified from the modelling results. 
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The study was split into four distinct tasks.  These were: 

1. Data collection 
2. Hydrological analysis 
3. Hydraulic modelling 
4. Analysis and reporting. 

1.3.1 Data collection 
In order to carry out the study comprehensive and current data were required.  The following 
data were obtained: 

1.3.1.1 Topographic survey 
The survey was undertaken in January 2013 by Atlantic Geomatics (UK) Ltd, based on JBA's 
specification.  The survey captured updated cross section profiles for Whit Beck and much of the 
River Cocker.  Where the floodplain is wide the surveyed sections were extended to include this.  
Spot levels along the B5289, which is a known overland flow route, were collected from Whit 
Beck Bridge to Low Lorton.  Crest levels of all the raised defences around Low Lorton on both 
banks of the River Cocker were surveyed.  Finally threshold levels of the key properties in Low 
and High Lorton were measured.  

The Environment Agency also supplied cross sections along the gravel removal reaches on 
Whit Beck and the River Cocker surveyed in 2011, 2012 and 2013.  These are surveyed 
annually as part of the gravel removal regime employed at the site.  The Environment Agency 
also carried out a spot level survey of the known breach location in the River Cocker 
embankment upstream of the confluence with Whit Beck. 

1.3.1.2 Background mapping 
The Ordnance Survey's (OS) detailed vector MasterMap data were used to provide background 
mapping for the study.  This was obtained, under license, from the Environment Agency 
Geomatics web portal.  

1.3.1.3 Light detection and ranging 
The digital elevation model (DEM) used to define ground levels within the model is taken from 
the Environment Agency's light detection and ranging (LIDAR) dataset.  These data were 
obtained at 2m resolution and built into the original model constructed as part of the 
Derwent Villages Flood Mapping Study1 carried out by JBA in 2008.  Whilst the LIDAR used in 
the Derwent Villages study were flown in 2005; it remains the most up to date dataset (at this 
resolution).  A small part of the study reach was reflown in 2009, resulting in a 1m cell LIDAR set 
becoming available for that area.  However given the very limited extent of this dataset, despite 
the improved resolution, it was agreed that it was not worthwhile incorporating it into the model 
DEM. 

1.3.2 Hydrological analysis 
The hydrological analysis involved applying procedures to estimate the peak flows that are likely 
to occur within the study reaches and the probability of these flows occurring.  The study 
approach was consistent with the current Environment Agency's Flood Estimation guidelines2.  
Chapter 2 describes the methodology used to derive these design flows and further details are 
provided in Appendix A.  

1.3.3 Hydraulic modelling 
Using the topographic survey data and the LIDAR data, an unsteady state model of the study 
reaches was constructed using a one dimensional - two dimensional (1D-2D) linked ISIS-
TUFLOW model.  The model is an adaptation of the existing ISIS-TUFLOW model built by JBA 
in 2008.  The flows produced in the hydrological analysis were used as boundary conditions in 
the model simulations.   

                                                      
1 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
2 Environment Agency's Flood Estimation Guidelines v4. Issued 26/06/12 
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Initially defended and undefended models were constructed.  As part of constructing these, tests 
were carried out to determine appropriate trigger levels for gravel removal. 

The defended and undefended models were used for flood mapping and to serve as a 
benchmark for further option testing.  Based on the defended, 'as it is' model, option tests were 
carried out.  These were used to determine the impact of realigning the lower part of Whit Beck 
to recreate a more natural course. 

Chapter 3 describes the initial defended and undefended model construction process.  Chapter 4 
presents and analyses the results of these simulations.  Chapter 5 provides details of the further 
modelling involved in the realignment options testing and the simulation results.  The modelling 
scenarios simulated are summarised as follows: 

• Gravel trigger level scenarios 
• Old / New Low Lorton Bridge comparison 
• Defended design scenarios 
• Undefended design scenarios 
• Whit Beck Realignment scenarios. 

1.3.4 Analysis and reporting 
In this stage of the study the results of the modelling are discussed in detail.  The key results are 
presented with descriptions and figures.  The study conclusions are given in chapter 6. 

1.4 Report structure 
The report is laid out in six sections reflecting the study approach:  

1. Introduction - study overview and approach 
2. Hydrological analysis - describes the process used to produce the flow estimates 
3. Modelling updates - describes the model construction process 
4. Simulation results - describes the design model runs and calibration 
5. Options testing - describes and presents the results of the channel realignment 
6. Summary and recommendations. 

Appendix A contains the Flood Estimation Calculation Record. 

Appendix B contains the Hydraulic Model Check File. 

Appendix C contains the Derwent Villages Flood Mapping Study report. 

Appendix D contains the ISIS model tabulated results 

Appendix E contains further details of 2009 event analysis. 
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2 Hydrological analysis 
2.1 Overview of hydrology 

The purpose of this phase of the study was to estimate design flood flows for the modelled study 
reaches and estimate the risk of their occurrence.  The calculated design flows were then used 
as inputs to the hydraulic modelling.  The model simulations were run in 'unsteady' state 
meaning that estimates of flows over a period of time are required in the form of hydrographs. 

The hydrological analysis was divided into three key stages: 

1. Estimating the annual average peak flows (QMED) 
2. Estimating the growth curves for larger flow events 
3. Producing hydrographs with peaks that match the previous two stages. 

2.1.1 Note on expression of flood frequency 
In this report the frequency of a design flood is expressed in terms of a return period, which is 
defined as the average period in years between floods of an equal or larger size occurring.  
Return periods are used because they are the generally accepted convention among 
hydrologists and engineers in the UK and are used in the Flood Estimation Handbook (FEH).   

2.1.2 Required return periods  
It was requested by the Environment Agency that the following return period flows be tested in 
the modelling phase: 2, 5, 10, 30, 50, 75, 100 and 1,000-year.  Flow hydrographs were therefore 
derived for each of these return period events.  In addition to these, estimates of the 100-year 
flows with the predicted effect of climate change were required.  This was achieved by increasing 
the estimates by 20% which is the accepted practise by the Environment Agency.   

2.2 Previous hydrological estimates 
The Derwent Villages Flood Mapping Study3 in 2008 produced design flood hydrographs for the 
study reaches.  However it was considered appropriate to revisit these estimates to reflect the 
additional flow data collected in the intervening period, and particularly to capture the impact of 
an exceptionally large flow event which occurred in November 2009 with an estimated return 
period magnitude in excess of 1 in 100-years.  The same methodology used previously was 
applied, and this followed the best practise guidelines set out in the latest revision of the 
Environment Agency Flood Estimation Guidelines4 document.   

2.3 Flood estimation points 

2.3.1 Locations 
Figure 2-1 illustrates the key points for which design flood hydrographs were required.  These 
were sited at locations where a significant change in catchment descriptors occurs (primarily 
changes in catchment area at confluences). 

                                                      
3 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
4 Environment Agency - Flood Estimation Guidelines v4. (Issued 26/06/12) 
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Figure 2-1 Location of flow estimation points 

Reproduced from Ordnance Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License 
Number10002002498. 

2.3.2 Catchment descriptors 
Catchment descriptors were initially extracted for each estimation point using the FEH CD-
ROM v3.  These were checked as inaccuracies in the CD-ROM can occur.  Specific checks in 
relation to AREA and Base Flow Index based on HOST class (BFIHOST) have been 
summarised below. 

AREA 
The catchment boundaries are occasionally poorly defined in the FEH CD-ROM and as such it is 
common practice to check these against OS 50k mapping contour data.  However, in steep, 
well-defined catchments such as Whit Beck and the River Cocker, the FEH CD-ROM is generally 
accurate.  Therefore there was no benefit in re-measuring the AREA values manually as this was 
likely to introduce additional error rather than improve the accuracy. 

Soil characteristics 
Ensuring the accuracy of the descriptors BFIHOST (Base Flow Index) and SPRHOST (Standard 
Percentage Runoff) determined from the FEH CD-ROM v3 is also critical.  The values were 
checked against the 'Soils of England and Wales' 1:250,000 soil map5.  The values from the FEH 
CD-ROM were consistent with the soil mapping and so no changes were required. 

Table 2-1 displays key catchment descriptors for the flow estimation points. 

 

 

 

                                                      
5 Soils of England and Wales Sheet 1: North England. Soil Survey & Land Research Centre, 1998 
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Table 2-1 Summary of key catchment descriptors at flow estimation points 

Site Code AREA (km2) FARL BFIHOST SPRHOST URBEXT SAAR (mm) 
CKER10 78.76 0.796 0.478 40.92 0.000 2,119 
CKER20 94.39 0.807 0.483 40.55 0.000 2,076 
CKER30 100.76 0.830 0.483 40.13 0.000 1,976 
WHIB10 13.05 1.000 0.570 33.23 0.000 1,889 
WHIB20 15.58 1.000 0.571 33.20 0.000 1,835 

2.4 Application of the FEH Statistical Method 
The FEH Statistical Method is a well established approach for the calculation of flood flows.  The 
method focuses on the determination of an index flood (referred to as QMED) at the study site 
coupled with a flood growth curve, the components of which are then used to derive peak flows 
for a range of design events or return periods.  In summary the method requires the following 
steps: 

• Estimating the Index Flood, QMED (the average annual maximum flood, equivalent to 
the 2-year return period event) 

• Estimating a flood growth curve 
• Scaling the flood growth curve by QMED to derive flood estimates for a range of return 

periods. 

2.4.1 Average Annual Maximum Flood estimation 

River Cocker 
The ideal method of determining flow estimates is to have a flow gauge at the location where the 
estimate if required.  This is obviously a rare occurrence and there were no gauges at the flow 
estimation points required in this study.  The next best option is to derive QMED from catchment 
descriptors with an adjustment determined using data from a nearby donor gauge (ideally one 
that is on the same watercourse as the subject site).  There are three gauges on the River 
Cocker which were considered as potential donors.  These are Scalehill (75016) (the number in 
brackets represents the national gauge reference number) and Crummock (75801) which are 
located 3.5km and 4.5km upstream of the study area respectively, and Southwaite Bridge 
(75004) which is 1.5km downstream.  Neither Crummock nor Scalehill appear on the HiFlows-
UK database.  Crummock gauging station, operational from 1973 to the present day, was 
designed primarily to monitor lake levels and therefore does not produce flow data that is 
sufficiently robust at high flows.  Consequently the gauge was considered unsuitable as a donor.  
Scalehill gauge, operational from 1974 to the present day, becomes completely drowned (with 
flow over both banks) once bank-full capacity is exceeded, and therefore its data are also 
unlikely to be reliable at high flows and unsuitable for donor adjustment.    

Southwaite Bridge has a record from 1967 to the present day.  The data are considered to be 
sufficiently robust to list on HiFlows-UK and of sufficient quality to be considered suitable for 
estimation of QMED and pooling.  Furthermore the catchment descriptors for this station are 
considered to be a reasonable match to those of the principal subject site, in particular it has an 
index of attenuation attributable to lakes and reservoirs (fraction) (FARL) value reflective of the 
large degree of attenuation in this system.  Given the proximity of Southwaite Bridge to the study 
area and its long data record, this site was considered a suitable donor site.  The ratio between 
observed and estimated QMED for this gauge was therefore used to adjust the QMED derived 
from catchment descriptors for each estimation point on the River Cocker.  The QMED 
adjustment factor for Southwaite Bridge of 1.048 meant that only a small adjustment was made 
to QMED at each estimation site on the River Cocker (Table 2-2). 

Whit Beck 
Whit Beck is also not gauged.  As above a donor site is required to improve estimates of QMED 
for this watercourse.  The Southwaite Bridge gauge on the River Cocker is the closest in 
distance, which is normally the key factor when choosing a donor site.  However that site is not a 
suitable donor for Whit Beck because it is heavily influenced by Crummock Water and 
Buttermere (FARL value of 0.713), whereas there is no attenuation within the Whit Beck 
catchment (FARL value of 1.000).    
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A wide range of alternative donors were investigated; as reported in the Hydrology Calculation 
Record, (Section 3.2 in Appendix A).  Two suitable donor sites were identified: Calder Hall on the 
River Calder (74006) and Dacre Bridge on Dacre Beck (76811).  Calder Hall is the nearest 
gauge having a similar catchment size to Whit Beck, whilst Dacre Bridge gauge is the most 
similar in terms of catchment area and the second closest in distance after Calder Hall.  It also 
has very similar SPRHOST characteristics.  A weighted average adjustment factor was 
determined using QMED data from the two gauges, with greater weighting (70%) given to the 
Dacre Beck data due to its better match in terms of SPRHOST which was judged to be more 
important than the AREA characteristic. 

2.4.2 Donor sites 
A sumamry of the donor sites is presented in Table 2-2. 
Table 2-2 Donor sites 

Site Photo Description (from HiFlows-UK) 
Southwaite 

Bridge 
(NFRA ref 

75004) 

Velocity-area station with permanent 
cableway and flood banks containing most 
flows; bypassing from u/s on right bank at 
high flows.  Channel is approximately 17m 
wide although water only occupies middle 
5m.  Control is a pipeline d/s, and mill weir 
137m d/s at higher flows.  Suffers from silt, 
weed growth and minor bed movements.  
The catchment area is 117km2. 

Calder Hall 
(NFRA ref 

74006) 

 

 

Flat V weir (low flow structure) 12m wide 
with 1:20 cross slopes and Crump profile 
(1:2 u/s, 1:5 d/s slopes), recently 
refurbished.  Thought not to drown, and all 
flows are contained within bank.  Slight 
silting occurs, but flashy nature keeps 
structure clear although makes gauging 
high flows very difficult.  Right bank 4m 
high, left bank 2.56m high.  No weed 
growth problem.  Station was out of 
commission in June 1990 for weir repairs. 
Stilling well leaked intermittently until 
repaired in 1989.  Weir also repaired in 
1995 and 2001.  The catchment area is 
45km2. 

Dacre Bridge 
(NFRA ref 

76811) 

 
 

 

Open channel site, velocity/area method. 
Bridge downstream forms a control at high 
flows and prevents bypassing.  Calibration 
difficult because of very turbulent velocity 
profiles.  Station opened in November 
1997 as levels-only station for flood 
warning, closed September 1998.  
Re-opened 22 Jan 1999 as flow station 
with cableway.  Records before August 
2000 are not presented because of 
inconsistency in the early calibration 
measurements compared with later data - 
it has not been possible to confidently 
verify the difference observed in the early 
results.  The catchment area is 24km2. 

2.4.3 Flood growth curves 

Pooled analysis 
The Southwaite Bridge gauge on the River Cocker is just 1.5km downstream of the study area 
and if it were not for the inadequate record length (42 years) it would be an obvious choice for 
'single site analysis'.  However the 42 years is still a reasonably long data series so to take full 
advantage of this an 'enhanced single site analysis' was carried out on the Southwaite Bridge 
site to derive the growth curve for the River Cocker sites.  This was carried out in 
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WINFAP-FEH v3 which creates a pooling group of similar gauged sites to provide additional 
surrogate flow record data and increase the record length to 500 years.  The subject gauge 
(Southwaite Bridge) was ranked highest within the group to allow it to exert the greatest 
influence on the growth curve.  

A second pooling group was created for Whit Beck (site WHIB20 in Figure 2-1).  Whit Beck is not 
gauged so all the flow record data are composed from donor sites. 

The compositions of the pooling groups were examined in detail in order to ensure that the sites 
within the groups were sufficiently similar to the subject site in terms of the principal catchment 
descriptors: AREA, FARL, BFIHOST, SAAR and SPRHOST.  Sites with fewer than seven years 
of data were removed from the groups and where appropriate ‘local’ sites had their rank changed 
in order that they exerted a greater influence on the calculation of the growth curve parameters.  
Sites considered discordant in terms of the critical catchment descriptors were removed from the 
pooling groups.  Details of the final pooling group and flood growth curve derived from it are 
included in Appendix A.   

ReFH for deriving 1,000-year growth factors 
As the FEH Statistical Method is less reliable for estimating the 1,000-year return period flows, it 
is standard practice to use growth factors derived using ReFH for high return periods.  The 
justification for this is that long rainfall records have been used in the calibration of the standard 
ReFH parameters, which make this approach more reliable in the estimation of extreme events.   

The ratio between the 100 and 1,000-year ReFH flows was used to adjust the 100-year FEH 
Statistical flow.  This approach means that the ReFH method is only used to calculate a growth 
factor rather than an actual flow.  The resulting design peak flows are summarised in Table 2-3. 
Table 2-3 Final design peak flows for the flow estimation points 

Estimation 
point 

Location Design flow (m3/s) for return period (years) 
2 5 10 30 50 75 100 1,000

CKER10 U/s of 
confluence 

with Whit Beck 
30.35 43.37 52.91 68.88 76.85 83.46 88.32 151.41 

CKER20 D/s of 
confluence 38.29 54.71 66.75 86.89 96.94 105.29 111.42 191.01 

CKER30 
 

At small inflow 41.06 58.68 71.59 93.20 103.97 112.92 119.50 204.86 

WHIB10 U/s of study 
reach 10.64 13.74 15.95 19.77 21.76 23.46 24.74 41.91 

WHIB20 D/s of study 
reach 11.97 15.46 17.95 22.24 24.49 26.40 27.85 47.17 

 

2.5 Comparison with previous estimates  
The 2008 Derwent Villages Flood Mapping Study6 used the FEH Statistical Method to estimate 
peak flows along the River Cocker and Whit Beck for different design events.  The same 
approach is used again in this study and brings the hydrological analysis to be in line with the 
most current Environment Agency guidelines.   

In contrast the 2012 Whit Beck Flood Study7 used the ReFH method to estimate peak flows.  
This is also an acceptable method and follows the current guidelines for a steep rural catchment.  
However comparison of real events and modelled events suggests that the use of the ReFH 
estimates results in unrealistically large flood extents.  The FEH statistical peak flows were 
therefore used for the final design flow estimates in this study. 

 

 

 

 

                                                      
6 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
7 Whit Beck Flood Study - EdenvaleYoung (2012) 
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Table 2-4 Comparison with previous estimates 

 Whit Beck Peak Flows (m3/s)
Return period (years) 2008 study 2012 study This study 

2 8.3 12.9 12.0 
5 10.8 16.6 15.5 

10 12.4 19.6 18.0 
50 16.7 26.7 24.5 
75 18.8 30.8 26.4 

100 22.0 35.8 27.9 
1,000 32.9 52.2 47.2 

 
 

Table 2-4 shows that the peak flows used for Whit Beck have increased compared to those used 
in the 2008 study.  This is because the flows used in this study and the 2012 study use a flow 
estimation point at the downstream of the reach as opposed the upstream end used in the 2008 
study.  The flows in the 2008 study also used Southwaite Bridge as a donor which reduced the 
flows.  Further details are provided in Section 2.4.1 and the Hydrology Calculation Record in 
Appendix A. 

2.6 Revitalised Flood Hydrograph method 

2.6.1 Revitalised Flood Hydrograph method overview 
Rainfall records are more extensive than river flow records and so there is a longer dataset with 
which to base predictions if rainfall data are used.  The Revitalised Flood Hydrograph method 
(ReFH) uses rainfall data in a catchment model to produce a design flood hydrograph.  The 
ReFH model uses a unit hydrograph and losses model to generate a flood hydrograph based on 
a design rainfall event.   

2.6.2 Application of Revitalised Flood Hydrograph 
As reported above, the FEH Statistical Method was the preferred approach for deriving flood 
peak estimates for the study reaches.  However unsteady state modelling is required and this 
necessitates the prediction of a design event hydrograph and not just a flood peak for each 
return period.  Design hydrographs may be derived from an analysis of gauged flood event data, 
but in the absence of such data, taking modelled hydrograph shapes from ReFH is considered 
an acceptable alternative approach.  These can then be scaled to match predicted peaks from 
the FEH Statistical Method. 

The spreadsheet version (v1.4) of ReFH was applied.  This reads in catchment descriptors for 
the subject site to estimate the rainfall event that will generate the hydrograph with the greatest 
peak flow for a given return period.  This includes determining the optimum duration of the 
rainfall event and season (summer or winter).  Smaller catchments are most susceptible to 
shorter more intense rainfall events with a shorter time to peak. 
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Seasonality 
A "Summer" profile is often favoured in small or heavily urbanised catchments where peak 
rainfall has a direct effect on peak runoff.  This overwhelms soil infiltration, (giving rise to 
Infiltration Excess Overland Flow, (IEOF)), and water can reach the watercourse very quickly.  
Modelling of "Winter" profile events is usually favoured in larger and rural catchments, as this is 
more representative of long duration, low intensity rainfall events which generate large volumes 
of runoff.   

The ReFH methodology estimated that a winter storm is most likely to produce the largest flows 
for the study catchments, and this is logical given the catchment descriptors and rural nature of 
the area.  The winter storm profiles were adopted as also used in the previous studies.   

Storm duration 
ReFH determines the critical storm duration for catchments based on their descriptors; these are 
6.0 hours for the River Cocker (just upstream of its confluence with Whit Beck) and 3.8 hours for 
Whit Beck.    

Given these estimated storm durations, the two watercourses will not peak at the same time for a 
given design event.  Whit Beck will respond quicker and its peak will be conveyed through the 
system before the River Cocker reaches its highest flow rates.  Given the manner of modelling, 
this will mean the levels within the vicinity of the confluence of the two watercourses might not 
reflect the worse case for that design event (note the mapping takes a deterministic rather than 
probabilistic approach).   

An alternative option is therefore to use the same storm duration on both watercourses, thereby 
ensuring they peak at the same time.  This in fact was the approach taken in the 20088 study, in 
which an increased storm duration was applied for Whit Beck so that it matched that for the River 
Cocker (set at 6.25 hours).  This will not alter the peak flow rate, but result in a greater volume 
under the hydrograph - in a steep watercourse like Whit Beck (where the water can be conveyed 
downstream very quickly) this is unlikely to have much effect on peak water levels.  Contrarily 
the storm duration for the River Cocker could be reduced, but given the larger degree of 
attenuation in this system the volume change might have a significant impact.  The sensitivity to 
storm duration was investigated as part of the 2008 study, and this supported the assertions 
above, with Whit Beck shown to be much less sensitive to choice of storm duration than the 
River Cocker.   

It is therefore more appropriate to adopt the critical storm duration for the River Cocker 
universally within the model.  As the most up to date version of the ReFH spreadsheet 
recommends a 6.0 hour storm duration for the River Cocker at flow estimation point CKER10 
(location displayed in Figure 2-1), and the storm duration in ReFH must give an odd number of 
intervals when divided by the 0.25 hour time step used, a 5.75 hour critical storm duration was 
applied. 

2.6.3 Summary of Revitalised Flood Hydrograph application 
The hydrograph shape was generated in ReFH using a 5.75 hour storm duration for both the 
River Cocker and Whit Beck.  The hydrographs were then scaled so the peaks matched those 
calculated using the FEH Statistical method.  An example of a resulting hydrographs is 
demonstrated below. 

 

                                                      
8 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
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Figure 2-2 ReFH model output for flow estimation point CKER10 (100-year event) 

 
 

2.7 November 2009 event rarity 
The 2009 flood at Lorton was part of a much larger regional event that affected much of 
Cumbria, causing extensive flooding along the Derwent as well as on the River Cocker.  In many 
locations the degree of flooding was the worst in living memory.  Due to the significance of this 
event, shortly afterwards the Environment Agency commissioned a detailed study to determine 
the magnitude of the event and how this varied spatially (JBA, 2010).  That study provided a 
return period estimate at Southwaite Bridge Gauging Station of between 400 and 500 years. The 
2010 study did not provide a direct estimate of the rarity of the November 2009 event at Lorton, 
although it is likely to be on the same order of magnitude as at Southwaite Bridge.   

2.7.1 Approaches for estimating the event rarity at Lorton 
The flood event that occurred on the 19 November 2009 demolished the old bridge at 
Low Lorton which was in place for 166 years, caused flooding to property and wide scale 
flooding to agricultural land through Lorton Vale.  This suggests a return period of at least 
166-years. 

A more confident estimate of the event rarity can be gained from an analysis of both flow and 
rainfall records, in the first case based on the statistical flood frequency curve and in the latter 
based on the FEH Depth Duration Frequency (DDF) model for rainfall.  Unfortunately there is no 
direct flow information for Lorton.  However the flow in the River Cocker was recorded at the 
Southwaite Bridge gauging station and rainfall was recorded at two tipping bucket raingauges 
within the catchment (at Cornhow Treatment Works and at Honister Pass).   

As reported below, these methods and data have been applied to determine a new return period 
estimate for Lorton in 2009. For very extreme events, however, such estimates are often subject 
to significant uncertainty and the 2009 event at Lorton is no exception.     

2.7.2 Estimate from statistical flood frequency curve 
The flow record at Southwaite Bridge gauging station extends back to 1966 and therefore 
provides 44 annual maximum (AMAX) flows of which the median value (QMED) is 49.5m3/s.   
The official peak flow during the 2009 event was 201.37m3/s.  This flow rate is over four times 
larger than the QMED flow which, in a steep wet catchment such as this, indicates the event 
rarity is almost certainly greater than 1 in 200-years.   
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The rarity of the 2009 event can be estimated more accurately from the statistical flood 
frequency curve described in Section 2.4.3, which was derived using an enhanced single site 
pooling group based around the Southwaite Bridge AMAX series.  Assuming the recorded flow at 
Southwaite Bridge was correct, this suggests a return period on the order of approximately 
600-700-years9.  This is slightly higher than previous estimates for Southwaite Bridge, which is 
due to the parameters describing the frequency curve being slightly different to those applied in 
the 2010 study.  A further discussion of this is presented in Appendix E.  Both estimates are 
large but are commensurate with figures reported elsewhere within the Derwent Basin for the 
same event (e.g. the Environment Agency have reported analyses of data from Camerton 
gauging station near Cockermouth which yielded return periods ranging from 500 to in excess of 
2,000-years).   

At the present time it is not possible to estimate the peak flow rate at Lorton during the event.  
The recorded anecdotal information from the event (including photographs and wrack marks) 
can be used to infer peak levels, however these were strongly influenced by the bridge collapse.  
This means the model itself cannot be readily used to accurately determine the flow that 
corresponds to the observed levels.  In the absence of an independent flow estimate for Lorton, 
the best estimate of the return period is that derived based on the Southwaite Bridge data, i.e. 
600-700-years.  

2.7.3 Estimate from depth duration frequency analysis 
The Environment Agency operates tipping bucket raingauges at Cornhow Treatment Works and 
Honister Pass.  The Cornhow Treatment Works gauge is located centrally within the River 
Cocker catchment and recorded 152mm of rainfall over a 26.5 hour period on the 19 and early 
hours of the 20 November 2013.  In contrast the Honister Pass gauge is located at altitude in the 
headwater reach of the River Cocker and therefore recorded an even greater amount of rainfall 
during the event - a total of 361.4mm was recorded over a 31.5 hour period over the 18 to 20 
November 2013.  Given the dramatic volume of rainfall recorded it is possible that these gauges 
were giving false readings (over-recording), however the data seems reasonable in the context 
of rainfall totals reported at other gauges in Cumbria over the same period. 

Given the spatial variability in rainfall during the event, it is not advisable in this case to try to 
estimate a composite rainfall record for the catchment as a whole, although this could be 
attempted by applying a weighted average approach with weights based on the ratio between 
the point SAAR value at the gauge location and the catchment SAAR. Rather, a better approach 
is to estimate the rainfall event rarity at each raingauge location separately.  This can be 
achieved using the FEH DDF rainfall model that is contained within v3 of the FEH CD-Rom.  
Based on this approach, Table 2-5 below reports rainfall return periods for the event derived 
assuming for a range of sub-durations.  
Table 2-5 Summary of FEH DDF rainfall event rarity analysis 

Gauge Cornhow Treatment Works
Rainfall duration  3 hour 6 hour 12 hour 24 hour 
Rainfall depth  24.8mm 46.4mm 89mm 145.6mm 
Return period  2.9-year 9.6-year 49-year 130-year 

Gauge Honister Pass
Rainfall duration  3 hour 6 hour 12 hour 24 hour 
Rainfall depth  43.4mm 83.6mm 159.2mm 301.4mm 
Return period  6.4-year 23.4-year 104-year 582-year 

 

The Honister pass data suggest that the event rarity might be as much as 1 in 582-years, whilst 
the rainfall records from the Cornhow Treatment Works suggest a slightly less extreme event.  
These are of course point estimates and are not necessarily representative of the catchment as 
a whole.  Should a similarly high rainfall have been sustained over the entire catchment the 
event rarity would be higher than determined above for the point estimates.  Because of the 
sustained intensity of the rainfall (in excess of 24 hours) it is longer durations that give rise to 
higher return periods within the context of the DDF approach.  The DDF values are supportive of 
the return period estimate derived from the flow data using the statistical flood frequency curve 
(~650-years).     

                                                      
9 The precise estimate was 641 years, but given the uncertainty on such estimates is it better to report 
this as a 600-700 year range.  
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The current FEH DDF model is known to perform poorly for extreme events.  For this reason the 
Centre for Ecology and Hydrology (CEH) have developed an improved DDF model, which is as 
yet unreleased, but for which some initial results have been published10.  In particular CEH have 
reported the application of the new model to the rainfall records from the November 2009 event 
in Cumbria.  Based on a 24 hour total of 301.4mm at Honister Pass they estimated an event 
return period of 400-years using the new model. 

  

                                                      
10 Stewart, E. J., Jones, D. A., Svensson, C., Morris, D. G., Dempsey, P., Dent, J. E., Collier, C. G. and 
Anderson, C. W.2010. Reservoir Safety – Long return period rainfall (two volumes). R&D Technical 
Report WS 194/2/39/TR, Joint Defra/EA Flood and Coastal Erosion Risk Management R and D 
Programme. 
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3 Hydraulic modelling 
3.1 Introduction 

In 2008 JBA developed a hydraulic model of the River Cocker through Lorton Vale which 
included a reach of Whit Beck.  The model was a linked 1D-2D ISIS-TUFLOW model.  It was 
used previously for flood mapping and to test gravel management scenarios.  The original ISIS 
1D domain was constructed prior to this in 2005 by Halcrow.   

The 2008 model was updated in this study with new survey data and to reflect the revised 
hydrological inflows.  In addition, the geometry of the Low Lorton Bridge has been updated to 
reflect the new structure that was constructed after the old bridge was washed away in 2009. 

This chapter describes only the changes that were made to the 2008 model.  It does not 
duplicate the description of the base model which is presented in the Derwent Villages Flood 
Mapping Study11 report. 

3.1.1 Modelling requirements 
Defended ("as is") and undefended scenarios were modelled in this study, to facilitate both flood 
mapping and strategic purposes.  Gravel testing options are included as part of developing the 
defended scenario.  The defended scenario model was also amended to test channel 
realignment schemes in Whit Beck (see Chapter 5).  The modelling stages undertaken therefore 
included the following: 

1. DEFENDED for flood mapping and as a baseline for options tests 
2. UNDEFENDED requirement for flood mapping and strategic planning 
3. REALIGNMENT test options with realigned channel. 

3.2 Model extent / schematisation 
The extents of the 1D in-channel and 2D out-of-bank model domains remain unchanged from the 
original model construction.  The upstream model boundary of the River Cocker is located 2km 
upstream of Low Lorton, whilst the downstream boundary is 2.5km downstream.  The upstream 
boundary of Whit Beck is within the village of High Lorton.  Whit Beck connects into the right 
bank of the River Cocker.  This confluence is 1km upstream of Low Lorton. 

The downstream boundary of the model is a normal depth boundary.  Sensitivity tests were 
carried out in 2008 to see how boundary condition affected levels in the study area (at Low 
Lorton Bridge).  Channel bed slope and floodplain roughness were tested.  The downstream 
boundary of the model was proved to be sufficiently far from the study area that the backwater 
effect from the boundary did not affect levels here.     

A full explanation of the boundary conditions and a justification for their location is given in the 
Derwent Villages Flood Mapping Study10 which is included in Appendix C.  They were reviewed 
during this study and, as deemed to remain appropriate, no alterations were required.  Figure 3-1 
shows the extents of the model domains.  Further model details are provided in the Hydraulic 
Model Check File in Appendix B. 

 

                                                      
11 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
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Figure 3-1 Model extents 

Reproduced from Ordnance Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License 
Number10002002498. 

 

Further to the River Cocker and Whit Beck there is a third minor watercourse that was included 
in the model.  This was named the 'Tributary' for the purpose of this study.  The tributary is a 
small drain which is located on the right floodplain of the River Cocker.  The source of the 
tributary is a small wooded area (Hullary Wood) on the floodplain immediately upstream of the 
confluence of Whit Beck.  The tributary conveys floodplain flow underneath Whit Beck through a 
culvert and runs parallel to the River Cocker for 550m before discharging into the River Cocker 
itself.  Figure 3-2 displays a schematic representation of this arrangement. 
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Figure 3-2 Schematic representation of the tributary flow arrangement 

 
 

Figure 3-3 shows a photograph of the tributary culvert that passes beneath the raised section of 
Whit Beck. 

Figure 3-3 Photograph of the tributary culvert (downstream elevation) 
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3.3 Defended model updates 

3.3.1 Cross sections 
In January 2013 Atlantic Geomatics (UK) Ltd resurveyed most of the existing model cross 
sections.  The geometry of the 1D ISIS domain was revised with the new data in order to bring 
the model up to date.  All cross sections were deactivated where necessary on the floodplains to 
avoided double counting floodplain conveyance.  A detailed breakdown of this process is 
provided in the Hydraulic Model Check File found in Appendix B, Sections 2-6 and 2-7.       

3.3.2 1D/2D boundaries 
The locations of the 1D/2D boundaries, referred to as HX lines, were reviewed and adjusted 
where necessary to match with the updated cross sections.  The HX lines are generally located 
along the bank tops that form the boundary between the 1D ISIS domain and the 2D TUFLOW 
domain.  Care was taken to ensure the active widths of the 1D cross sections matched the 
widths of the deactivated area between the HX lines in the 2D domain.   

3.3.3 Topography modifications 
There are tools imbedded in the TUFLOW software that can be used to incorporate sub-grid 
scale features that may not have been accurately captured in the underlying DEM.  For example, 
a wall that is only 500mm wide would probably not have been picked up by LIDAR.  The centre 
point of a grid cell in the TUFLOW floodplain model may not also have picked up such a wall 
(even if it is in the LIDAR).  The tools in question are called Z-lines and Z-shapes and can be 
used to depict walls, embankments and other topographic features.  A series of them have been 
included in the 2D domain in order to enable representation of such features. 

Road flow route 
The 2013 topographic survey included spot levels along the B5289, which is a known overland 
flow route, and bank top levels along defences around Low Lorton.  The spot levels along the 
B5289 flow route were used to create a Z-shape feature covering the surface area of the 
metalled road between Whitbeck Bridge (NGR 31562 52491) and Low Lorton.  This ensured the 
road levels in the 2D domain were adjusted to match the accurate levels picked up in the 
topographic survey.  Figure 3-4 shows the location of the B5289 Z-shape. 
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   Figure 3-4 Position of the Z-shape used to represent the flow route in 2D domain 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 

Raised embankments at Low Lorton 
The 2013 topographic survey included crest levels of the defences around Low Lorton.  These 
defences were already represented in the original TUFLOW model with Z-line features.  The 
levels associated with the Z-lines were updated to match those of the latest topographic survey 
and slightly extended where additional survey was supplied.  

The raised embankment Z-lines (constructed in the original model build) extend alongside the 
majority of the River Cocker and Whit Beck (for both banks).  All of the embankment Z-lines were 
reviewed and adjusted to maintain consistency with any alterations made to the HX lines 
described in Section 3.3.2. 

Building footprints 
Buildings were not included in the 2008 model but were added under this project.  The footprints 
of all buildings have been extracted from the OS MasterMap data.  These footprint polygons 
were converted into a new material file and the 'building' land type (see Table 3-1) attributed to 
them.   

3.3.4 Low Lorton Bridge 
The old Low Lorton Bridge built in 1843 was washed away in the November 2009 flood event.  A 
new single span bridge was built in 2010, and hence this was captured in the 2013 topographic 
survey.  The old bridge was represented as a two span arch structure in the original ISIS model 
so this was updated to reflect the new single span structure and the newly surveyed dimensions.   
The dimensions provided included the soffit, springers and parapet levels.  

3.3.5 River Cocker breach  
The Environment Agency identified a small gap in the River Cocker embankment on the right 
bank upstream of the Whit Beck confluence.  A topographic survey was commissioned by the 
Environment Agency to ascertain key levels.  In order to ensure a realistic interaction of water 
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between the 1D and 2D domains a Z-line feature was added using the levels measured in the 
survey. 

3.3.6 Roughness 

In channel 
The Manning's n roughness values applied in the 2008 model were checked using Cowan’s 
Procedure and also by the comparison of survey photographs with those for published values 
(e.g. Chow, (1957)12 and Hicks and Mason, (1998)13).  In the very original model (constructed by 
Halcrow) a Manning's n value of 0.035 was applied universally within the 1D ISIS component.  
This was felt to be too low for Whit Beck which consists of a rocky channel bed.  The Manning's 
n for Whit Beck was therefore increased to 0.038. 

Floodplain resistance 
When the TUFLOW model was built in 2008 the flood resistance was defined and areas of 
different roughness identified using mapping data and aerial photography.  The roughness varied 
based on the land type.  These roughness values were reviewed and updated to bring them in 
line with more recent accepted estimates.  Table 3-1 displays the land types, their original and 
updated roughness values. 
Table 3-1 Floodplain resistance for land use categories in 2D domain 

Land type 2008 roughness 
(Manning's n) 

New roughness 
(Manning's n) 

Grass pasture 0.029 0.050 
Woodland 0.102 0.102 
Heavy scrub 0.102 0.102 
Rural development  0.032 0.050 
Hard standing 0.020 0.035 
Building not represented 1.000 

 

3.4 Gravel trigger level testing 

3.4.1 Gravel removal 
The river beds through Low Lorton on the River Cocker and between High Lorton and Highmill 
Bridge are prone to excessive gravel accumulation.  This can potentially increase flood risk.  To 
reduce this, these two reaches are monitored annually and if gravel levels rise above a 
predetermined trigger level then removal is arranged manually.  The gravel removal regime must 
be included in the defended scenario which represents the 'as is' situation and hence assumes 
current defences and maintenance programmes remain in place.   

The representation of the gravel accumulation in the study reach has been based on the findings 
of the previous gravel analysis and existing maintenance regime reported in the Environment 
Agency's 'Low Lorton Gravel Shoal and Downstream Embankment Modelling Report14 (2009).   
The 2009 study analysed both hard bed and gravel shoal levels which were used to derive 
trigger levels used in the maintenance.  The trigger levels that were derived have been adopted 
as a starting point for gravel testing in this phase of the study. 

The trigger level represents the highest level that the gravel is allowed to build up to before 
removal is carried out.  For a given section, the trigger level is also, by default, the lowest bed 
level in the defended scenario (i.e. reflecting the current maintenance regime).  This is a 
marginally conservative approach because post removal the bed would be lower (until the gravel 
started to build up again), but given the maintenance regime actual levels should never be able 

                                                      
12 Chow V T.  (1973) Open Channel Hydraulics, International Edition, McGraw-Hill. 
13 Hicks D M, Mason P D.  (1998) Roughness characteristics of New Zealand rivers, National Institute of 
Water and Atmospheric Research Ltd, Water Resources Publications. 
14 Low Lorton Gravel Shoal and Downstream Embankment Modelling Report - The Environment Agency 
(2009). 
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to rise significantly above the trigger level.  Figure 3-5 shows the locations of the gravel removal 
reaches. 

Figure 3-5 Locations of the gravel removal reaches 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 

3.4.2 Low Lorton Bridge 
The trigger levels that are currently applied were determined when the old Low Lorton Bridge 
was in place.  The old Low Lorton Bridge constricted the channel and as a consequence 
increased velocity and lowered bed level (scoured) through the structure.   

The new single span bridge installed in 2010 provides a greater flow width than the old twin span 
arches.  The width of the two arches combined of the old bridge was 16.2m, whilst at 18.4m the 
width of the opening of the new bridge is some 14% greater.  As a consequence velocity and 
scour are decreased whilst gravel deposition is increased.  With the new bridge in place, to 
restore equilibrium, the bed level has reverted to a higher level and a more natural state.  For 
this reason new trigger levels are required that are appropriate to the geomorphologically altered 
state. 

3.4.3 Trigger levels at Low Lorton 
The trigger levels are set to reduce the bed level to a point slightly below the natural bed level so 
as to potentially reduce water levels.  However if the trigger level is set too far below the natural 
bed level it would be uneconomical and no more effective because the depression in the bed 
would very rapidly re-fill with sediment.   

There is no definitive answer as to what are the most appropriate trigger levels so an iterative 
testing process was agreed with the Environment Agency geomorphologist to determine this.  
Figure 3-6 displays the original trigger levels and their locations.  
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Figure 3-6 Old gravel removal trigger levels through Low Lorton 

Reproduced from Ordnance Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License 
Number10002002498 

3.4.4 Trigger level Test 1 (Original levels) 
To act as a baseline for further testing a 100-year defended simulation was run where the bed 
levels at the corresponding cross sections were set to the original trigger levels, displayed in 
Figure 3-6.   

The cross sections were individually adjusted by altering the height of all the in-channel levels at 
the given section equally so the lowest bed level matched the trigger level.  In this way each 
cross section profile remained unchanged but the lowest bed level matched the trigger level.  
This method ensures the gravel shoal levels are represented and adjusted in a way that 
maintains their current relative distribution, and thus remains in line with the 2009 EA study15, 
which used the dual hard and gravel shoal trigger level approach. 

The result of the test showed the water level reaches a peak of 71.63mAOD at the location 
upstream of Low Lorton Bridge where overtopping first occurs.    

3.4.5 Trigger level Test 2 (Proposed levels) 
A second test was carried out with proposed trigger levels.  These were higher than the original 
levels and reflected the changes in bed level since the new bridge was constructed.  Figure 3-7 
shows the test two trigger levels. 

In this scenario the water level reaches a peak of 71.79mAOD upstream of Low Lorton Bridge.  
The proposed new trigger levels resulted in a 0.16m rise upstream of the bridge (during the 
100-year event).   

                                                      
15 Low Lorton Gravel Shoal and Downstream Embankment Modelling Report - The Environment Agency 
(2009). 
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3.4.6 Trigger level Test 3 (Interim levels) 
The 0.16m rise with the proposed levels was deemed by the Environment Agency to be 
unacceptable so a further test was simulated.  In Test 3 intermediary trigger levels were used 
which are displayed in Figure 3-7. 

The resulting level upstream of the bridge was 71.67mAOD which is 0.04m higher than using the 
original trigger levels.  Table 3-2 displays the results of the Low Lorton trigger level testing. 

Figure 3-7 Gravel removal trigger levels tests 

Test 2 Proposed trigger levels Test 3 Interim trigger levels 

 
Reproduced from Ordnance Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License Number 
10002002498 

Table 3-2 Summary of maximum water levels in trigger level tests 

Test Level upstream of 
Low Lorton Bridge 
(mAOD) 

Difference (m)

1 (Old) 71.63 0.00 
2 (Proposed) 71.79 0.16 
3 (Interim) 71.67 0.04 

3.4.7 Final trigger level at Low Lorton 
The original trigger levels resulted in the lowest water level upstream of the bridge during the 
100-year flood event.  However maintaining the original trigger levels is not viable now that the 
new bridge has altered the geomorphological regime of the reach.   

The 'interim' trigger levels appear to provide an acceptable solution that is sustainable but still 
offers improved flood protection, (when compared to the old bridge and old trigger levels 
combination, see Section 3.4.8).  These have therefore been adopted and integrated into the 
defended scenario.  
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It should be noted that the new 'interim' trigger levels and bridge combination actually 
decreases flood risk when compared to the old bridge and old trigger levels.  This is 
explained in Section 3.4.8. 

3.4.8 Old and new bridge comparison 
This test was carried out to determine the 100-year level upstream of Low Lorton Bridge using 
the old bridge and old trigger levels.  This was then compared to the level with the new bridge 
and new (test three interim) trigger levels. 

The result with the old bridge and trigger levels is a water level of 71.78mAOD upstream of Low 
Lorton Bridge (model node CKER03_0090).  The level with the new bridge and new trigger 
levels (test three interim) was 71.67mAOD.  This shows a 0.11m reduction in level at this 
location in the 100-year flood event with the new bridge and revised trigger levels. 

The consequence of the new bridge and revised trigger level regime is an improved 
standard of flood protection. 

3.4.9 Trigger levels on Whit Beck 
There are no formal trigger levels on Whit Beck.  Whit Beck gravel bed levels have not been 
monitored for as long as they have on the River Cocker at Low Lorton.  The available survey is 
before and after significant flood events in 2009. Following 2009 there was scour in the channel. 
As such there are not formal trigger levels on Whit Beck, which this study seeks to address. 

The gravel removal reach is surveyed annually and a judgment is made on site as to where 
removal should take place.   

The defended scenario requires that the reach should be modelled in a maintained state, whilst 
an unmaintained state (where gravel levels are able to build up) is assumed for the undefended 
scenario.  The 2013 survey was carried out in January, whilst the previous gravel survey/removal 
was in March 2012.  The survey in 2013 therefore probably reflects some build-up of gravel; 
however a comparison of levels showed that this was true of one location but not in others 
(Table 3-3). 
Table 3-3 Comparison of 2013 survey to 2012 gravel survey levels on Whit Beck gravel reach 

 March 2012 gravel 
survey (mAOD) 

January 2013 survey
(mAOD) 

Difference (m) 

WHIB01_1273 90.62 90.50 -0.12 
WHIB01_1164 88.83 88.85 0.02 
WHIB01_1066 87.48 87.91 0.43 
 

The comparison showed that at section WHIB01_1066 the gravel level had risen by 0.43m, 
indicating that by January 2013 it had returned to essentially an unmaintained state.  Contrarily 
at sections WHIB01_1273 and WHIB01_1164 levels were more or less equal to a maintained 
state.  Based on this it was agreed with the Environment Agency that the January 2013 survey 
levels would be representative of the undefended scenario for the WHIB01_1066 section.   

For the defended scenario elevations were lowered in section WHIB01_1066 by 0.43m, (the 
difference in Table 3-3), to bring it to the 2012 post-removal level.  No change was made to the 
sections WHIB01_1273 and WHIB01_1164 as these were in a maintained state.   

The 0.43m increase observed at section WHIB01_1066 was taken to be an estimate of the 
expected increase in gravel level if the channel is not maintained.  This increase was therefore 
applied to sections WHIB01_1273 and WHIB01_1164 in the undefended scenario. 

There are additional sections in the model between the three comparison sections described 
above.  The bed level adjustment applied to these sections was based on an interpolation of the 
levels at WHIB01_1273, 1164 and 1066 respectively.  Table 3-4 displays the changes applied to 
the bed levels. 
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   Table 3-4 Bed level adjustments to the Whit Beck gravel reach 

2012/2013 
Comparison cross 
section 

Sections where the 
adjustment factor 
was determined by 
interpolation  

Defended scenario 
adjustment (m) 

Undefended 
scenario adjustment 
(m) 

WHIB01_1273  0.00 0.43 
 WHIB01_1243 0.00 0.43 
 WHIB01_1215 0.00 0.43 
 WHIB01_1191 0.00 0.43 
WHIB01_1164  0.00 0.43 
 WHIB01_1144 -0.10 0.33 
 WHIB01_1120 -0.20 0.23 
 WHIB01_1095 -0.31 0.12 
WHIB01_1066  -0.43 0.00 
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3.5 Undefended model updates 
The undefended model is equivalent to the defended model but with all raised embankments 
removed.  Its purpose is to determine the extent of flooding that would occur if the defences were 
no longer maintained and fell into disrepair and/or became fully ineffective.  Comparing the 
defended and undefended outlines also allows the identification of the areas that benefit from 
defences. 

Two forms of defence were identified within the model domain; these are the raised channel 
embankments and the gravel removal programme, both of which increase channel capacity.     

3.5.1 Topography modifications 
The raised embankments that run parallel to much of the channel are represented in the 2D 
TUFLOW domain with Z-line features that locally raise the topography.  The Z-lines link surveyed 
spot levels together and linearly interpolate between them to create continuous embankments.  
These were set up in the original model build and they are located along both banks of the 
River Cocker and Whit Beck for the majority of their length in the 2D Domain.  The embankments 
Z-line alterations are described in Section 3.3.3.2. 

The original undefended TUFLOW model was constructed with a second Z-line layer which 
overlays the embankment Z-line, (described above), in the areas where defences required 
removal.  This second Z-line uses lower ground levels which, when applied, reduce the raised 
embankments to the adjacent floodplain level behind each defence.   

As part of this study the levels used in the removal Z-line were reviewed and adjusted so that 
they were in line with the alterations made to the embankments Z-line.   

3.5.2 Gravel level representation 

Low Lorton  
The maintained reach through Low Lorton (Figure 3-5) through the gravel removal programme 
was adjusted for the undefended scenario.  It was agreed with the Environment Agency's 
geomorphologist that it would be reasonable to assume a uniform increase in bed levels of 0.5m 
in the cross sections within the gravel reach to represent the accumulation that would occur if the 
programme was discontinued.  All the 'in channel' bed levels in the 1D ISIS domain were raised 
accordingly for the undefended scenario.  Table 3-5 displays a list of the cross sections that were 
raised and their resulting lowest bed levels. 

 
 Table 3-5 Lowest bed levels of the adjusted River Cocker sections used in the undefended Scenario   

ISIS River Section Lowest bed level
(mAOD) 

CKER03_0014u 69.3 
CKER030014bu 69.3 
CKER03_0014d 69.3 
CKER03_0008 69.3 
CKER02_4312 69.3 
CKER02_4264 69.5 
CKER02_4238 69.4 
CKER02_4215 69.3 
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4 Design simulations 
4.1 Overview 

The ISIS-TUFLOW model was run to simulate the defended and undefended scenarios for the 2, 
5, 10, 30, 50, 75, 100 and 1,000-year return period flood events.  In addition the 100-year plus 
climate change (+20%) scenarios were also simulated.  This chapter describes the results of this 
first phase of the modelling.  The realignment scenario testing forms the second phase of 
modelling and is described in Chapter 5. 

4.2 Design water levels 
The model outputs showed that flooding occurred in several areas.  This mainly affected rural 
land but in places caused flooding to properties.  The main location where flooding puts property 
at risk is in Low Lorton, and this is principally caused by bank overtopping of the left bank at 
model node CKER03_0090 (just upstream of the bridge).  Table 4-1 shows the difference in 
peak levels at this location for the defended and undefended scenarios. 
Table 4-1 Modelled peak water levels upstream of Low Lorton Bridge (model node CKER03_0090) for the defended and 

undefended scenarios   

 Peak water level (mAOD) upstream of Low Lorton Bridge (model node CKER03_0090) 
Model 2-year 5-year 10-year 30-year 50-year 75-year 100-

year 
100 

climate 
change 

1,000-
year 

Defended 71.05 71.18 71.35 71.48 71.60 71.63 71.67 71.81 72.16 
Undefended 71.25 71.46 71.58 71.68 71.77 71.78 71.78 71.89 72.17 

 

Table 4-1 shows that the water levels through Low Lorton are higher in the undefended 
scenarios.  This is because the bed levels are 0.5m higher to represent the gravel accumulation 
which reduces the channel capacity and in turn increases the water levels. 

4.3 Flood mechanisms 
There are several locations where flooding occurs within the model domain.  During the larger 
events the majority of the River Cocker floodplain becomes inundated as the banks overtop.  
The modelling has helped to identify the mechanisms that contribute to this flooding.     

4.3.1 Whit Beck gravel maintenance reach 
The gravel maintenance reach was shown to be extremely vulnerable to overtopping and the 
model results indicate that the right bank will be overtopped at the 1 in 5-year return period.  The 
frequency is shown to increase to a 2-year return period in the undefended scenario.   

The cause of this is the limited channel capacity.  The channel has a small capacity and the right 
bank is relatively low.  This reach is particularly susceptible to gravel deposition which is 
represented in the undefended scenario where the capacity is further reduced.  Figure 4-1 shows 
the flooding at this location. 
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Figure 4-1 Flood depth grids showing the 5-year event on the Whit Beck gravel removal reach 

Defended Undefended 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 
 

Flood water overtops the right bank initially and flows down the minor road towards Highmill 
Bridge.  The flow then passes out into the adjacent field and crosses this until it reaches 
Church Lane.  The water continues over Church Lane into the next field until it reaches the 
B5289.  At this point the flow splits.  The majority of the water continues over the road to join the 
floodplain of the River Cocker.  Some of the water flows north down the B5289 into Low Lorton.  
This mechanism is responsible for causing flooding to properties adjacent to the road in Low 
Lorton where water flows back into the River Cocker on its east bank around the bridge.  The 
mechanisms are shown in Figure 4-2 below. 
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Figure 4-2 Depth grid of the 100-year defended event showing 'Whit Beck gravel reach' flood mechanism. 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 

4.3.2 Lower Whit Beck 
The channel capacity of the lower reach of Whit Beck is exceeded in the 2-year return period 
event in both the defended and undefended scenarios.  Initially the head loss through Whitbeck 
Bridge coupled with the low left bank causes water to pond on the left floodplain.  As the level 
increases here water begins to flow over the B5289 into the field adjacent.  At this point it joins 
with water that overtops the left bank of Whit Beck downstream of Whitbeck Bridge.   

The channel downstream of Whitbeck Bridge has low spots on the left bank, thought to have 
been artificially created, that send water out around Whitbeck Wood across the field into the 
Hullary Wood storage area.  The Hullary Wood storage area is an inactive floodplain area of the 
River Cocker described in Section 4.3.3. 
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Figure 4-3 Depth grid of the 2-year defended event showing 'lower Whit Beck' flood mechanism. 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 
 

In the undefended scenario this flood mechanism does not occur.  This is because the raised 
embankments were removed on both sides of Whit Beck and instead water comes out of the 
right bank along much of the length of Whit Beck, (joining the 'Whit Beck gravel reach' 
mechanism described in Section 4.3.1). 

4.3.3 Hullary Wood 
The results of the modelling demonstrate that the River Cocker floods the area on its right bank 
upstream of the confluence of Whit Beck in both the defended and undefended 2-year return 
period events.   This area is referred to as the 'Hullary Wood' storage area for the purpose of this 
study.   

The flooding first occurs when the River Cocker breach (described in Section 3.3.5), allows water 
to pass without restraint through the embankment into the storage area.  As the flows increase in 
larger flood events the water also passes over several low spots along the right bank.  Eventually 
the water level in the River Cocker rises above the embankment along most of its length 
because the channel capacity is exceeded.   

The Hullary Wood storage area acts primarily as inactive floodplain because the water is trapped 
here behind the raised embankments of Whit Beck.  However there is a small drain, referred to 
as the 'tributary' in this study, which conveys water under Whit Beck through a culvert and back 
into the River Cocker 550m downstream.  This is described further with figures in Section 3.2. 

Water also flows into the storage area from Whit Beck (defended scenario only) which is 
described in section 4.3.2.  Figure 4-4 shows the Hullary Wood storage area adjacent to the 
River Cocker. 
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Figure 4-4 Depth grid of the 100-year defended event showing the Hullary Wood flood mechanisms. 

Arrows show the water from the River Cocker flowing into the storage area.  Contains Ordnance Survey data (c) 
Crown copyright and database right 2013. 

4.3.4 Low Lorton 
In an extreme flood event the modelling shows that a number of properties will be affected, as 
occurred in the November 2009 flood.  With the new bridge and gravel removal regime the 
situation is improved but bank overtopping and flooding to property is expected at a 1 in 50-year 
return period.   

The overtopping occurs on the left bank approximately 50m upstream of Low Lorton Bridge.  
This is caused primarily by the channel capacity being exceeded, and is slightly exacerbated by 
the head loss through the bridge.  The 'head' is the water level and the 'head loss' is the amount 
by which the water level upstream of the bridge is higher than the level downstream.  The head 
loss through the bridge in the 100-year event is only 0.07m which is relatively small 
demonstrating the new bridge has ample capacity in large flood events.  Figure 4-5 shows the 
flood mechanisms at Low Lorton.      
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Figure 4-5 Depth grid of the 100-year defended event showing the Low Lorton flood mechanisms. 

Reproduced from Ordnance Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License 
Number10002002498. 
 

Water spills over the left bank, through the garden at property (A) and then passes over the 
adjacent road.  From here the water takes two flow paths; one goes west into the field where it 
ponds (B) and in events larger than the 100-year it spills over the road north back into the 
River Cocker indicated by the arrow.  Because the figures show the 100-year event this 
mechanism is not displayed in the flood depth grid in this case.  The other mechanism is where 
water spills north over the road (C) to rejoin with the River Cocker.  

In the undefended scenario the onset of this mechanism occurs at a 1 in 30-year return period 
where the gravel removal programme is discontinued, as opposed to a 1 in 50-year event during 
the defended case.   
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Figure 4-6 Photograph of left bank upstream of Low Lorton Bridge where overtopping occurs. 

 

4.4 Impact on property 
The study area is predominantly rural and few properties are affected by flooding, however in the 
larger flood events some flooding to property does occur.  These are in both High and Low 
Lorton.  Table 4-2 quantifies the flooding to property for each return period event. 
Table 4-2 Table of number of properties flooded for modelled return periods   

Return period 
(years) 

Number of Properties Flooded in 
Scenario 

Defended Undefended
2 0 0 
5 0 2 

10 0 3 
30 0 6 
50 3 6 
75 3 6 
100 4 6 

100 climate change 5 7 
1,000 12 13 

4.5 Sensitivity testing 
Sensitivity tests were undertaken to assess the sensitivity of the system to alterations in a 
number of model parameters.  The Environment Agency’s National Flood Risk Mapping 
Specification states the need for sensitivity testing, in order to determine what parameter choices 
have most impact on the model results.    

4.5.1 Hydraulic roughness 
Manning’s n values were varied by ±10% to assess the sensitivity of the system to changing 
channel and floodplain roughness, for example due to vegetation growth, as well as to consider 
the reliance of the modelled water levels on the estimates of channel roughness.  For these 
sensitivity runs the alterations to hydraulic roughness have been applied to both the ISIS (1D) 
and TUFLOW (2D) domains. 

On average the effect of increasing roughness by 10% is a 0.04m increase in peak water levels 
at the 100-year event.  Decreasing roughness results in an average change in peak water levels 
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of -0.03m.  The maximum changes in water level resulting from these sensitivity tests are 
+0.16m associated with increased roughness compared to -0.11m when roughness is reduced. 
In both cases Low Lorton Bridge was found to be the location most sensitive to hydraulic 
roughness. 

4.5.2 Gravel levels 
Three scenarios have been tested with low, intermediate and high trigger levels to evaluate how 
the model in the vicinity of Low Lorton responds to changes in channel bed level.   

The gravel bed level sensitivity tests showed that the location most sensitive to the variation in 
bed levels along the Low Lorton gravel removal reach is cross section CKER03_0090.  This is 
located 76m upstream of Low Lorton Bridge.  The bed levels tested at the bridge ranged from 
68.55mAOD to 69.30mAOD which is a difference of 0.75m (see Section 3.4).   

The resulting range in the 100-year level at CKER03_0090 is 0.14m showing the model is 
relatively insensitive to bed level at this location over the range of levels tested.  Further details 
are provided in Section 3.4. 

4.5.3 Climate change (flow) 
The sensitivity of the modelled results to the estimated impacts of increased fluvial flow likely to 
be associated with climate change in this area were also assessed.  The accepted estimate of 
increased flow associated with climate change over a projected 100-year period is +20%.  By 
allowing for climate change, there is an increase in peak levels at all the modelled cross 
sections.  The average difference in level is +0.05m, whilst the maximum change is +0.19m and 
this occurs in the upper reach of Whit Beck. 

4.5.4 Downstream boundary 
The sensitivity of the model to the downstream boundary was not tested as part of this study.  
This was fully tested in the Derwent Villages Flood Mapping Study16 (see Appendix C) and since 
the model was not altered in any way relating to the downstream boundary additional sensitivity 
testing was not required.   

4.6 Model calibration 

4.6.1 Calibration data 
A model is typically calibrated against historical rainfall event data and corresponding water level 
and flood extent data in the watercourses.  The Environment Agency provided 15 minute rainfall 
data from the two gauges within the River Cocker catchment that recorded the event that 
occurred on the 19 November 2009.  In addition the flow hydrograph at the Southwaite Bridge 
gauge was provided for the event. 

4.6.2 Inflow hydrographs 
The flow hydrograph shape from Southwaite Bridge was used for the River Cocker inflow 
(CKER10).  However the hydrograph was scaled down by the ratio of the flows between the FEH 
flow estimation points at CKER10 and CKER40 (Southwaite Bridge).  The hydrograph was 
scaled down by a factor of 0.61 bringing the peak flow down from 201.37m3/s (recorded at 
Southwaite Bridge) to 123.57m3/s.  Figure 2-1 shows the location of the CKER10 infow.  
Figure 4-7 shows the hydrograph used for the River Cocker in the 2009 calibration event. 

 

                                                      
16 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
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Figure 4-7 River Cocker inflow hydrograph for the November 2009 event 

 
The hydrograph is inputted into the model upstream of the confluence with Whit Beck. 

For Whit Beck there is no donor gauge from which the recorded flow profile can be transposed.  
Therefore the spreadsheet version of ReFH was used to estimate a realistic event hydrograph.  
This was achieved by calibrating ReFH using the event rainfall statistics from 
Cornhow Treatment Works (152mm of rainfall over 26.5 hours) which is reasonably close to the 
Whit Beck catchment.  Specifically the storm duration was set in ReFH at 26.5 hours and the 
rainfall event return period was then adjusted until the predicted rainfall depth was 152mm.  This 
produced an event hydrograph peaking at 31.6m3/s (Figure 4-8) which equates to a return period 
magnitude of approximately 200-years.  The hydrograph generated in the ReFH spreadsheet for 
the event is presented in Figure 4-8.   

Figure 4-8 Whit Beck inflow hydrograph for the November 2009 event 

 
The hydrograph generated from the ReFH spreadsheet.  The blue line shows the hydrograph used in the model 
calibration event. 
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4.6.3 Calibration event model results 
The model was run with the flows described above in combination with the model data files that 
contained the old Low Lorton Bridge dimensions to re-create the actual event. 

The resulting modelled peak level upstream of Low Lorton Bridge was 71.88mAOD.  This level 
sits between the 100-year and 1,000-year levels which were 71.67mAOD and 72.16mAOD 
respectively.  These are displayed in Table 4-3. 
Table 4-3 Modelled peak water levels upstream of Low Lorton Bridge for the defended and old bridge scenarios   

 Peak water level (mAOD) upstream of Low Lorton Bridge (model node 
CKER03_0090) 

Model 100-year 100 climate 
change 

November 
2009 

1,000-year 

Defended 71.67 71.81 - 72.16 
Old bridge 71.78 - 71.88  

 

The modelled water level indicates that the magnitude of the 2009 flood is between the 100-year 
and 1,000-year events.  This matches with the rainfall analysis in Section 2.7.1.  It also 
correlates with the AMAX series analysis which estimates the magnitude of the flood event 
recorded at the Southwaite Bridge gauge to be 650-years (see Section 2.7.1). 

The modelled flood outline around the key area of Low Lorton produces a similar outline to the 
photograph taken not long after the peak of the event.  Figure 4-9 compares the modelled extent 
to the photographed extent. 

Figure 4-9 Comparison of November 2009 modelled and photographed flood extents 

Modelled extent Photographed 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 
 

There are uncertainties that surround the event and as a result comparisons should be treated 
with caution.  The photograph was taken after the peak of the event so the maximum flood 
extent will be larger than seen in the photograph.  However the darker area where the grass is 
sodden indicates that the maximum extent is only slightly greater than when the photograph was 
taken. 

During the 2009 event the bridge collapsed causing a large channel obstruction which cannot be 
quantified or realistically replicated in the model.  In addition there were three vehicles on the 
bridge which further contributed to the obstruction.  It is highly likely this caused levels to rise 
significantly through Low Lorton as the channel could have been almost completely blocked for a 
period.  This would have accentuated the flooding.   

Further to this it is difficult to draw comparisons between the new defended scenario with the old 
bridge scenario because the new bridge has a greater capacity.  However the 100-year design 
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event was tested with the old bridge (see Section 3.4.8) producing a peak modelled level 
(71.78mAOD) at the bridge which was lower than modelled level in the 2009 event 
(71.88mAOD).  The levels are displayed in Table 4-3.  This is expected given that the 2009 
event is estimated to have a greater magnitude of 650-years. 

4.6.4 Calibration summary 
The 2009 calibration event produces results that, when compared to the design runs, indicate 
the return period to be between 1 in 100-year and 1 in 1,000-year in magnitude.  The analysis of 
the AMAX series at the Southwaite Bridge gauge estimates the 2009 event be a 650-year flow.  
There is significant uncertainty when estimating the rarity of extreme events greater than the 
100-year return period because of the limits in record lengths so the 650-year magnitude should 
be treated with a degree of caution.   

However the results of the sensitivity analysis correlate which provides confidence in the models 
performance.  The model can be considered to be calibrated, but would benefit from further 
calibration if other extreme flood event data become available. 
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5 Option testing 
5.1 Overview 

The second phase of the modelling is to test the impact, in terms of peak water levels at 
Low Lorton, of re-routing the lower reach of Whit Beck in order to recreate a more natural 
course.  If the scheme proves to increase flood risk at Low Lorton then it would be deemed 
unacceptable. 

The scheme involves redirecting Whit Beck so that it no longer flows directly into the 
River Cocker (Figure 5-1).  Specifically this would require the lower most 400m of Whit Beck to 
be infilled and a new channel excavated in the adjacent field which would link Whit Beck to the 
existing 'Tributary' stream.  The proposed channel follows the original course of Whit Beck 
before it was straightened, which is still visible as a slight depression in the topography.  During 
flood events, water is naturally routed across the floodplain via this depression (see Figure 4-3).   

 

Figure 5-1 Map of realigned channel forming the new course of Whit Beck. 

Contains Ordnance Survey data (c) Crown copyright and database right 2013. 
 

5.2 Channel geometry 

5.2.1 New channel 
Proposals for the geometry of the new channel originate from the Whit Beck Flood Study17 and 
are based on the natural stream profile seen in the lower reaches of the nearby Hope Beck.  A 
Y-shaped cross section profile with a shallow low flow channel in the centre was proposed 
(Figure 5-2) and this was therefore adopted in the modelling.  It was also specified that the upper 

                                                      
17 Whit Beck Flood Study - EdenvaleYoung (2012) 
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part of the proposed channel, that carries water to the low ground at Hullary Wood, should be 
able to convey a 2-year event without coming out of bank.   

Figure 5-2 Cross section of the proposed realigned channel used in the modelling 

 
This diagram has been extracted from HEC-RAS which was used to test the initial design.  The water level results from 
using the 2-year flow (11.97m3s).  The relative dimensions for this channel (m) are given here with stations followed by 
elevations: (0 , 1.25) (2 , 0.25) (2 , 0) (6 , 0) (6 , 0.25) (8 , 1.25). 
 

A HEC-RAS model was constructed to test whether the capacity of the proposed channel is 
sufficient to carry the 2-year flow.  The gradient was based on the surface ground levels taken 
from the TUFLOW model DEM and distance measured from map data.  A Manning's n value of 
0.040 was used based on comparisons with Chow (1957)18 and Hicks and Mason (1998)19.  The 
channel gradient is 0.01972 which is approximately 1:50.  The length of the new channel is 
400m. 

5.2.2 Tributary 
The proposed realigned channel is designed to link into the existing tributary at Hullary Wood.  
The current tributary upstream of the culvert, (beneath the old Whit Beck channel), has a small 
capacity at present and is unlikely to be sufficient to convey the re-routed flow from Whit Beck.  
The West Cumbria Rivers Trust, who are in consultation with the Environment Agency regarding 
the scheme, requested that in the realignment tests the dimensions of the tributary upstream of 
the culvert were adjusted to match that in the realigned section of channel.    

However it is expected that flooding will still frequently occur here because the channel gradient 
is flat.  This flooding is acceptable because this reach is within the Hullary Wood flood storage 
area which regularly floods anyway.  

The controlling factor for conveyance here in flood conditions will be the level downstream where 
the tributary connects back into the River Cocker as well as the capacity of the culvert under the 
old Whit Beck embankment, (if it is not removed).  

It should be noted that the tributary dimension downstream of the culvert beneath the old Whit 
Beck channel remains unaltered in the realignment modelling. 

5.3 Realignment scenarios 
To model the realignment scheme it was necessary to make the alterations to both the 1D ISIS 
and 2D TUFLOW domains.  These changes are explained in the following subsections.  

                                                      
18 Chow V T.  (1973) Open Channel Hydraulics, International Edition, McGraw-Hill. 
19 Hicks D M, Mason P D.  (1998) Roughness characteristics of New Zealand rivers, National Institute of 
Water and Atmospheric Research Ltd, Water Resources Publications. 
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5.3.1 1D ISIS alterations 
The cross sections representing the lower part of Whit Beck (from WHIB01_0438 to  
WHIB01_0071J) were removed completely.  These were replaced with new cross sections using 
the dimensions described in Section 5.2.1.  These new sections were then connected at their 
downstream end into the upstream end of the existing tributary to form one continuous reach. 

The Tributary sections upstream of the existing culvert under the old Whit Beck channel were 
replaced with new sections that were identical in dimension to those on the new channel. 

5.3.2 Two dimensional TUFLOW alterations 
To conform to the ISIS changes the 1D/2D boundary 'HX lines' were moved to follow the bank 
top locations of the new channel.  The new area between these HX lines was deactivated to 
remove it from the 2D domain. 

The lower part of the old Whit Beck was removed from the HX layer and filled in with a Z-shape 
feature which uses the old bank top levels and interpolates a surface between them and updates 
the 2D domain surface DEM.  The area previously occupied by this old channel in the ISIS 1D 
domain was reactivated back into the 2D domain.  

5.3.3 Realignment scenario 1 
The first scenario models the realigned channel flowing into the tributary as described previously.  
It also retains a culvert under the old Whit Beck channel with the same capacity as the structure 
currently in place.  Presently the culvert is dilapidated and partially collapsed.  If the new scheme 
is adopted then this structure would need to be refurbished or replaced.  For the purpose of this 
scenario it is assumed that a new structure would retain the same capacity as the original and so 
is unaltered in the 1D ISIS domain.   

5.3.4 Realignment scenario 2 
The second realignment scenario is identical to the first scenario except at the location where the 
tributary flows through the culvert under the old Whit Beck channel.  It is assumed that the 
culvert was removed completely and replaced with open channel which cuts through the old Whit 
Beck raised channel.  In addition 50m of the old raised embankment was removed on the right 
floodplain of the tributary.  Figure 5-3 illustrates the arrangement of the two realignment 
scenarios at the culvert site. 

Figure 5-3 Arrangement of the two realignment scenarios 

Realignment Scenario 1 Realignment Scenario 2 

  
Reproduced from Ordnance Survey digital map data (c) Crown copyright 2013.  All rights reserved.  License Number10002002498 

5.4 Option tests results 
The realignment scenarios were run using the full range of return period flows as used in the 
design runs in order to determine their potential flood risk impact at Low Lorton.  The most useful 
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indicator of flood risk here is the water level upstream of Low Lorton Bridge, as was used with 
the defended and undefended results.  Table 5-1 presents and compares the peak water level 
results from the realignment scenarios with the defended scenario.    
Table 5-1 Modelled peak water levels upstream of Low Lorton Bridge (model node CKER03_0090) for the realignment 

scenarios and the defended scenario.   

 Peak water level (mAOD) upstream of Low Lorton Bridge (model node CKER03_0090) 
Model 2-year 5-year 10-year 30-year 50-year 75-year 100-

year 
100 

climate 
change 

1,000-
year 

Realignment 1 71.04 71.23 71.39 71.49 71.60 71.63 71.67 71.81 72.17 
Realignment 2 71.02 71.25 71.38 71.49 71.60 71.63 71.67 71.81 72.15 

Defended 71.05 71.18 71.35 71.48 71.60 71.63 71.67 71.81 72.16 
 

5.4.1 Greatest impact 
The results show that the realignment scheme in general has little impact on the level at Low 
Lorton. The greatest impact is during the 5-year event where the Realignment scheme 2 
increases the peak level by 0.07m to 71.25mAOD.  A flood event of this magnitude would not 
cause flooding in Low Lorton. 

5.4.2 2-year event 
During the 2-year event the realignment scenarios both reduced the peak level at Low Lorton.  In 
the realignment scenarios all the Whit Beck flow is diverted into the Hullary Wood storage area 
and then continues into the tributary which flows into the River Cocker, (see Section 4.3.3. for a 
description of the storage area).  This diversion has an attenuating effect, whereas in the 
defended scenario the majority of the Whit Beck flow goes directly into the River Cocker.  The 
attenuating effect of the Whit Beck flowing through the Hullary Wood storage area reduces the 
peak flow entering the River Cocker which therefore reduces the peak flow in the River Cocker 
downstream at Low Lorton. 

5.4.3 5-year to 30-year events 
Where the 5 to 30-year events are considered the realignment scenarios increase the peak 
levels at Low Lorton.  This occurs because; unlike in the 2-year event described above, the 
Hullary Wood storage area is completely filled by the larger volume of water flowing down 
Whit Beck.  As Hullary Wood no longer offers the storage capacity to attenuate and reduce the 
peak flow in the River Cocker, the flow rate in the River Cocker actually increases downstream of 
this location.   

Figure 5-4 compares the hydrographs upstream of Low Lorton Bridge for i) the defended 
baseline scenario and ii) Realignment 1 scenario.  On the rising limb of the event, lower flows 
are seen for Realignment 1 scenario because flow from Whit Beck is going into the Hullary Wood 
storage area and not into the River Cocker.  However this area reaches capacity before the 
event peak, thus the peak flow is actually higher in the Realignment 1 scenario due to the 
reduction in available storage.   

It should be noted that no flooding occurs to any property in Low Lorton during any of these 
events which demonstrates the realignment schemes have not increased flood risk to property. 
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Figure 5-4 10-year Hydrographs for defended and realignment 1 scenario upstream of Low Lorton Bridge (node 
CKER03_0090).  

           
 

 

5.4.4 50-year events and larger 
The increased volumes associated with these larger events cause the Hullary Wood storage 
area to fill before the peak in the River Cocker in both the realignment and the defended 
scenarios.  Hullary Wood has no impact on flood levels for events exceeding a 50-year return 
period.  Therefore during events of a magnitude of 50-years and greater the realignment 
schemes have negligible impact on water levels or flood risk in Low Lorton.   

5.4.5 Comparison between realignment schemes 
Realignment 1 scenario retained the culvert under the old Whit Beck embankment, whilst 
Realignment 2 replaced this structure with open channel and removed 50m of the old Whit Beck 
raised embankment.  Figure 5-3 shows the arrangement of the tributary in the realignment 
scenarios.  

When Realignment 2 is modelled, water flows through the gap cut out of the old Whit Beck 
embankment.  This slightly reduces the water level in the Hullary Wood storage area at marker A 
(Figure 5-5) but transmits more water downstream to the storage area at marker B which causes 
this to fill faster and overtop sooner.  This can slightly increase or decrease the rate at which 
water reaches Low Lorton depending on other factors associated with small scale 2 to 10-year 
flows, (e.g. flooding from upper Whit Beck described in section 4.3.1).  However the difference 
here is insignificant because no flooding occurs in Low Lorton in these events.  Figure 5-5 shows 
the flood depth grids from the 10-year realignment scenarios.   
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Figure 5-5 10-year depth grids from the realignment scenarios 

Realignment Scenario 1 Realignment Scenario 2 

 
Contains Ordnance Survey data (c) Crown copyright and database right 2013. 
 

During flood events of a 30-year magnitude and greater there is no difference in the effect the 
realignment scenarios have on the level at Low Lorton.  This is because both the Hullary Wood 
storage area and storage area at marked B are filled before the hydrographs peak.  At the point 
of peak flow in Whit Beck no attenuation can occur to alter the flow reaching the River Cocker. 

 

 

  



 

 

N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\2013s - River Cocker 
Modelling Report.docx 

45

 

6 Summary and recommendations 
6.1 Summary 

JBA investigated the flood risk from the River Cocker and Whit Beck through Lorton Vale.  The 
study was split into four distinct tasks.  These were: 

1. Data collection 
2. Hydrological analysis 
3. Hydraulic modelling 
4. Analysis and reporting. 

6.2 Hydrological study 
Design flood hydrographs were derived for Whit Beck and the River Cocker.  The FEH statistical 
method was applied to derive peak flows which were then scaled to fit hydrographs generated 
using ReFH.  

Hydrographs were derived for the 2, 5, 10, 30, 50, 75, 100 and 1,000-year return periods.  
Design flows to account for the effect of climate change were calculated by increasing the 
100-year flows by 20%. 

6.3 Hydraulic modelling 
The hydraulic modelling was split into two phases; the first was to model the defended and 
undefended scenarios.  The second phase was to model the realignment of Whit Beck to 
determine how this impacts water levels at Low Lorton.   

6.3.1 Defended scenario 
The existing ISIS-TUFLOW Low Lorton model was updated with new survey data and formed 
the basis of the defended scenario.  In addition to this tests were carried out to determine new 
trigger levels for gravel removal on Whit Beck and through Low Lorton.  The new trigger levels 
through Low Lorton are displayed in Figure 6-1.  These are the highest level the gravel will be 
allowed to reach before removal is carried out. 
Figure 6-1 Final trigger levels for gravel removal through Low Lorton  

           

 



 

 

N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\2013s - River Cocker 
Modelling Report.docx 

46

 

 

The new trigger levels were used to adjust the 1D model cross sections at these locations.  The 
modelling demonstrated that the combination of the new bridge and revised trigger level regime 
provide an improved standard of flood protection, (see Section 3.4.8). 

The model outputs showed that flooding occurred in several areas.  This mainly affected rural 
land but in places caused flooding to properties.  The key area where flooding puts property at 
risk is in Low Lorton.  Bank overtopping that affects property occurs upstream of the bridge on 
the left bank in the 50-year event, (see Section 4.3.4).   

6.3.2 Undefended scenario 
The undefended model is based on the defended model with all raised defences and 
embankments removed.  In addition to this the bed levels were increased in the gravel removal 
reaches to simulate the expected gravel accumulation that would occur if the current 
maintenance regime was discontinued.  In general the water levels were higher in the 
undefended scenario because the gravel accumulation reduces channel capacity. 

The water level upstream of Low Lorton Bridge, where bank overtopping first occurs, was used 
as the key location to compare model results.  Table 6-1 shows the peak levels upstream of Low 
Lorton Bridge, for the defended and undefended scenarios. 
Table 6-1 Modelled peak water levels upstream of Low Lorton Bridge (model node CKER03_0090) for the defended and 

undefended scenarios   

 Peak water level (mAOD) upstream of Low Lorton Bridge (model node CKER03_0090) 
Model 2-year 5-year 10-year 30-year 50-year 75-year 100-

year 
100 

climate 
change 

1,000-
year 

Defended 71.05 71.18 71.35 71.48 71.60 71.63 71.67 71.81 72.16 

Undefended 71.25 71.46 71.58 71.68 71.77 71.78 71.78 71.89 72.17 
 

Table 6-2 lists the number of properties flooded in the defended and undefended scenarios. 
Table 6-2 Number of properties flooded for modelled return periods   

Return period 
(years) 

Number of Properties Flooded in 
Scenario 

Defended Undefended
2 0 0 
5 0 2 

10 0 3 
30 0 6 
50 3 6 
75 3 6 
100 4 6 

100 climate change 5 7 
1,000 12 13 

 

The key impacts of the watercourses being undefended are as follows: 

• Increased water levels through Low Lorton.  This is because the bed levels are 0.5m 
higher to represent the gravel accumulation which reduces the channel capacity and in 
turn increases the water levels (see Table 6-1). 

• Increased frequency of flooding from upper Whit Beck along the gravel removal reach.  
Again this is because the bed levels are increased by 0.43m to represent gravel 
accumulation which reduces channel capacity (see Section 4.3.1).  This mechanism is 
responsible for causing water to flow along the B5289 towards Low Lorton. 

• The 'Lower Whit Beck' flood mechanism ceases to occur in the undefended scenario.  
This is because there is less water here as a result of increased flooding along upper 
Whit Beck (see Section 4.3.2).  This has no impact on property because the flow 
mechanism sends water directly into the Hullary Wood storage area.  

• Increased frequency and magnitude of the Low Lorton flood mechanism that occurs on 
the left bank upstream of the bridge.  In the undefended scenario the onset of this 
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mechanism occurs at a 30-year return period where the gravel removal programme is 
discontinued, as opposed to a 50-year event during the defended case.   

• General increase in frequency of flooding to property.  During the 100-year event it is 
predicted that 6 properties will be affected in the defended scenario.  During the 
undefended scenario this is expected to increase to 11 properties (see Table 6-2). 

6.3.3 Realignment scenarios 
The second phase of the modelling tested the impact, in terms of peak water levels at 
Low Lorton, of re-routing the lower reach of Whit Beck in order to recreate a more natural 
course.  The 1D ISIS and 2D TUFLOW domains were modified to incorporate the realignment.  
Two scenarios were tested; one where the tributary (that the realigned Whit Beck connects into) 
flows through a culvert under the old Whit Beck embankment, the second where this culvert and 
50m of the embankment were removed.    

During the 2-year event the realignment scenarios slightly reduced the peak water levels 
observed at Low Lorton.  During events of between a 5 and 30-year return period the 
realignment scenarios slightly increased the peak levels at Low Lorton, however no flooding was 
predicted.  This does not increase risk to property.  The proposed realignment schemes have 
negligible impact on water levels or flood risk in Low Lorton during events of magnitude equal to 
or exceeding the 50-year flood event. 

In summary the modelling shows that the realignment scheme does not increase flood risk to 
Low Lorton.  Table 6-3 shows the peak levels at the key location upstream of Low Lorton Bridge. 
Table 6-3 Modelled peak water levels upstream of Low Lorton Bridge (model node CKER03_0090) for the realignment 

scenarios and the defended scenario.   

 Peak water level (mAOD) upstream of Low Lorton Bridge (model node CKER03_0090) 
Model 2-year 5-year 10-year 30-year 50-year 75-year 100-

year 
100 

climate 
change 

1,000-
year 

Realignment 1 71.04 71.23 71.39 71.49 71.60 71.63 71.67 71.81 72.17 
Realignment 2 71.02 71.25 71.38 71.49 71.60 71.63 71.67 71.81 72.15 

Defended 71.05 71.18 71.35 71.48 71.60 71.63 71.67 71.81 72.16 

6.4 Recommendations 

6.4.1 B5289 flow route 
The modelling showed the gravel reach on Whit Beck, with the current maintenance regime, will 
be overtopped on its right bank at a 5-year return period.  The out of bank flow mechanism here, 
described in detail in Section 4.3.1, is seen to involve water flowing across the adjacent fields, a 
portion of which is diverted north along the B5289.  The water continues for approximately 700m 
through Low Lorton where it rejoins the River Cocker.  In very large event this causes flooding to 
property. 

It is expected that this flow route could be diverted into the adjacent fields of the River Cocker 
floodplain with some simple engineering works, such as lowering the road verge in an 
appropriate location.  The effectiveness of this could be investigated relatively simply by making 
topographic modifications to the 2D TUFLOW domain to simulate the change to the verge.  

6.4.2 Lorton defences 
The primary cause of flooding in Low Lorton is overtopping of the watercourse on the left bank 
upstream of the bridge.  There are no formal defences at this location.  The model could be 
adapted to test the effectiveness of constructing a raised bank here which should improve the 
standard of protection. 

6.4.3 Flood proofing 
A straight forward and relatively inexpensive alternative to flood defences would be to flood proof 
the individual properties that are vulnerable to flooding.  Possible options include non-return 
valves on air bricks and watertight panels that can be slid into place by residents to seal off 
doorways in an emergency. 
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6.4.4 Flood warning 
Flood proofing could be made more effective if residents are given sufficient warning, often 
referred to as 'lead time', before flooding occurs.  This could be achieved by the introduction of a 
flood warning scheme.  The River Cocker and Whit Beck catchments are relatively small and are 
'flashy' in nature, so the lag time between rainfall and flooding is likely to be short.  This could 
potentially render a flood warning scheme unworkable because the lead time may be too short. 

A flood warning scheme could potentially be based on real-time rainfall data rather than river 
level triggers.  A rainfall based warning scheme could provide a longer lead time giving residents 
time to respond by evacuating or proofing.  This could potentially be a worthwhile avenue for 
future investigation.  
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Appendices 
A Appendix - Hydrology Calculation Record 
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Flood estimation calculation record 
 
Introduction 
This calculation record is based on a supporting document to the Environment Agency’s flood 
estimation guidelines (Version 4, 2012).  It provides a record of the calculations and decisions 
made during flood estimation.  It will often be complemented by more general hydrological 
information given in a project report.  The information given here should enable the work to be 
reproduced in the future.  This version of the record is for studies where flood estimates are 
needed at multiple locations. 

Contents 
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Abbreviations 
AM .................................. Annual Maximum 

AREA .............................. Catchment area (km2) 

BFI .................................. Base Flow Index 

BFIHOST ........................ Base Flow Index derived using the HOST soil classification 

CFMP .............................. Catchment Flood Management Plan 

CPRE .............................. Council for the Protection of Rural England 

FARL ............................... FEH index of flood attenuation due to reservoirs and lakes 

FEH ................................. Flood Estimation Handbook 

FSR ................................. Flood Studies Report 

HOST .............................. Hydrology of Soil Types 

NRFA .............................. National River Flow Archive 

POT ................................ Peaks Over a Threshold 

QMED ............................. Median Annual Flood (with return period 2 years) 

ReFH .............................. Revitalised Flood Hydrograph method 

SAAR .............................. Standard Average Annual Rainfall (mm) 

SPR ................................ Standard percentage runoff 

SPRHOST ...................... Standard percentage runoff derived using the HOST soil classification 

Tp(0) ............................... Time to peak of the instantaneous unit hydrograph 

URBAN ........................... Flood Studies Report index of fractional urban extent 

URBEXT1990 ................. FEH index of fractional urban extent 

URBEXT2000 ................. Revised index of urban extent, measured differently from URBEXT1990 

WINFAP-FEH ................. Windows Frequency Analysis Package – used for FEH statistical method
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1 Method statement 

1.1 Overview of requirements for flood estimates 
Item Comments 

Give an overview 
which includes: 

• Purpose of study 
• Approx. no. of flood 

estimates required 
• Peak flows or 

hydrographs?  
• Range of return 

periods and 
locations 

To test how channel alterations and a new bridge affect water levels in the River 
Cocker and Whit Beck using an unsteady ISIS-TUFLOW model. 
Estimates required for two locations.   
Peaks flows required and hydrographs. 
Flows for the 2, 5, 10, 30, 50, 75, 100, 100+climate change and 1,000-year 
return periods. 
Note that the River Cocker is gauged at Southwaite Bridge which is downstream 
of the study reach.  Whit Beck is an ungauged water course.  

1.2 Overview of catchment 
Item Comments 

Brief description of 
catchment, or 
reference to section in 
accompanying report 

High relief, high rainfall, rural catchments. 

1.3 Source of flood peak data 
Was the HiFlows UK 
dataset used?  If so, 
which version?  If not, 
why not?  Record any 
changes made 

Yes – Version 3.1.2, December 2011 

1.4 Gauging stations (flow or level) 
(at the sites of flood estimates or nearby at potential donor sites) 

Water-
course 

 

Station 
name 

Gauging 
authority 
number 

NRFA 
number 
(used in 

FEH) 

Grid 
reference 

Catch-
ment 
area 
(km²) 

Type 
(rated / 

ultrasonic 
/ level…) 

Start 
and end 
of flow 
record 

River Cocker Southwaite 
Bridge 

751613 75004 313050 
528350 

116.17 Rated 04/1967 
09/2009 

Cunsey Beck Eel House 
Bridge 

735226 73006 335298 
497431 

18.77 Rated 05/1968 
09/2009 

Greta Low Briery 750806 75009 333182 
522356 

146.97 Rated 03/1971 
09/2009 

Sprint Sprint Mill 730203 73009 349722 
503242 

34.8 Rated 10/1969 
09/2009 

Irt Galesyke 743008 74002 317603 
508084 

43.99 Rated 12/1967 
09/2009 

Ehen Bleach 
Green 

744111 74003 314176 
513743 

44.58 Rated 10/1973 
09/2009 

Calder Calder Hall 743509 74006 308073 
509763 

43.93 Rated 12/1973 
09/2009 
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Water-
course 

 

Station 
name 

Gauging 
authority 
number 

NRFA 
number 
(used in 

FEH) 

Grid 
reference 

Catch-
ment 
area 
(km²) 

Type 
(rated / 

ultrasonic 
/ level…) 

Start 
and end 
of flow 
record 

Duddon Ulpha 740101 74008 323909 
499065 

48.05 Rated 01/1971 
09/2009 

Haweswater 
Beck 

Burnbanks 761103 76001 347035 
513023 

32.34 Rated 12/1977 
09/2009 

Dacre Beck Dacre Bridge 761706 76811 341782 
525858 

33.97 Rated 11/1997 
09/2009 

1.5 Data available at each flow gauging station 
Station 
name 

Start and 
end of 
data in 

HiFlows-
UK 

Update 
for this 
study? 

Suitable 
for 

QMED? 

Suitable 
for 

pooling? 

Data 
quality 
check 

needed? 

Other comments on station 
and flow data quality  

e.g. information from HiFlows-UK, 
trends in flood peaks, outliers. 

Southwaite 
Bridge 

1967 
2009 

No Yes Yes No Bypassing from u/s on right 
bank at high flows.  Channel is 
approximately 17m wide 
although water only occupies 
middle 5m.  Control is a 
pipeline d/s, and mill weir 
137m d/s at higher flows.  
Suffers from silt, weed growth 
and minor bed movements. 

Eel House 
Bridge 

1971 
2009 

No Yes Yes No Historically this has been a 
relatively poor site with weed 
in the channel and erosion of 
the left bank causing 
deposition downstream. 

Low Briery 1971 
2009 

No Yes Yes No Low confidence in high flow 
gaugings due to high velocities 
and poor gauging section. 

Sprint Mill 1969 
2009 

No Yes Yes No Weir was repaired in 1990 and 
2000.  Modular limit not 
known. 

Galesyke 1967 
2009 

No Yes No No Flows above bankfull (around 
1.3m) are extremely suspect 
as there is significant 
unmeasured out of bank flow. 

Bleach 
Green 

1972 
2009 

No Yes No No Wing walls raised in 1999 from 
1.5m to 2.0m. Prior to this, flow 
above 1.5m stage would 
bypass station.  Station also 
bypassed on right bank by 
large event in October 2008. 
Site has a problem with well 
surging. 

Calder Hall 1973 
2009 

No Yes No No Slight silting occurs, but flashy 
nature keeps structure clear 
although makes gauging high 
flows very difficult. 
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Station 
name 

Start and 
end of 
data in 

HiFlows-
UK 

Update 
for this 
study? 

Suitable 
for 

QMED? 

Suitable 
for 

pooling? 

Data 
quality 
check 

needed? 

Other comments on station 
and flow data quality  

e.g. information from HiFlows-UK, 
trends in flood peaks, outliers. 

Ulpha 1972 
2009 

No Yes Yes No Levels may be affected by 
surging during high flows 

Burnbanks 1977 
2009 

No Yes Yes No Downstream recorder added 
August 2005, which suggests 
drowning reduces flows slightly 
above around 1m 

Dacre 
Bridge 

1999 
2009 

No Yes Yes No Results pre 1999-00 not 
reliable so not included in high 
flows 

Give link/reference to any further 
data quality checks carried out 

Data quality check needed?  No.  We are using the flood peak data 
as presented on HiFlows-UK, however we have noted the 
uncertainties associated with the data.  A full data/rating review is 
not within the scope of the study.   We are aware that suitability 
flags for some of these stations may change in the next issue of 
HiFlows-UK. 

Note – include plots of flood peak and flood hydrograph data at relevant gauging stations along with 
interpretation, e.g. in the Annex. 

 

1.6 Rating equations 
Station 
name 

Type of rating 
e.g. theoretical, 

empirical; degree of 
extrapolation 

Rating 
review 

needed? 

Reasons  
e.g. availability of recent flow gaugings, amount of scatter 

in the rating. 

    
    
    
    
Give link/reference to any rating 
reviews carried out 

 

1.7 Other data available and how it has been obtained 
Type of data Data 

relevant 
to this 
study? 

Data 
available

? 

Data 
Source 

Data 
Obtained 

Details 

Check flow gaugings (if 
planned to review 
ratings) 

No    Ratings not being 
reviewed at this 
stage 

Historic flood data – give 
link to historic review if 
carried out. 

Yes Yes JBA and 
internet 

2007 and 
2009 

Rough flood outlines 
and eyewitness reports 
are available from the 
January 2005 event 
which led to flooding 
from both watercourses.  
Descriptions and photos 
of the 2009 event that 
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led to flooding from both 
watercourses and 
washed away the Low 
Lorton Bridge 

Flow data for events  Yes No    
Rainfall data for events  No Not 

checked 
   

Potential evaporation 
data 

No Not 
checked 

   

Results from previous 
studies  

Yes Yes JBA and 
Eden 
Vale 

2008 and 
2009 

The 2008 JBA study and 
the 2012 Eden Vale 
studies are available for 
reference.  However the 
hydrology for this study 
is calculated from new 
so as to take an 
unbiased approach 

1.8 Initial choice of approach 
Is FEH appropriate?  (it may not be for very 
small, heavily urbanised or complex 
catchments)  If not, describe other methods to 
be used. 

Yes – FEH is appropriate for these sites 

Outline the conceptual model, addressing 
questions such as: 

• Where are the main sites of interest?   
• What is likely to cause flooding at those locations? 

(peak flows, flood volumes, combinations of peaks, 
groundwater, snowmelt, tides…) 

• Might those locations flood from runoff generated on 
part of the catchment only, e.g. downstream of a 
reservoir? 

• Is there a need to consider temporary debris dams 
that could collapse? 

The area of interest is upstream of the confluence 
between Whit Beck and the River Cocker.  The two flow 
estimation points here are used as the model inflows.  
Other estimation points are calculated for reference. 
 
Peak flows are most likely to cause flooding. The 
gradients are steep. Although there is some attenuation 
on the River Cocker flood plain peak flows are of most 
importance.  
 
Flooding could occur from either the River Cocker or 
Whit Beck independently.  

Any unusual catchment features to take into 
account?  
e.g.   

• highly permeable – avoid ReFH if BFIHOST>0.65, 
consider permeable catchment adjustment for 
statistical method if SPRHOST<20% 

• highly urbanised – avoid standard ReFH if 
URBEXT1990>0.125; consider FEH Statistical or 
other alternatives; consider method that can account 
for differing sewer and topographic catchments 

• pumped watercourse  – consider lowland catchment 
version of rainfall-runoff method 

• major reservoir influence (FARL<0.90) – consider 
flood routing, extensive floodplain storage – 
consider choice of method carefully 

Significant number of reservoirs and lakes with FARL 
close to 0.7 on the River Cocker. 

Initial choice of method(s) and reasons 
Will the catchment be split into 
sub-catchments?  If so, how? 

FEH Statistical – owing to the gauging Station on the 
River Cocker and other nearby gauges.  The alternative 
would be to use ReFH in combination with a routing (or 
hydrodynamic) model to account for the influence of the 
lakes and reservoirs, but the Statistical method will take 
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their effects into account because of its use of local data.
In addition, the revised version of the Statistical method 
takes FARL into account in creating pooled flood growth 
curves. 

Software to be used (with version numbers) 
 

FEH CD-ROM v3.01 
WINFAP-FEH v3.0.0022 / ReFH spreadsheet  Design / 
ISIS  

 
 

                                                      
1 FEH CD-ROM v3.0 © NERC (CEH). © Crown copyright. © AA. 2009. All rights reserved. 
2 WINFAP-FEH v3 © Wallingford HydroSolutions Limited and NERC (CEH) 2009. 
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2 Locations where flood estimates required 
This map shows the locations of the subject sites within the study area. 

 
The table below lists the locations of subject sites.  The site codes listed below are used in all 
subsequent tables to save space.   
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2.1 Summary of subject sites 
Site 
code 

Watercourse Site Easting Northing AREA on 
FEH CD-

ROM 
(km2) 

Revised 
AREA if 
altered 

CKER50 River Cocker Foot of Crummock Water 314850 521450 63.29  
CKER10 River Cocker U/s of confluence with 

Whit Beck 
315250  524610 

78.76 
 

CKER20 River Cocker DS of confluence 315150 524900 94.39  
CKER30 River Cocker DS extent of topographic 

survey 
314950 526400 

100.76 
 

CKER40 River Cocker Southwaite Bridge 
gauging station 

313095  527988 
116.08 

 

WHIB10 Whit Beck US extent 316250 525550 13.05  
WHIB20 Whit Beck US of confluence 315300 524750 15.58  
Reasons for choosing 
above locations 

Whilst the model includes the reaches highlighted on the above figure, of the 
sites listed above sites CKER10 and WHIB20 were used as target sites for 
flood estimation.    
 
An estimate for CKER20 was also produced.  This is immediately 
downstream of the confluence of Whit Beck with the River Cocker and was 
used to evaluate the magnitude of combined River Cocker and Whit Beck 
flows. 
 
Refer flow table 3.6 which shows the estimate for CKER20 is commensurate 
with summed flows from CKER10 and WHIB20.  

2.2 Important catchment descriptors at each subject site (incorporating any 
changes made) 

Site code 

FA
R

L 

PR
O

PW
ET

 

B
FI

H
O

ST
 

D
PL

B
A

R
 (k

m
) 

D
PS

B
A

R
 

(m
/k

m
) 

SA
A

R
 (m

m
) 

SP
R

H
O

ST
 

U
R

B
EX

T 

FP
EX

T 

CKER50 0.760 0.65 0.458 9.51 330.6 2177 42.53 0.000 0.0372 
CKER10 0.796 0.64 0.478 9.04 326.2 2119 40.92 0.000 0.0349 
CKER20 0.807 0.64 0.483 10.43 316.6 2076 40.55 0.000 0.039 
CKER30 0.830 0.63 0.483 12.15 289.9 1976 40.13 0.000 0.0485 
CKER40 0.713 0.66 0.443 7.06 330.5 2251 43.79 0.000 0.031 
WHIB10 1.000 0.62 0.570 4.01 331.7 1889 33.23 0.000 0.0056 
WHIB20 1.000 0.62 0.571 4.74 305.8 1835 33.2 0.000 0.0197 

2.3 Checking catchment descriptors 
Record how catchment 
boundary was checked 
and describe any changes 
(refer to maps if needed) 

AREA descriptor checked for all locations in 2008 JBA study.  There were 
no discrepancies and the catchment boundaries from the FEH CD-ROM 
seem appropriate.  No benefit in re-measuring catchment areas using 50k 
Mapping which is more likely to introduce additional error than improve the 
accuracy in well defined steep catchments such as these. 
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Record how other 
catchment descriptors 
(especially soils) were 
checked and describe any 
changes.  Include 
before/after table if 
necessary. 

Cranfield University Soilscapes map checked.  Shows the soils to be 
predominantly naturally wet with a high water table.  These will yield a 
relatively high percentage runoff which is in line with the SPRHOST values 
from the FEH CD. 

Source of URBEXT URBEXT2000 (for FEH statistical) 
Method for updating of 
URBEXT  

CPRE formula from FEH Volume 4 
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3 Statistical method 

3.1 Search for donor sites for QMED (if applicable) 
Comment on potential donor sites 
Mention: 

• Number of potential donor sites available 
• Distances from subject site 
• Similarity in terms of AREA, BFIHOST, FARL 

and other catchment descriptors 
• Quality of flood peak data 

Include a map if necessary.  Note that donor catchments 
should usually be rural. 

The River Cocker is gauged at Southwaite Bridge 3km 
downstream of the study reach so this is the obvious first 
choice for sites on the River Cocker. 
The River Cocker @ Southwaite Bridge is not suitable as 
a donor for Whit Beck because the River Cocker has a 
FARL value of 0.713.  Whit Beck has a FARL of 1.000 so 
requires a donor site with very low attenuation. 
There are a number of potential donor sites for Whit Beck 
which are listed in section 3.2. 

3.2 Donor sites chosen and QMED adjustment factors 
NRFA 

no. 
Reasons for choosing or 

rejecting  
Method 
(AM or 
POT) 

Adjust-
ment for 
climatic 

variation? 

QMED 
from 
flow 

data (A) 

QMED from 
catchment 
descriptors 

(B) 

Adjust-
ment 
ratio 
(A/B) 

75004 Accepted for River Cocker 
sites – site is suitable for 
QMED and is on the study 
watercourse (3km downstream 
of study reach).  Catchment 
descriptors very similar to the 
sites on the River Cocker 
within the study reach. 

AM No 49.5 47.24 1.048 

73006 Rejected – too much 
attenuation because of 
Esthwaite 

AM No 7.76 6.74 1.151 

75009 Rejected – catchment AREA 
too large. 10x larger that Whit 
Beck catchment 

AM No 107.3 101.84 1.054 

73009 Rejected – reasonable match 
but greater distance than other 
suitable sites 

AM No 42.2 35.3 1.195 

74002 Rejected – too much 
attenuation because of Wast 
Water 

AM No 20.3 24.54 0.827 

74003 Rejected – too much 
attenuation because of 
Ennerdale Water 

AM No 33.8 20.88 1.619 

74006 Accepted for Whit Beck sites – 
closest donor that does not 
have a large size discrepancy.  
Catchment descriptors not too 
dis-similar.   

AM No 42.1 42.81 0.983 

74008 Rejected – SPRHOST high 
and greater distance than 
74006 and 76811 

AM No 67.4 70.04 0.962 

76001 Rejected - too much 
attenuation because of 
Haweswater 

AM No 14.2 11.36 1.250 



 

 

 
Appendix A - FEH calculation record AW-mz.docx 10

 

NRFA 
no. 

Reasons for choosing or 
rejecting  

Method 
(AM or 
POT) 

Adjust-
ment for 
climatic 

variation? 

QMED 
from 
flow 

data (A) 

QMED from 
catchment 
descriptors 

(B) 

Adjust-
ment 
ratio 
(A/B) 

76811 Accepted for Whit Beck – most 
similar in size.  2nd closest after 
74006 and better match for 
SPRHOST 

POT No 30.94 23.54 1.314 

For site 76811 the POT where used because there are just 10 years of record.  This takes advantage of 
the fact that there are more data in the POT than the AMAX series. 

3.3 Overview of estimation of QMED at each subject site 

Site 
code 

M
et

ho
d 

Initial 
estimat

e of 
QMED 
(m3/s) 

Data transfer 

Final 
estimate 
 of QMED 

(m3/s) 

NRFA 
number

s for 
donor 
sites 
used 
(see 
3.2) 

Distance 
between 
centroids 

dij (km) 

Power 
term, a 

Moderated 
QMED 

adjustmen
t factor, 
(A/B)a 

If more than 
one donor 

W
ei

gh
t 

W
ei

gh
te

d 
av

e.
 

ad
ju

st
m

en
t 

CKER50 DT 21.01 75004 3.06 
0.56 

(Av. 0.68) 
1.032 1 1.032 21.69 

CKER10 DT 29.40 75004 2.20 0.63 
(Av. 0.68) 1.032 1 1.032 30.35 

CKER20 DT 37.09 75004 1.28 
0.74 

(Av. 0.68) 
1.032 1 1.032 38.29 

CKER30 DT 39.78 75004 0.91 
0.80 

(Av. 0.68) 
1.032 1 1.032 41.06 

CKER40 AM 47.23 75004 0 1 - - - 49.48 

WHIB10 DT 10.08 
74006 
76811 

22.92 0.29 
0.995 
1.083 

0.3 
0.7 

1.055 10.64 

WHIB20 DT 11.35 74006 
76811 23.31 0.29 0.995 

1.083 
0.3 
0.7 1.055 11.97 

The power term ‘a’ for the CKER sites (50, 10, 20, and 30) was averaged to produce one consistent 
adjustment factor for all the sites along the reach.  The WHIB sites are in close proximity and have almost 
identical centroid to donor centroid distances and ‘a’ power terms.  It was unnecessary to average this 
because the model uses only WHIB20. 
The weighting was biased 0.3 / 0.7 to 76811 because both donor catchments are similar except 76811 
gives a much closer match for SPRHOST which is a key parameter so is thought to be more important. 
It should be noted that the ‘peaks over threshold’ (POT) series was used to derive QMED at 76811 
because of the short record length (10 years).  There were 15 peaks over the threshold. 
Are the values of QMED consistent, for example at 
successive points along the watercourse and at confluences? 

Yes – QMED increases at successive 
point down the reaches.   Flows look 
reasonable at confluence of Whit Beck 
and the River Cocker (sum of peak flows 
upstream of confluence slightly greater 
than the flow downstream as expected). 

Important note on urban adjustment 
The method used to adjust QMED for urbanisation, for both subject sites and donor sites, is that published 
in Kjeldsen (2010)3 in which PRUAF is calculated from BFIHOST.  The result will differ from that of 

                                                      
3 Kjeldsen, T. R. (2010).  Modelling the impact of urbanization on flood frequency relationships in the UK. Hydrol. Res. 41. 391-405.  
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WINFAP-FEH v3.0.003 which does not correctly implement the urban adjustment of Kjeldsen (2010).  
Significant differences will occur only on urban catchments that are highly permeable.  
Notes 
Methods: AM – Annual maxima; POT – Peaks over threshold; DT – Data transfer; CD – Catchment descriptors alone. 
When QMED is estimated from POT data, it should also be adjusted for climatic variation.  Details should be added below. 
The data transfer procedure is the revised one from Science Report SC050050.  The QMED adjustment factor A/B for each donor 
site is given in Table 3.3.  This is moderated using the power term, a, which is a function of the distance between the centroids of the 
subject catchment and the donor catchment.  The final estimate of QMED is (A/B)a times the initial estimate from catchment 
descriptors. 
If more than one donor has been used, use multiple rows for the site and give the weights used in the averaging.  Record the 
weighted average adjustment factor in the penultimate column. 

3.4 Derivation of pooling groups 
The composition of the pooling groups is given in the Annex.  Several subject sites may use the same 
pooling group. 

Name of 
group 

Site code 
from whose 
descriptors 
group was 

derived 

Subject 
site 

treated as 
gauged? 

(enhanced 
single site 
analysis) 

Changes made to default pooling group, 
with reasons 

Note also any sites that were investigated but 
retained in the group. 

Weighted 
average L-
moments, 

 L-CV and L-
skew, (before 

urban 
adjustment)  

CKER40 CKER40 Gauged so 
ESS used 

No changes – no discordant sites and the 
group is acceptably homogeneous (H1 = 3.27) 

0.205 
0.242 

WHIB20 WHIT20 Un-gauged No changes – Usway Burn @ Shillmoor 
discordant but second to last in the ranking so 
not removed (H1 = 4.29) 

0.184 
0.181 

Notes  
Pooling groups were derived using the revised procedures from Science Report SC050050 (2008).   
The weighted average L-moments, before urban adjustment, can be found at the bottom of the Pooling-group details window in 
WINFAP-FEH. 

3.5 Derivation of flood growth curves at subject sites 
Site code Method 

(SS, P, 
ESS, J) 

If P, ESS 
or J, name 
of pooling 
group (3.4) 

Distribution 
used and 
reason for 

choice 
 

Note any 
urban 

adjustment or 
permeable 
adjustment 

Parameters of 
distribution  

(location, scale 
and shape) after 

adjustments) 

Growth 
factor for 
100-year 

return 
period 

CKER50 ESS CKER40 GEV – gives 
best fit 

No adjustment 
as catchment 

rural 

Loc: 0.872 
Scale: 0.342 

Shape: -0.108 

2.91 

CKER10 ESS CKER40 GEV – gives 
best fit 

2.91 

CKER20 ESS CKER40 GEV – gives 
best fit 

2.91 

CKER30 ESS CKER40 GEV – gives 
best fit 

2.91 

CKER40 ESS CKER40 GEV – gives 
best fit 

2.91 

WHIB10 P WHIT20 GL – gives 
best fit Loc: 1.000 

Scale: 0.185 
Shape: -0.181 

2.33 

WHIB20 P WHIT20 GL – gives 
best fit 

2.33 
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If P, ESS Distribution Note any Parameters of Growth Site code Method 
(SS, P, 
ESS, J) 

or J, name 
of pooling 
group (3.4) 

used and 
reason for 

choice 
 

urban 
adjustment or 

permeable 
adjustment 

distribution  factor for 
100-year (location, scale 

return and shape) after 
period adjustments) 

Notes 
Methods: SS – Single site; P – Pooled; ESS – Enhanced single site; J – Joint analysis 
A pooling group (or ESS analysis) derived at one gauge can be applied to estimate growth curves at a number of ungauged sites.  
Each site may have a different urban adjustment, and therefore different growth curve parameters. 
Growth curves were derived using the revised procedures from Science Report SC050050 (2008).  

 
Pooled (ESS) growth curves for the River Cocker @ Southwaite Bridge.  GEV curve chosen as provides 
best fit. 
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Pooled growth curve for Whit Beck (WHIB20).  GL curve chosen as provides best fit. 

 

3.6 Flood estimates from the statistical method 
Site code Flood peak (m3/s) for the following return periods (in years) 

2 5 10 30 75 100 1,000 
CKER10 30.35 43.37 52.91 68.88 83.46 88.32 151.41 
CKER20 38.29 54.71 66.75 86.89 105.29 111.42 191.01 
CKER30 41.06 58.68 71.59 93.20 112.92 119.50 204.86 
CKER40 49.48 70.71 86.27 112.30 136.07 143.99 246.85 
CKER50 21.69 30.99 37.81 49.22 59.64 63.11 108.19 
WHIB10 10.64 13.74 15.95 19.77 23.46 24.74 41.91 
WHIB20 11.97 15.46 17.95 22.24 26.40 27.85 47.17 

1000-year flows are scaled versions of the 100 year flows using the ratio of 1,000/100 growth factors from 
ReFH.  Sites CKER10 and WHIB20 used as model inflows.  The flow from WHIB20 (calculated at the 
downstream of the reach) was used as the inflow in the model at the upstream end on the reach.  This is a 
slightly conservative approach which is preferable to underestimating flow. 
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4 Revitalised flood hydrograph (ReFH) method 
As the FEH Statistical Method is less reliable for estimating the 1,000-year return period flows, it 
is standard practice to use growth factors derived using ReFH for high return periods.   The ratio 
between the 100-year and 1,000-year ReFH flows is used to adjust the 100-year FEH Statistical 
flow.   ReFH has also been used to generate the hydrograph shapes which were then scaled to 
fit the peaks from the FEH statistical method.  The two flood estimation points that are used as 
inflows for the model are CKER10 and WHIB20.  The ReFH has been applied to these locations.   

4.1 Parameters for ReFH model 
Site 
code 

Method: 
OPT: Optimisation 
BR:  Baseflow recession fitting 
CD:  Catchment descriptors 
DT:  Data transfer (give details) 

Tp (hours) 
Time to peak 

Cmax (mm) 
Maximum 
storage 
capacity 

BL (hours) 
Baseflow lag 

BR 
Baseflow 
recharge 

CKER20 CD 1.88 330 36.2 1.44 
WHIB20 CD 1.35 393 35 1.72 
Brief description of any flood event analysis carried 
out (further details should be given below or in a 
project report) 

 

4.2 Design events for ReFH method 
Site 
code 

Urban or 
rural 

Season of design 
event (summer or 

winter) 

Storm duration 
(hours) 

Storm area for ARF  
(if not catchment area) 

CKER20 rural winter 5.75  
WHIB20 rural winter  5.75  
The storm duration of the larger catchment CKER20 has also been used for WHIB20.  It adds 
unnecessary complexity to use two different storm durations in the modelling, and furthermore using the 
same duration ensures that both watercourses peak at the same time, such that the resulting flood 
outlines represent maximum extent of flooding.   In reality, as CKER20 is a much bigger catchment the 
inflow from Whit Beck will have very little impact on the flood risk at Low Lorton Bridge.  It is therefore 
important to use the critical storm duration for CKER20 rather than the small WHIB20 catchment.   
Are the storm durations likely to be changed in the 
next stage of the study, e.g. by optimisation within a 
hydraulic model? 

no 

4.3 Flood estimates from the ReFH method 
Site code Flood peak (m3/s) for the following return periods (in years) 

100 200 1,000        
CKER20 234.9 273.3 402.7        
WHIB20 32.0 37.1 54.2        
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5 Discussion and summary of results 

5.1 Comparison of results from different methods 
This table compares peak flows from various methods with those from the FEH Statistical method at 
example sites for two key return periods.  Blank cells indicate that results for a particular site were not 
calculated using that method. 

Site code 

Ratio of peak flow to FEH Statistical peak 
Return period 100 years Other 

ReFH Other 
method 

Other 
method ReFH Other 

method 
Other 

method 
CKER20 2.11         
WHIB20 1.15      
       
       
       
       

5.2 Final choice of method 
Choice of method 
and reasons – 
include reference 
to type of study, 
nature of 
catchment and 
type of data 
available. 

FEH statistical method was used because of the availability of gauged data with 
which to calibrate/validate the approach. 
ReFH is unable to adequately account for the significant attenuation of flood peaks 
within the River Cocker catchment as a result of the upstream reservoirs, and is 
therefore not an appropriate choice of method in this case.  
It has been considered to use the ratio of the 1,000 to 100-year flows from ReFH to 
produce a hybrid estimate of the 1,000-year flow because the growth curve between 
the 100 and 1,000-year flows for the statistical method (especially those utilising the 
GEV distribution) appears too flat. 

5.3 Assumptions, limitations and uncertainty 
List the main assumptions made 
(specific to this study) 
 

Due to the availability of flow data for the River Cocker (from the 
Southwaite Bridge gauge), the flow estimates produced here using 
the FEH Statistical Approach are expected to be of reasonable 
accuracy.  The main issues are the reliability of the rating at 
Southwaite Bridge during periods of high flow and the 
representativeness of the pooling group, particularly due to FARL 
being significant for the River Cocker.    
 
Whit Beck has been treated as an ungauged site, but donor 
adjustment has improved QMED.  
 

Discuss any particular limitations, 
e.g. applying methods outside the 
range of catchment types or return 
periods for which they were 
developed 

1,000-year estimates require considerable extrapolation beyond the 
return periods that the statistical and ReFH methods were 
developed for and considered suitable for. 

Give what information you can on 
uncertainty in the results – e.g. 
confidence limits for the QMED 
estimates using FEH 3 12.5 or the 
factorial standard error from 

95% confidence limits on QMED from CDs are approximately -50% 
to +100 %.   
 
This will have been improved because of the use of donor sites. 
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Science Report SC050050 (2008). 
Comment on the suitability of the 
results for future studies, e.g. at 
nearby locations or for different 
purposes. 

The results are specific to this study and extreme caution should be 
taken if re-used in a later study.  More record data is likely to be 
available for gauges at donor sites in the future which should be 
incorporated into future flood estimates.     

Give any other comments on the 
study, for example suggestions for 
additional work. 

Gauging Whit Beck would improve flood estimates but this is 
unlikely to be viable given the high cost/benefit ratio and time 
required to collect meaningful data.  

5.4 Checks 
Are the results consistent, for 
example at confluences? 

Yes – QMED increases at successive point down the reaches.  
Flows look reasonable at confluence of Whit Beck and the River 
Cocker (sum of peak flows upstream of confluence slightly greater 
than the flow downstream as expected). 

What do the results imply regarding 
the return periods of floods during 
the period of record? 

The 19 November 2009 flood that washed away the bridge at Low 
Lorton was recorded at Southwaite Bridge gauge to have a peak of 
201m/s3.  This is estimated to equate to a flood event with a 
magnitude of between the 100 and 1,000-years when compared to 
the new design flows.  This is reasonable given the extent of the 
flooding and the fact that Low Lorton bridge that had stood for 
166 years and was washed away in this event (built in 1843).  

What is the 100-year growth factor?  
Is this realistic?  (The guidance 
suggests a typical range of 2.1 to 
4.0) 

The 100-year growth factor for the River Cocker is 2.91.  The 100-
year growth factor for Whit Beck is 2.33.  These are typical of steep 
wet catchments and lie within the expected range. 

If 1,000-year flows have been 
derived, what is the range of ratios 
for 1,000-year flow over 100-year 
flow? 

The ratio on the River Cocker is 1.71.  The ratio on Whit Beck is 
1.69.  Both show a sensible growth factor. 

What range of specific runoffs 
(l/s/ha) do the results equate to?  
Are there any inconsistencies? 

The specific runoff of the River Cocker at CKER10 is 11.21l/s/ha.  
This is not unusual for a medium sized steep catchment.  The 
specific runoff on Whit Beck at WHIT20 is 17.87l/s/ha.  This is 
higher than the River Cocker which is expected.  The Whit Beck 
catchment is smaller and so a more intense storm is expected for a 
given catchment wide return period event.  Whit beck is also 
steeper so more flashy. 

How do the results compare with 
those of other studies? Explain any 
differences and conclude which 
results should be preferred. 

The ‘Review of the November 2009 Flooding in Cumbria (River 
Derwent Catchment)’ study calculated flows for the Derwent 
catchment and many of the sub-catchment within which included 
the River Cocker at its downstream end.  A specific runoff of 6 
l/s/ha was calculated for the Derwent at its downstream end.  This 
is a larger catchment so it is expected to yield a lower specific 
runoff.  Simonscales Beck in the upper River Cocker catchment has 
an area of 3.2km2 and was calculated to have a specific runoff of 25 
l/s/ha.  With this being a similar steep catchment to Whit Beck but 
smaller and it is expected yield a greater specific runoff.  The 
calculated flows from the Derwent study are in line with the 
calculations from this study.  

Are the results compatible with the 
longer-term flood history? 

They do result in the November 2009 flood having a return period 
between 100 and 1,000-years but given the severity of the event 
this is not incompatible. 

Describe any other checks on the 
results 

 

5.5 Final results 
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Site code Flood peak (m3/s) for the following return periods (in years) used in 
model inputs 

2 5 10 30 50 75 100 1,000   
CKER10 30.35 43.37 52.91 68.88 76.85 83.46 88.32 151.4   
WHIB20 11.47 15.46 17.95 22.24 24.49 26.40 22.24 47.17   

 
If flood hydrographs are needed for the next stage of the study, 
where are they provided?  (e.g. give filename of spreadsheet, 
name of ISIS model, or reference to table below) 

The hydrograph shapes have been 
generated using ReFH units in ISIS.  
The ISIS .ied files that contain these are 
here: N:\2013\Projects\2013s6844 - EA 
NW - River Cocker at Lorton - 
Updat\Calculations\Hydrology\New IEDs 
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6 Annex – supporting information 

6.1 Plots of flood peak and flood hydrograph data 
River Cocker (CKER10) 100-year design rainfall and hydrograph plots from ISIS ReFH unit, 
(5.75h storm duration). 

 
Whit Beck (WHIB20) 100-year design rainfall and hydrograph plots from ISIS ReFH unit, (5.75h 
storm duration). 
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6.2 Pooling group composition 
 
75004 (Cocker @ Southwaite Bridge)             
  Distance AREA SAAR FPEXT FARL URBEXT2000
75004 (Cocker @ Southwaite Bridge) 0 116.17 1976 0.049 0.83 0
4006 (Bran @ Dosmucheran) 0.232 117.54 2203 0.048 0.814 0
57015 (Taff @ Merthyr Tydfil) 0.301 111.18 1858 0.027 0.85 0.012
84017 (Black Cart Water @ Milliken 
Park) 0.381 103.14 1790 0.055 0.786 0.017
86002 (Eachaig @ Eckford) 0.525 138.63 2470 0.033 0.836 0
74005 (Ehen @ Braystones) 0.536 129.49 1753 0.065 0.897 0.011
4005 (Meig @ Glenmeannie) 0.6 123.45 2147 0.037 0.918 0
75009 (Greta @ Low Briery) 0.606 146.97 2025 0.052 0.91 0
93001 (Carron @ New Kelso) 0.618 139.13 2616 0.048 0.858 0
76004 (Lowther @ Eamont Bridge) 0.633 156.2 1828 0.055 0.901 0.002
76015 (Eamont @ Pooley Bridge) 0.682 149.24 2150 0.038 0.743 0.001
21034 (Yarrow Water @ Craig Douglas) 0.708 116.03 1555 0.016 0.767 0
21020 (Yarrow Water @ Gordon Arms) 0.744 153.94 1496 0.019 0.82 0
8008 (Tromie @ Tromie Bridge) 0.79 131.51 1437 0.031 0.898 0
96004 (Strathmore @ Allnabad) 0.815 105.31 2456 0.041 0.938 0

 
WHIB20             
  Distance AREA SAAR FPEXT FARL URBEXT2000
206006 (Annalong @ Recorder 1895) 0.259 13.66 1720 0.024 0.98 0
56007 (Senni @ Pont Hen Hafod) 0.422 19.31 1974 0.043 1 0
25003 (Trout Beck @ Moor House) 0.497 11.46 1904 0.041 1 0
25011 (Langdon Beck @ Langdon) 0.52 12.79 1463 0.013 1 0.001
46005 (East Dart @ Bellever) 0.613 22.27 2095 0.042 1 0
48009 (st Neot @ Craigshill Wood) 0.664 22.91 1512 0.022 0.982 0.002
27032 (Hebden Beck @ Hebden) 0.685 22.2 1433 0.021 0.997 0
25012 (Harwood Beck @ Harwood) 0.7 24.58 1577 0.021 1 0
49003 (de Lank @ de Lank) 0.709 21.61 1628 0.064 0.998 0
48004 (Warleggan @ Trengoffe) 0.845 25.26 1445 0.035 0.978 0.003
50009 (Lew @ Norley Bridge) 0.896 20.16 1195 0.023 1 0.001
54022 (Severn @ Plynlimon Flume) 1.006 8.69 2483 0.01 1 0
28033 (Dove @ Hollinsclough) 1.123 7.93 1346 0.007 1 0
22003 (Usway Burn @ Shillmoor) 1.167 21.87 1056 0.006 1 0
44008 (Sth Winterbourne @ W'bourne 
Steepleton) 1.194 20.17 1012 0.015 1 0.004

 

6.3 Additional supporting information 
 

For both pooling groups no alterations were made to the default.  The were no sites deemed to 
be too discordant and all the site had adequate record lengths. 
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Overview 
This report provides a detailed record of information on the hydraulic model constructed for the 
River Cocker and Whit Beck modelling project, together with the results of QA and validation checks.  It 
complements the information in the main report which gives more general information on the model. 

The format of this report is the Intellectual Property of Jeremy Benn Associates Ltd.  Copying or 
reproduction of its contents is prohibited without the express permission of Jeremy Benn Associates Ltd.    

 

 

Modellers  ...................................................... Adam Westhead BSc MSc 

Analyst 

 

Reviewed by  ................................................. Kevin Haseldine BSc MSc 

Analyst 
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1    Model overview and data summary 

1.1 Summary of model requirements 
 Table 1-1: Summary of model requirements 

Give an overview which 
includes: 

a)Purpose of study 

b) Number of return periods 

c) Study extent 

d) Specific areas of interest 

e) Broad scale or detailed 
model? 

f) Hydraulic outputs required 

g) Timeframe 

In 2005 Halcrow constructed the original 1D ISIS model of the River 
Cocker and Whit Beck.   

In 2008 JBA developed the model into a linked 1D-2D ISIS-TUFLOW 
model by adding a 2D TUFLOW domain for the River Cocker around Low 
Lorton which included a reach of Whit Beck.  It was used previously for 
flood mapping and to test gravel level scenarios.  This model was updated 
with new survey data and hydrological inflows.  In addition to this the 
model was updated to include the new bridge at Low Lorton which 
replaces the old one that washed away in 2009.   

The purpose of this new 2013 study is firstly to revise the undefended and 
defended flood maps.  Further to this the model was adapted to carry out 
tests representing different gravel levels at Low Lorton Bridge in order to 
determine new target trigger levels for removal.  

Finally, the model was adapted to represent a channel realignment 
scenario which will create a wetland upstream of the confluence between 
Whit Beck and the Cocker.  

A map of the study area is available in Figure 1-1. 

The key areas of interest within the model domain are the village of 
Low Lorton and the interaction on the floodplain between the River Cocker 
and Whit Beck 

Once the model development is completed, design runs will be 
undertaken.  These will include the following return periods: 

2-year 75-year 

5-year 100-year 

10-year 100-year plus climate change 
allowance 

30-year 1,000-year 

50-year   

Model deliverables are to include: 

- Fully hydrodynamic 1D/2D model covering the study reaches 

- A final report detailing model updates and main findings 

- Model output grids. 

Scope of this report This report is intended to provide a technical summary and justification of 
the hydraulic modelling methods employed in this study.  A more concise 
overview of this is provided within the main body of the report.   

This hydraulic model check file does not intend to duplicate content 
previously reported along with the 2008 study, this should therefore be 
read in combination with this report.  All model alterations and updates 
undertaken as part of the current study are described in this document; 
however, where aspects of the modelling are not explicitly described it can 
be assumed that they remain unchanged from the previous study.     
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1.2 Available data 
Table 1-2: Summary of existing data 

Are there any existing models 
being incorporated into this 
study? If so summarise 
a) Model type  
b) Model extent 
c) Broad scale or detailed 
model? 
d) Existing floodplain 
representation.    
e) When the model was built 
and by whom? 

Yes – the model used in this study was originally developed in 2008 by 
JBA for the Derwent Villages Mapping Study.  This 2008 study used the 
ISIS domain originally developed in 2005 by Halcrow.  

The existing model is a linked ISIS-TUFLOW with the floodplain on both 
banks of the River Cocker and Whit Beck represented in the TUFLOW 
domain.   

The model extent in this study remains unchanged from the previous 
study.   

The existing model is built from survey data collected in 2007 by Atlantic 
Geomatics.   

What DTM data are available for 
this study? 
a)LIDAR 
b) SAR 
c) Filtered/unfiltered 
d) Resolution 
e) Date of surveying and 
processing. 
Summarise any problems with 
this data, inc.   holes and/or 
overlapping data sets.   How 
have the problems been 
overcome, have holes been 
filled externally or using Z 
shape layers in TUFLOW? 

No new DTM were supplied for this study.  The basic 2D domain was not 
changed as part of this study.  The EA Geomatics website was checked 
but new LIDAR was not flown since the 2008 study so it could not be 
updated. 

Alterations were made at specific locations, (described later), based on 
topographic survey data. 

 

What topographic survey data 
is available? 
a) In channel cross sections 
b) Spot levels on floodplain  

Topographic survey data were supplied which was carried out in 2013 by 
Atlantic surveys.  This included updated river cross sections for Whit Beck 
and much of the River Cocker.  This survey also includes spot levels along 
the B5289 which is a known overland flow route and bank top levels along 
defences around Low Lorton.  A threshold survey of the majority of the 
properties in High and Low Lorton was also included. 

In addition to this, river cross sections were supplied which were surveyed 
in 2011, 2012 and 2013 along the gravel removal reaches on Whit Beck 
and the Cocker.  These are surveyed annually as part of the gravel 
removal regimes. 

Further to this the EA carried out a spot level survey of the known breach 
location in the Cocker embankment upstream of the confluence with Whit 
Beck 

What mapping data is 
available? Are building 
footprints required/available? 

MasterMap data were supplied by the EA through the Geomatics website 
which included building footprints. 

1.3 Modelling software 
Both the hydraulic modelling software and release versions used to produce the final results should be 
recorded in this section.  This should allow future users to replicate the results if required in subsequent 
modelling studies.    
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Table 1-3: Modelling software 

1d domain ISIS v3.6 
2d domain 2012-05-AE-iSP-w32 
Additional software? none 

1.4 Model schematisation 
The schematisation of the ISIS-TUFLOW model domain will have an important impact on model run times 
and results.  The following chapter should provide a log of the decisions made during this process as well 
as providing an overview of the final model schematisation.    

Table 1-4: Model schematisation 

Are there multiple TUFLOW 
domains in the model?  

No 

What is the geographical extent 
of the ISIS and TUFLOW 
domain(s), and why were these 
limits selected as boundaries to 
the 2d model? 
 

The model extents remain unaltered from the 2008 study. 

The important areas of the study are the Cocker at Low Lorton and 
Whit Beck between High Lorton and its confluence with the Cocker.  The 
model was set up so the 1D ISIS and the 2D TUFLOW elements extend 
beyond these locations.  The downstream extent is 1.8km beyond 
Low Lorton which is further than the backwater length ensuring the 
condition of the boundary will have no influence on the levels at Low 
Lorton.   

For further details of the justification of the model dimension please refer to 
the original model check file1. 

A diagram of the model schematisation is provided in the main report in  
Figure 2-1 
 

What is the total area of the 
TUFLOW model domain(s)? 

4.4km2.   

What software has been used 
for the 1d component(s)? Why? 

ISIS was used due to its ability to dynamically link with TUFLOW and 
because the earlier model was constructed using this software.    

Is the whole of the 1d model 
linked to the 2d domain 

No – the 1D ISIS downstream boundary is located 300m further 
downstream than the 2D TUFLOW boundary.  The water depth is greater in 
the channel (1D) than on the floodplain (2D) so a longer distance is 
required from the key sites to ensure there is no backwater influence from 
the boundary. 

                                                      
1 2007s2451 – Lorton TUFLOW model check file_v2.doc 
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Figure 1-1: Diagram of model schematisation 

 
Contains Ordnance Survey data © Crown copyright and database right 2013 

 

Key 
            
        
            TUFLOW model domain   
 
 
            ISIS model domain 

1.5 1d model domains 
The extent of the ISIS model domain is depicted in Figure 1-1.  There are three main versions of the ISIS 
model.  The first is the current situation which is used in the ‘defended scenario’.  The second is the 
‘undefended’ scenario which includes minor increases to the bed levels along the gravel removal reaches 
due to discontinued maintenance.  The third model version was used in the Whit Beck ‘realignment’ 
scenario where the course Whit Beck is redirected to take a more natural sinuous line.   

The defended and undefended models are identical in the 1D domain except for in the gravel reaches.  
The bed levels were increased as follows in the gravel reaches: 
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Cross sections Undefended scenario 
adjustment (m) 

WHIB01_1273 0.43 
WHIB01_1243 0.43 
WHIB01_1215 0.43 
WHIB01_1191 0.43 
WHIB01_1164 0.43 
WHIB01_1144 0.33 
WHIB01_1120 0.23 
WHIB01_1095 0.12 
CKER03_0014u 0.50 
CKER030014bu 0.50 
CKER03_0014d 0.50 
CKER03_0008 0.50 
CKER03_0008 0.50 
CKER02_4312 0.50 
CKER02_4238 0.50 
CKER02_4238 0.50 

 

The defended and undefended scenarios are summarised in overview Table 1-5.  The realignment 
scenario overview is presented in Table 1-6.   

Table 1-5: Overview of ISIS Model 

 Model Ref/ Details 

 Model name: COCKER_DEF / COCKER_UNDEF 

 Purpose: Assessment of flood risk from Whit Beck and the River Cocker through 
Low Lorton. 

Upstream 
Boundaries: CKER03_1118a 

WHIB02_0140 
ReFH boundary units (for further information about the hydrological 
inflows to the model were derived see the FEH calculation record). 

TRIB03_1159 
Flow Time boundary, used to provide a constant flow of 0.01m3/s to the 
TRIB03 drain on the Cocker floodplain (to avoid instability if the channel 
dries out). 

Downstream 
Boundaries: CKER02_3289a Normal Depth boundary to provide a realistic level based on channel 

gradient, capacity and roughness. 

Total Number  
of nodes and  
structures: 

The ISIS model contains a total of 107 nodes, including: 
73 open channel sections, 
22 interpolates, 
8 spill units, 
0 culvert units,  
6 bridge units and 
1 orifice. 

Lateral Inflows None - the modelled reaches are short and very little relative change in flow is expected along 
their length, therefore lateral inflows are not required. 

Hydraulic  
roughness values 
 used 

The roughness values were retained from the original model and are so unaltered.   

The roughness values are 0.035 in the River Cocker and 0.038 in Whit Beck   
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Table 1-6: Overview of ISIS Model Version 2 

 Model Ref/ Details 

 Model name: REALIGN_1 / REALIGH_2 

 Purpose: Assessment of the impact of the realignment scheme on peak water 
levels at Low Lorton. 

Upstream 
Boundaries: CKER03_1118a 

WHIB02_0140 
ReFH boundary units (for further information about the hydrological 
inflows to the model were derived see the FEH calculation record. 

Downstream 
Boundaries: CKER02_3289a Normal Depth boundary to provide a realistic level based on channel 

gradient, capacity and roughness. 

Total Number  
of nodes and  
structures: 

The ISIS model contains a total of 104 nodes, including: 
74 open channel sections, 
18 interpolates, 
7 spill units, 
0 culvert units,  
5 bridge units and 
1 orifice (Realign_1) 0 orifice (Realign _2). 

Lateral Inflows None - the modelled reaches are short and little relative change in flow is expected along their 
length, therefore lateral inflows are not required. 

 

1.6 River Cocker 
The River Cocker part of the 1D ISIS element of the model was constructed in 2008.  The following 
section describes the alterations to the Cocker portion of the ISIS model. 

1.6.1 Channel representation 
A new survey was commissioned in 2013 for this study.  The cross sections were surveyed at the same 
locations as the original river sections used in the model.  Where river sections were re-surveyed they 
were used to update the corresponding river section in the model.  The node labels remain unchanged.  
Table 1-7 presents a complete list all the cross sections on the River Cocker that were updated. 

Table 1-7: Updated River Cocker Nodes 
Surveyed river section Nodes updated from section 
CKER02_3289 CKER02_3289 
CKER02_3441 CKER02_3441 
CKER02_3592 CKER02_3592 
CKER02_3768 CKER02_3768 
CKER02_3855 CKER02_3855 
CKER02_3899 CKER02_3899 
CKER02_3988 CKER02_3988 

 CKER02_4126  CKER02_4126 
CKER02_4238 CKER02_4238 
CKER02_4312 CKER02_4315 
CKER03_0008 CKER03_0008 
CKER03_0014 CKER03_0014u, CKER03_0014d, 

CKER030014bu 
CKER03_0090 CKER03_0090 
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CKER03_0214 CKER03_0214 
CKER03_0331 CKER03_0331 
CKER03_0493 CKER03_0493 
CKER03_0658 CKER03_0658 
CKER03_0793 CKER03_0793 

 

In addition to this a gravel shoal level monitoring survey was carried out in 2013 after the main survey.  
Additional sections were taken from this and added into the model, (CKER03_4215 and CKER03_4264). 

To avoid double counting of floodplain flows all cross sections along the River Cocker were deactivated 
on the floodplain.  In this way floodplain flow is modelled explicitly in the 2D domain alone.  

1.6.2 Structures River Cocker 

Table 1-8: CKER030014bu 
Structure description Single span steel girder arch bridge. 
Included in model? Yes – This is the only structure on the Cocker within the model reach.  This is the 

new bridge that replaced the old twin arch bridge that washed away in 2009. 
How has structure been 
modelled? 

Modelled as an arch bridge with a spill attached to take any flow that would 
potentially come over the deck.  The spill unit has been set up to pass water into 
the 2D domain with an SX point.  However modelling shows water does not flow 
over the spill even in the 1,000-year event as flow by-passed over the banks 
upstream. 

 

Downstream elevation of the bridge. 
 

1.7 Whit Beck 
1.7.1 Channel representation 

The 2013 survey included the entire modelled length of Whit Beck.  The cross sections were surveyed at 
the same locations as the original river sections used in the model.  Where river sections were 
re-surveyed they were used to update the corresponding river section in the model.  The node labels 
remain unchanged.  The new survey also included additional cross sections which were added into the 
model.  Table 1-9 presents a complete list all the cross sections on the Cocker that have been updated 
and added. 
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Table 1-9: Updated Whit Beck Nodes 
Surveyed river section Nodes updated from section 
WHIB01_0071 WHIB01_0071 
WHIB01_0126 WHIB01_0126 
WHIB01_0315 WHIB01_0315u, WHIB01_0315d 

(new nodes) 
WHIB01_0326 WHIB01_0326 
WHIB01_0438 WHIB01_0438 
WHIB01_0452 WHIB01_0452u, WHIB01_0452d,  
WHIB01_0607 WHIB01_0607d (new node) 
WHIB01_0608 WHIB01_0608u (new node) 
WHIB01_0609 WHIB01_0609 
WHIB01_0617 WHIB01_0617u, WHIB01_0617d 
WHIB01_0738 WHIB01_0738 
WHIB01_0844 WHIB01_0844 
WHIB01_0928 WHIB01_0928 
WHIB01_0936 WHIB01_0936u, WHIB01_0936d 
WHIB01_0987 WHIB01_0987 (new node) 
WHIB01_1007 WHIB01_1007 (new node) 
WHIB01_1044 WHIB01_1044 (new node) 
WHIB01_1067 WHIB01_1067 
WHIB01_1095 WHIB01_1095 (new node) 
WHIB01_1120 WHIB01_1120 (new node) 
WHIB01_1144 WHIB01_1144 (new node) 
WHIB01_1168 WHIB01_1168 
WHIB01_1191 WHIB01_1191 (new node) 
WHIB01_1215 WHIB01_1215 (new node) 
WHIB01_1243 WHIB01_1243 (new node) 
WHIB01_1271 WHIB01_1271 
WHIB02_0002 WHIB02_0002 
WHIB02_0007 WHIB02_0007u, WHIB02_0007d 
WHIB02_0065 WHIB02_0065 
WHIB02_0097 WHIB02_0097 (new node) 
WHIB02_0140 WHIB02_0140 

 

As with the River Cocker to avoid double counting of floodplain flows all cross sections along Whit Beck 
were deactivated on both the floodplains.  In this way floodplain flow is modelled explicitly in the 2D 
domain alone.  

1.7.2 Structures Whit Beck 

Table 1-10: WHIB010315u 
Structure description Wooden Footbridge. 
Included in model? Yes – this model was not in the original model presumably because it was not 

surveyed. 
How has structure been 
modelled? 

Modelled as a bridge unit (USBPR 1978).  The soffit is not surcharged in the 
1,000-year flow so no spill is required. 
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Table 1-11: CKER_0608u 
Structure description Natural Weir. 
Included in model? Yes. 
How has structure been 
modelled? 

Modelled as an inline spill unit.  Modular limit 0.9.  Weir Coefficient 1.0.   

 

 

1.8 Tributary 
1.8.1 Channel representation 

The tributary is a drainage channel that takes water from the right floodplain of the River Cocker where 
water gets trapped behind of the raised channel embankment of Whit Beck.  The channel flows under 
Whit Beck through a small culvert then runs parallel to the River Cocker on the right bank for 750m before 
joining it.  

The downstream part of the tributary was constructed from cross section data trimmed from the right hand 
edge of the following River Cocker cross sections; CKER03_0493, CKER03_0658 and CKER03_0793.  
The cross sections up and downstream of the culvert under Whit Beck were surveyed which included the 
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culvert dimensions, (surveyed sections TRIB03_0000 and TRIB03_0030 which are labelled TRIB03_0962 
and TRIB03_0992u in the model).  A further cross section was added to represent a length of channel 
upstream of the culvert.  This is a copy of TRIB03_0030.  This section of channel upstream of the culvert 
is included to facilitate the movement of water from the 2D domain into the 1D channel and through the 
culvert.    

  

1.8.2 Structures Tributary 

Table 1-12: TRIB03_0992u 
Structure description Culvert conveying water from the Cocker floodplain under Whit Beck into the 

drainage channel. 
Included in model? Yes.  
How has structure been 
modelled? 

Modelled as an orifice unit.  The structure was also modelled as a culvert during 
the development phase but resulted in some non-convergence.  A sensitivity test 
was carried out the compare the conveyance between the two methods and there 
was negligible difference.  The structure is not overtopped in the 1,000-year flow 
so a spill is not required. 

 

Looking downstream towards culvert inlet 
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2.     TUFLOW model domain 

2.1 TUFLOW domain summary 
The previous model built by JBA in 2008 contained a TUFLOW model of the study reaches.  The following 
section of this report records all modifications and updates that have been applied in order to meet the 
modelling requirements.   

Table 2-1: TUFLOW domain summary 

What is the cell size and why has it 
been chosen? 

The previous study adopted a 4m grid resolution and this was 
retained in this version of the model.  A 4m grid size represents a 
reasonable compromise being able to accurately represent the 
majority of the flow paths within the model domain without resulting in 
excessive model run times and data production.   

What is (are) the grid orientation(s)?  The grid orientation was not altered as it is in line with the general flow 
paths.   

 

2.2 Roughness coefficients 
Table 2-2: Bed and floodplain resistance 

Approach to building 
bed and floodplain 
resistance 

TUFLOW allows for both spatially varying and depth varying hydraulic roughness to 
be applied across the domain.  In this model hydraulic roughness was only varied 
spatially.  Defining hydraulic resistance in 2D models requires professional judgement 
and there is little in the way of calibration data or formal guidance to aid with this.  It is 
easy to specify a spurious level of detail when spatially defining hydraulic roughness 
(especially when so many land cover categories can be extracted easily from 
MasterMap).  However, this should be avoided as it will add little to the reliability of the 
model and can often contribute to model instability.   

The land cover categories were defined in the 2008 study and are still appropriate.  
The categories used are presented below.  The original model does not designate 
areas of high roughness for individual properties because MasterMap was not 
available to define the footprint areas.  As part of the modelling in this study the 
building footprints were included in the roughness of the 2D domain using the 
polygons taken from the MasterMap data.   

Manning's n Land Cover 
Category 

Land Type Used? 

0.050 Grass pasture  Cover the majority of the domain and is 
characterised as turf with undulations 

Yes 

0.102 Woodland Dense woodland depth below branches   Yes 

0.102 Heavy scrub Medium brush and trees in summer Yes 

0.035 Hard standing  Road and concrete with no undulations Yes 

0.050 Urban 
development 

General urban area around buildings Yes 

1.0 Stability patch  No 

1.0 Building Extreme roughness to reflect slowed velocity water 
pass through properties 

Yes 
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2.3 Modifications to ground model 
 Table 2-3: Modifications to ground model 

ID 
Layer Name 

 

Command (e.g.   
"Read MI Z Shape 

ADD") 

Purpose of terrain modification and source of 
elevation data 

2d_Zsh_topo_correction.MI Read MI Z shape Puts back in the bridge decks that were stripped 
out by the filtering & fixes irregularities in survey 
DEM. 

2d_zsh_Flow_Route_v2.MIF Read MI Z shape Uses the 2013 topographic survey levels of the 
road to produce a polygon of the road surface and 
stamp it onto DEM 

2d_zlr_Whit_Beck_v4_LB.MIF Read MI Z Line 
THICK 

Defended Whit Beck bank crest heights.  The crest 
heights have all been checked against the new 
cross section survey bank top levels where 
available and updated when necessary. 

2d_zlr_Cocker_v3.MIF Read MI Z Line 
THICK 

Defended River Cocker bank crest heights.  The 
crest heights were all checked against the new 
cross section survey bank top levels where 
available and updated when necessary.  This table 
incorporates the 2013 defence top topographic 
crest levels on right bank d/s of new Low Lorton 
bridge. 

2d_zlr_extended_Cocker.MIF Read MI Z Line 
THICK 

Defended River Cocker bank crest heights.  

2d_zlr_WB_undefended_v2.MI
F 

Read MI Z Line 
THICK 

Reduces the Whit Beck raised bank top crest levels 
to the height of the adjacent floodplain. 

2d_zlr_Cocker_undefended.MI
F 

Read MI Z Line 
THICK 

Reduces the Cocker raised bank top crest levels to 
the height of the adjacent floodplain. 

2d_zsh_buildings_no_threshol
d.MIF 

Read GIS Z Shape 
ADD 

Increases the DEM level under building footprints 
by 0.3m (used where no threshold survey exists) 

2d_zsh_buildings.MIF Read GIS Z Shape Sets the DEM level under the building footprints to 
the level provided in the threshold. 

2.4 Representation of buildings 
 Table 2-4: Representation of buildings 

Does the model include 
urban areas 

Yes 

How have buildings been 
represented? 

Building footprints were taken from the MasterMap polygons.  The elevations 
were set in the DEM to the levels provided in the threshold survey.  Where 
thresholds were not surveyed they were raised by 0.3m.  

2.5 Observation features 
There is no requirement to use PO observation features in this study. 



 

 

 
Appendix B - River Cocker at Lorton ISIS-TUFLOW Check File AW-kh-ag.docx 13

 

2.6 Other geometry controls 
Table 2-5: Other geometry controls 

Have initial water levels been set in the 
TUFLOW model domain.   If so what 
commands have been used and why? 

No – there is no water in the 2D domain at the start of the 
simulation so this is not applicable. 

Have any z points been interpolated using the 
interpolate commands?  

No – there are no gaps in the zpt layer so this is not 
required.   

Have any default values/coefficients been 
adjusted, if so why? 

No.   
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3.     Model boundaries 
3.1 Upstream boundaries 

Design flows in the study reaches were estimated using the methods described in the FEH calculation 
record (supplied along with this report). 

Each hydrological inflow is applied to the model using ReFH boundary units in ISIS (scaled to FEH 
statistical peaks).  This approach allows for consistent storm characteristics to be applied across the 
whole model domain and for these characteristics to be varied easily.  The methods used to derive each 
of the inflows applied to the hydraulic model are described in the FEH calculation record.  A single 
“dummy inflow” were also applied to the model to stop the Tributary floodplain relief channel from drying 
out.  

3.2 Downstream boundaries 
These remain unaltered from the original model build. 

The downstream boundary applied to the model is a Normal depth boundary in the 1D ISIS domain.  The 
downstream edge of the TUFLOW domain cuts across active floodplain.  The depth of the floodplain flow 
out of the domain is governed by a QH boundary set to a gradient of 0.004.  

3.3 1D-2D boundaries 
Table 3-1: Model boundaries 

Check Answer Comments 
Is there provision for 
floodplain flow to both 
enter and leave the 
TUFLOW model without 
being forced in-
channel? What 
approach has been 
adopted? 

Yes HX lines are used to connect the floodplain in ISIS to the TUFLOW 
domain along most of the study reach.   
At the downstream extent of the TUFLOW model cut across the active 
floodplain so a HQ boundary were used to avoid constricting the flow 
or forcing into the ISIS domain.   

Do the channel widths 
in ISIS match the width 
of the inactive area in 
the TUFLOW domain (to 
within 1 cell width)? 

Yes  

Are there any instances 
of double counting 
conveyance? i.e.   are 
any sections of either 
the floodplain or 
channel active in more 
than one model 
domain? 

No  

What boundaries have 
been used between the 
ISIS and TUFLOW 
domains? Why was this 
boundary type 
preferred? 

HX and 
SX lines 

HX lines were used to provide the lateral connections between 
the river and the floodplains.   
SX connections were also used in two locations (Low Lorton bridge 
deck and the deck over the bridge in High Lorton) although the 
modelling shows that even in the 1,000-year flood the level does not 
rise sufficiently high to spill over the decks. 
 

How were the locations 
of the boundary lines 
defined? 

 The general locations and elevations of the HX lines were defined in 
the original model set up in 2008.  Slight modifications were made 
along the majority of the HX lines to ensure they match with the width 
of the new surveyed cross section in the 1D channel.  The elevations 
of the z_points also served to locate the most appropriate positioning.  
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4.     Stability fixes 

4.1 1D (channels) 
Unfortunately the reality of using hydraulic modelling software to model real world situations is that some 
assumptions and modifications must be made in order to minimise numerical instability occurring in the 
model.   Whilst these modelling decisions are important when developing a reliable model they are often 
not recorded.   This chapter should be used to record some of the key processes that have been 
undertaken to limit instability in the model.   

Table 4-1: Stability fixes 1D 

Instability  

Summarise the location, cause and 
effect of the instability 

Solution 

Discuss the methods used to reduce the instability and 
summarise the effect of the measures.    

None Na 

4.2 2D (floodplain) 
Table 4-2: Stability fixes 2D 

Instability  

Summarise the location, cause and effect 
of the instability 

Solution 

Discuss the methods used to reduce the instability and 
summarise the effect of the measures.    

There is a spike in the mass balance when 
water first begins to enter the 2D domain.  
This occurs on the right bank of Whit Beck at 
High Whitbeck Bridge.  The spike shows 
15.6% MB.  This does not have any impact on 
the model result as there are only eight wet 
cells at this point and the mass balance 
quickly recedes.  The mass balance is below 
1% at the hydrograph peaks of all simulations 
which is within the accepted tolerance.  

Not required   
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5.    Model calibration 
Model calibration was carried out using flow estimates based on the November 2009 event.  A detailed 
description of the model calibration is provided in the main report Section 4.6.  
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6.     Model runs 

6.1 Design runs 
Table 6-1: Parameters of design runs 

Summarise the purpose of this 
group of model runs.    

To simulate flood events of specified return periods and to produce the 
maximum water levels required to estimate flood extent.  

Return periods modelled (yrs) 2, 5, 10, 30, 50, 75, 100, 100+20%, 1,000 
Model start time (hrs) 0.5 hours 
Model run time (hrs) 9.5 hours 
CPU time (hrs) Approximately 2 hours 
Initial conditions files  ISIS .dat file.  
Map save interval (TUFLOW) 900 seconds 
Map Save Options (TUFLOW) Depth, volume, flow, and mass balance saved in XMDF format.  
Model names COCKER_Q***_DEF / COCKER_Q***_UNDEF 

6.2 Realignment scenarios 
 

Table 6-2: Parameters of realignment runs 

Summarise the purpose of this 
group of model runs.    

To test the impact of realigning lower Whit Beck on the water levels at Low 
Lorton  

Return periods modelled (yrs) 2, 5, 10, 30, 50, 75, 100, 100+20%, 1,000 
Model start time (hrs) 0.5 hours 
Model run time (hrs) 9.5 hours 
CPU time (hrs) Approximately 2 hours 
Initial conditions files  ISIS .dat file.  
Map save interval (TUFLOW) 900 seconds 
Map Save Options (TUFLOW) Depth, volume, flow, and mass balance saved in XMDF format.  
Model names COCKER_Q***_REALIGN_1 / COCKER_Q***_REALIGN_2 
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7. Model results 

7.1 Summary of the model stability 
Table 7-1: Summary of model stability 

Check Yes/No Comments 
Is there any non 
convergence in the ISIS 
model? If yes where 
and what steps have 
been taken to minimise 
it? 

No  

Are there any warnings 
and/or checks 
generated by the 
model? 

Yes There is one check produced prior to the simulation; this was 
reviewed and is not a problem.  It relates to the activation of a 
single cell by two HX boundaries. No warnings or checks are 
produced during the simulation.  

Does the plot of dV 
indicate any periods of 
instability? 

No The plot of dVol shows smooth transition of flow into and then out 
of the TUFLOW domain, there are no anomalies within that 
indicate model instability.  

Is the mass error within 
the recommended 
tolerance (±1%) 

Yes The mass error goes about 1% at the start of the simulation then 
recedes to below 1% before the hydrograph peak and remains 
within the recommended range throughout the simulation.  
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Table 7-2: Model stability plots (100 year, defended design event) 

 

Mass Balance (%) 
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dVolume (m3) 
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8. Sensitivity 
Sensitivity tests were undertaken to assess the sensitivity of the system to alterations in a number of 
model parameters.   The Environment Agency’s National Flood Risk Mapping Specification specifies the 
need for sensitivity testing, in order to determine what the model is sensitive to.    

• Sensitivity to hydraulic roughness: Manning’s n values were varied ±10% to assess the 
sensitivity of the system to changing channel and floodplain roughness, for example vegetation 
growth, as well as to consider the reliance of the modelled water levels on our estimates of 
channel roughness.  For these sensitivity runs the alterations to hydraulic roughness were applied 
to both the ISIS and TUFLOW domains. 

• Gravel bed level runs: The designation of the trigger levels for gravel removal at Low Lorton 
bridge is a sensitive issue and a key area of the model.  Three scenarios were tested with low, 
intermediate and high trigger levels to test the sensitivity of the model around Low Lorton to 
changes in channel bed level.  Full details of these tests are described in the main report. 

• Climate change (flow): The sensitivity of the modelled results to the estimated impacts of 
increased fluvial flow likely to be associated with climate change in this area was also assessed.  
The accepted estimate of increased flow associated with climate change over a projected 100-
year period is +20%, further details on this are provided in the FEH calculation record.  The 100-
year climate change (+20%) scenario has been included in the design runs which serves as an 
effective to test of the models sensitivity to changes in flow. 

8.1 Sensitivity results 
• Sensitivity to hydraulic roughness: On average the effect of increasing roughness by 10% is a 

0.04m increase in peak water levels at the 100-year event.  Decreasing roughness results in an 
average changes in peak water level of -0.03m.  The maximum changes in water level resulting 
from these sensitivity tests are +0.16m associated with increased roughness compared to -0.11m 
when roughness is reduced.  For both sensitivity tests Low Lorton Bridge was found to be the 
location most sensitive to hydraulic roughness.  

• Sensitivity to the gravel bed levels: The gravel bed level tests showed that the location most 
sensitive to the variation in bed levels along the Low Lorton gravel removal reach is cross section 
CKER03_0090.  This is located 76m upstream of Low Lorton Bridge.  The range in bed levels 
tested varied by 0.75m at Low Lorton Bridge.  The resulting range in the 100-year level at 
CKER03_0090 is 0.14m showing the model is not very sensitive to bed level at this location over 
the range of levels tested.  

• Climate change (flow): Increasing the 100-year flows by 20% increases the peak level at all the 
modelled cross sections.  This is expected and provides confidence in how the model reacts to 
variation in flow.  With a 20% increase in flow the levels change on average by +0.05m.  The 
maximum change is +0.19m which occurs on Whit Beck. 
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EXECUTIVE SUMMARY 
 

The Lorton study is part of the Derwent Villages Flood Risk Mapping Study. The Derwent Villages study was 
commissioned by the Environment Agency, North West Region, North Area to update the existing flood 
maps for five small study areas within the Derwent catchment in Cumbria.  

The key aim of the Lorton study was to update the flood map associated with two watercourses; a 1,460 
metre reach of Whit Beck adjacent to the village of High Lorton and a 2,095 metre reach of the River Cocker 
passing through Lorton Vale and including the village of Low Lorton.  The study also included a brief analysis 
of gravel accumulation and extraction in the vicinity of Lorton Low Bridge on the River Cocker and a bridge 
blockage scenario for the five bridges located within the study area.   

The aims of the study were largely achieved through the construction of a hydraulic model that utilised 
topographic data from both river survey and LiDAR.  Hydrometric data were sourced from the FEH CD-Rom 
v2, local gauging stations and the High-Flows database.   

Key stages in the creation of the hydraulic model were: 

• Hydrological Assessment – Unsteady, design flow hydrographs were created as model inflows for 
events ranging from 20% AEP to 0.1%.  The hydrograph shapes were generated using the 
Revitalised FEH Rainfall Run-off method (ReFH) and the hydrographs were then scaled to match 
peak flow design estimates that had been derived using the FEH statistical method.  Following 
sensitivity tests it was decided that using a single storm duration across the combined catchment, 
resulting in a model that was conservative (but not unduly so) with respect to peak flood levels along 
both Whit Beck and the River Cocker.  Key peak design flow estimates for the River Cocker were 
32.3m

3
/s (QMED), 68.6m

3
/s (1% AEP) and 120.1m

3
/s (0.1% AEP event) and for Whit Beck 8.4m

3
/s 

(QMED), 18.8m
3
/s (1% AEP) and 32.9m

3
/s (0.1% AEP event).   

• Model Construction – Both study reaches included the confluence of Whit Beck and the River 
Cocker so a single hydraulic model of both watercourses was created as this was better able to map 
the interaction of flood water arising from both sources. The hydraulic model was constructed as a 
linked 1D-2D (ISIS-TUFLOW) model.  This approach enabled the simulation of locally complex, 
floodplain flow pathways such as the route along the B5289 that occurred in the January 2005 event.  
Within the hydraulic model, the entire floodplain was modelled in 2D (TUFLOW) and the 
Conveyance Estimation System was used to estimate both channel and floodplain roughness.   

The hydraulic model was run for a range of design flood events: 20%, 10%, 4%, 2%, 1.3%, 1%, 0.5%, and 
0.1% AEP (equating to 5, 10, 25, 50, 75, 100, 200 and 1000 years) and flood outlines have been produced 
for each event.  A 1% AEP event with the flow increased by 20% was also included to account for the 
possible impact of climate change.   

The defended model results evaluate well against observations made during the January 2005 flood event 
which is estimated to have had an annual exceedance probability (AEP) of between 2% and 4% at 
Southwaite Bridge.  The observed flow route along the B5289 is evident in the model predictions for both 2% 
and 4% AEP events and the flood extent associated with the River Cocker is not dissimilar to the historic 
outline. 

Defences were removed from the model for flood mapping purposes according to the distribution of raised, 
man-made defences on NFCDD.  The predicted undefended 1% and 0.1% AEP outlines are similar in extent 
to each other but both contain fewer properties than are currently incorporated within Flood Zone 3 and 2, 
respectively.  The reduction in flood risk at Low Lorton along the River Cocker is attributable to the increased 
definition of the hydraulic model.  Along Whit Beck a number of properties in High Lorton village, which are in 
the current Flood Zones 2 and 3, are not included in the updated flood outlines because the undefended 
channel capacity is not predicted to be exceeded until downstream of the village.  However, this does not 
preclude the possibility of flooding from further upstream because the model reach begins in the centre of 
High Lorton village.  Upstream of High Lorton, Whit Beck is constrained to a narrow valley by the Lorton Fells 
so an upstream flood source is unlikely to pose a significant risk to High Lorton. 

The impact of gravel accumulation and extraction adjacent to Lorton Low Bridge and bridge blockage is 
predicted to be limited in extent.  The maximum change in the magnitude of flood levels in the channel 
during a 1% AEP event is predicted to be +0.40 metres due to the accumulation of an additional 0.50 metres 
of gravel, -0.20 for the removal of 0.50 metres of gravel and -0.05 metres for a bridge blockage scenario 
(involving vertical blockage of 20%).  
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1 INTRODUCTION 
 

1.1 Purpose and scope of the study 

This study is one of five being undertaken as part of the Derwent Villages Flood Risk Mapping Study.  
The main purpose of the Derwent Villages Flood Risk Mapping Study is to produce updated flood 
maps for five small study areas within the Derwent catchment in Cumbria, illustrated in Figure 1-1.   
This study focuses on Lorton Vale where the Environment Agency requires two watercourses to be 
mapped; the River Cocker at Low Lorton and Whit Beck at High Lorton.   In addition to updating the 
local flood map this study examines the potential impact of bridge blockage and gravel accumulation 
and extraction within the study area.   

 

Figure 1-1: Location map for Derwent Villages Flood Risk Mapping Project 

 
 © Crown Copyright.  All rights reserved. 100026380. (2007). 
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The essential parts of this flood mapping study are;  

• Flood flow estimation (hydrology),  

• Hydraulic modelling  

• Flood plain mapping 

• Sensitivity analysis.    

Hydraulic modelling is a key tool in deriving flood levels, from which updated flood maps are 
subsequently obtained.   Return periods modelled were; 20%, 10%, 4%, 2%, 1.33%, 1%, 0.5%, and 
0.1% Annual Exceedence Probabilities (AEP), equating to return periods of 5, 10, 25, 50, 75, 100, 
200 and 1000 years.   A 1% AEP event with the flow increased by 20% was also included to account 
for the possible impact of climate change.  

1.2 Description of Study Area 

The Environment Agency requires two watercourses to be mapped in the Lorton area (Figure 1-3); a 
1460m reach of Whit Beck passing through the village of High Lorton and a 2095m reach of the 
River Cocker passing through Lorton Vale and the village of Low Lorton.  The downstream extent of 
the Whit Beck study area coincides with the confluence of the River Cocker.   

The study area is rural and subject to high rainfall.   The ongoing River Derwent Catchment Flood 
Management Plan (CFMP)1 provides a recent overview of the properties of the whole Derwent 
catchment including the Lorton Vale area.   

 Whit Beck 

Whit Beck is a narrow watercourse which, in the study area, is influenced by a number of bridges.  
These are Boonbeck Bridge (single arch) in High Lorton, Highmill Bridge and High Whitbeck Bridge 
(both single arch) and Whitbeck Bridge (single span) all located downstream of High Lorton.  Whit 
Beck is contained within an engineered channel along much of the reach to be modelled (Figure 
1-2).  Figure 1-2 contains the existing flood outlines for the Lorton Vale area.  The flood outlines for 
Whit Beck are narrow in the vicinity of High Lorton but do manage to incorporate a few properties on 
either side of Boonbeck Bridge.  Downstream of High Lorton the flood outlines on the left bank 
remain narrow but on the right bank widen to in excess of 500m.  This pattern is not entirely 
consistent with the pattern recorded during the January 2005 flood event, outlined in Section 1.4.  

Figure 1-2: Whit Beck between Highmill and High Whitbeck Bridges 

 
Figure 1-3: The study areas at High and Low Lorton 

                                                      
 
1
 River Derwent Catchment Flood Management Plan, Consultation Scoping Report, September 2006 
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© Crown Copyright.  All rights reserved. 100026380. (2007). 

 

 River Cocker 

The River Cocker meanders gently across a broad floodplain within the Low Lorton study area. The 
reach contains only one significant in-line structure; Lorton Low Bridge, a prominent dual arched 
structure, which is located approximately 500m upstream from Low Lorton village.   

Significant gravel accumulation on the River Cocker can occur immediately downstream of Lorton 
Low Bridge (Figure 1-4) and this site is periodically maintained by the Environment Agency.  The 
survey at Lorton Low Bridge was carried out between 23

rd
-30

th
 April 2007, one month prior to the 

field visit that resulted in the photograph shown in Figure 1-4.  The state of the gravel inherent in the 
hydraulic model is therefore consistent with the image shown in Figure 1-4. 

 

 
 Historic outline – Jan 

2005 event 

Flood zone 2 

Flood zone 3 

Model extents 

Whit Beck 

River Cocker 
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Figure 1-4: Gravel accumulation looking downstream of Lorton Low Bridge May 30
th

 2007. 

 

 

The existing flood outlines around the River Cocker are illustrated in Figure 1-2.  The outlines are 
generally 100m to 250m in width except for the region of the right bank close to the confluence with 
Whit Beck, where the outline is significantly wider.  Within the study area properties at Lorton Low 
Bridge and Low Lorton village are located within the existing flood zones. 

 

1.3 Flood Defences 

Sections of man-made flood embankments occur within the study area alongside both Whit Beck 
and the River Cocker.  The distribution of these defences has previously been logged onto NFCDD 
but the standard of protection has not yet been predicted.  This study will aim to estimate the 
standard of protection offered by these defences, the results of which are presented in Table 4-1.  
The location of the defence sections that were included within the defended hydraulic model is 
illustrated in Figure 1-5. 

• A 900m section of man made flood embankment forms the right bank of Whit Beck from 
Highmill Bridge to the confluence with the River Cocker and a smaller 500 long embankment 
forms the left bank between High Whitbeck Bridge and the Cocker confluence.   

• The River Cocker has significant sections of flood defences, primarily earth embankments, 
along both banks through Lorton Vale. 
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Figure 1-5: Raised defences within the study area.   

 
  © Crown Copyright.  All rights reserved. 100026380. (2007). 

 

1.4 Flooding History 

The existence of raised, man-made, flood embankments along sections of both Whit Beck and the 
River Cocker within the mapping area would suggest that the largely rural floodplain hereabouts has 
been subjected to significant flooding in the past.  This section details a small number of recent 
recorded flood events in the study area. 

 Whit Beck 

In January 2005 an eyewitness account indicates that flood water overtopped a section of the flood 
embankment on the right bank of Whit Beck (shown in Figure 1-2) between Highmill and High 
Whitbeck Bridges.  Flood water was recorded as having followed a broadly linear path approximately 
100m wide across fields and along the B5289 before rejoining the River Cocker in the vicinity of 
Lorton Low Bridge.  The resulting historic flood outline is shown in Figure 1-3 and contrasts with the 
existing Flood Maps.  An ability to predict this somewhat unexpected flow path will be a useful test of 
any hydraulic model for Whit Beck. 

 River Cocker 

The River Cocker was affected by significant flooding in October 1977.  NFCDD records that this 
event occurred as a consequence of the channel capacity being exceeded in response to a gauged 
flow of 92m

3
s

-1
.  However, the full AMAX series for Southwaite Bridge river gauging station records a 

maximum flow for this event of only 80m
3
s

-1
.  The approximate flood outline for the 1977 flood event 

(Figure 1-3) illustrates that this historic event is reasonably consistent with the existing Flood Maps.  

 

Survey cross section 
 
Manmade embankment 
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However at Low Lorton Village the Flood Maps enclose a number of properties that are not known to 
have been affected by historic flooding. 

Two properties adjacent to Lorton Low Bridge were affected by highly localised flooding in December 
2003.  The source of the floodwater during this event is uncertain as it not believed that the capacity 
of the River Cocker had locally been exceeded. 

 

1.5 Data Sources 

1.5.1 Local Hydrometric data  

Hydrometric data is of key importance in hydraulic modelling studies in both improving the accuracy 
of design flow estimates and enabling models to be calibrated against observed measurements.  
Figure 1-6 shows the distribution of rain and river gauges across the Derwent Villages area.   This 
demonstrates that gauged data which might be of direct use within this study is generally sparse.    

 

Figure 1-6: Location of river and rainfall gauges within the wider Derwent Villages study area 

 
   © Crown Copyright.  All rights reserved. 100026380. (2007). 

• Local River Gauges 

Figure 1-6 illustrates that there are a number of river gauging stations that could potentially be of 
direct importance in this study.  Recordings from the Crummock, Scalehill and Southwaite Bridge 
gauges on the River Cocker may provide useful information for the studies at High and Low Lorton 
Table 1-1 summarises the output available from the river gauging stations on the River Cocker.   

 

 

 

Table 1-1: Local River Gauging Stations on the River Derwent 
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Watercourse Station Name Referenc
e No. 

OS Grid 
Ref. 

Type of 
Data 

Start of 
Record 

End of 
Record 

River Cocker Southwaite Bridge 751613 NY1309028 Level & Flow 01 Jan 1967 Present day 

River Cocker Scalehill 751612 NY1490221 Level & Flow 18 Mar 1974 Present day 

River Cocker Crummock 751511 NY1512520 Level & Flow 31 Oct 1973 Present day 

 

The three gauging stations on the River Cocker record both level and flow and could prove important 
for the mapping studies at both High and Low Lorton. The gauging stations at Scalehill and 
Crummock are located approximately 3.5 and 4.5 kilometres, respectively, upstream from the 
proposed upstream study limit on the River Cocker mapping study.  The gauging station at 
Southwaite Bridge is located approximately 3 kilometres downstream of the downstream limit of the 
Low Lorton study area.  On initial inspection, therefore, these gauging stations are ideally placed to 
act as donor catchments for providing flow data for the River Cocker model.  Further details on the 
use of gauged data in deriving estimated inflows are provided in Chapter 2. 

• Local Rain Gauges  

A number of rain gauges are located in the Cocker catchment.  These were listed in the inception 
report and, as no new rainfall data were utilised during this study, the gauge locations and properties 
are not repeated here.   

 

1.5.2 Topographic and Terrain Information 

• Topographic survey of main river channel 

A river survey of the full study reach was undertaken on behalf of the Agency by Atlantic Geomatics 
between 23

rd
-30

th
 April 2007 for both Whit beck and the River Cocker.   The extent of this survey is 

depicted in Figure 1-5.  The precision of heights on hard surfaces was quoted, to a 95% confidence 
level, to be within ±20mm relative to the control station height. This initial survey coverage was 
considered sufficient for modelling purposes and no additional survey was requested by JBA.    

At the request of the Environment Agency a check of the original survey was undertaken by JBA in 
August 2007.  For the High Lorton and Low Lorton studies the check survey validated three survey 
control stations plus soffit and deck levels for all five bridges in the study area.  The check survey 
revealed no evidence for systematic bias and concluded that there was no reason why the survey by 
Atlantic Geomatics should not be fit for the purpose of hydraulic modelling.  Further details on the 
methodology and results of the check survey can be found in the Check Survey report (Appendix F)2.  

• LiDAR 

The river survey was essentially confined to the main river channel and is therefore only adequate 
for constraining the modelled flood levels in situations where water remains contained within the 
main channel.  Filtered LiDAR (with buildings, hedges, walls etc removed) available for both Low and 
High Lorton and the surrounding area at a resolution of 2m was used to represent the detailed 
floodplain topography, for both for both 1D and 2D hydraulic modelling and to construct the flood 
maps at a suitable definition.    

LiDAR data was also used to extend the model both upstream and downstream of the surveyed area 
by adjusting channel geometries of the first and last surveyed sections by the land slope as 
determined from LiDAR.    

The estimated error on the filtered LiDAR data was not provided, however root mean square errors 
for two unfiltered LiDAR surveys at Buttermere and Bassenthwaite were 0.042 and 0.027 
respectively.   It should be noted that filtered data generally have a higher error than unfiltered 
LiDAR data. 

                                                      
 

2 JBA Consulting, Derwent Villages Flood Mapping Study - Check Survey Report, October 2007 
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• OS Maps  

OS Landline tiles NY1424, NY1425, NY1426, NY1524, NY1525, NY1526, NY1625, NY12NE, 
NY12NW, NY12SE, NW12SW were used for the presentation of the final flood maps.  

• Field Photographs and Aerial Images (Google Earth) 

A field visit and resulting photographs proved invaluable when assigning substrate and vegetation 
types for the river bed, banks and floodplain when applying the Conveyance Estimation System 
(CES).  Additional information from aerial photographs was used to assist in the identification of flood 
embankments and landuse type within the floodplains of both watercourses.  

1.5.3 Existing Models  

Hydraulic models of the River Cocker have previously been created by JBA Consulting on behalf of 
the Environment Agency as part of the River Derwent S105 study3.  Although, there is some 
representation of the Lorton Vale area in these existing models in the form of routing sections, the 
model definition of any new model based on the surveyed data will significantly improve the model 
definition relative to any existing models.  

 

1.6 Flood mapping methodology 

The Lorton Vale Flood Mapping study incorporated three key processes; hydrological assessment, 
hydraulic modelling and map production along with sensitivity and scenario testing.  The hydrological 
assessment is documented in Section 2 and the hydraulic modelling is discussed in Section 3 of this 
report.  A key part of the hydraulic modelling involved constructing a combined ISIS-TUFLOW model 
of entire study area incorporating both the River Cocker and Whit Beck. The results of the hydraulic 
models were used to generate flood maps and these are presented and discussed with reference to 
both the existing Flood Zones and recent historic events in Section 4. 

 

                                                      
 

3 Circular 30/92 Development and Flood Risk Section 105 Surveys, River Derwent Catchment, Project Number F19185, December 
2000 
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2 HYDROLOGICAL ASSESSMENT 
 

 
2.1 Overview 

The hydrology of the River Cocker at Low Lorton and Whit Beck at High Lorton has been analysed 
using Flood Estimation Handbook (FEH) methodology4.  Two approaches have been investigated, 
namely the Statistical method and the Revitalised Flood Hydrograph (ReFH) method.  These two 
approaches are summarised before a set of design flows is recommended. Full details of the 
hydrological calculations can be found in Appendix A. 

2.2 Methodology 

2.2.1 Flow Estimation Points and Catchment Descriptors 

Flow estimates were investigated at seven locations within the study area, two on Whit Beck and five 
on the River Cocker.  These estimation points included the upstream and downstream modelling 
extents of each watercourse and the confluence of the two rivers on the River Cocker.  In addition to 
provide direct comparisons with an existing routing model constructed for the River Derwent CFMP, 
flow estimates were derived for the outlet of Crummock Water and the gauging station at Southwaite 
Bridge.  The location of the inflow estimation points is provided in Figure 2-1.   

Catchment descriptors for the flow estimation sites were extracted from the FEH CD-ROM v2 and a 
selection is shown in Table 2-1.  These illustrate that as the area of the River Cocker catchment 
progressively increases downstream from Crummock Water the rainfall (SAAR), percentage run-off 
(SPRHOST) and attenuation due to reservoirs and lakes (FARL) decrease.  There is a 
corresponding small increase in urban extent (URBEXT). 

FARL values of <0.90 generally reflect the influence of major reservoirs or lakes within the 
catchment.  The low FARL values recorded for the River Cocker catchment may be attributed to the 
presence of Buttermere and Crummock Water in the upper catchment.    The catchment descriptors 
from the flow estimation sites on Whit Beck are not significantly different and the FARL value of 1 
reflects the absence of any lakes within this catchment. 

Table 2-1: Flow estimation points for the River Derwent 

Site 
Code 

Watercourse Site 
Easting 

Northing 
AREA 
(m

2
) 

FARL 
SAAR 
(mm) 

SPR-
HOST 

URB-EXT 
1990 

CKER 50 River Cocker Foot of Crummock 
Water 

314850 
521450 

63.29 0.713 2251 43.8 0.0001 

CKER 10 River Cocker US extent of 
topographic survey 

315250 
524610 

77.72 0.76 2176 42.53 0.0001 

CKER 20 River Cocker DS of confluence 315150 
524900 

93.34 0.796 2119 40.92 0.0001 

CKER 30 River Cocker DS extent of 
topographic survey 

314950 
526400 

100.75 0.807 2076 40.55 0.0003 

CKER 40 River Cocker Southwaite Bridge 
gauging station 

313095 
527988 

116.17 0.83 1976 40.13 0.0003 

WHIB 10 Whit Beck US extent 316250 
525550 

13.06 1 1889 33.23 0 

WHIB 20 Whit Beck US of confluence 315300 
524750 

15.59 1 1835 33.2 0 

Figure 2-1 Locations of Flow Estimation Points 

                                                      
 
4
 Institute of Hydrology (1999)  Flood Estimation Handbook – 5 volumes.  Institute of Hydrology, Wallingford. 
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CKER_10

CKER_20

WHIB_10

WHIB_20

CKER_50

CKER_30

CKER_40

 
   © Crown Copyright.  All rights reserved. 100026380. (2007). 

 
 

2.2.2 FEH Statistical Method 

The FEH statistical method consists of two main stages, estimation of the index flood, QMED, and 
derivation of the growth curve.  These two stages determine the design flood estimates and are 
described in the following sections. 

 Estimation of QMED 

In the absence of any gauging stations within the modelled reach QMED was initially estimated for 
each flow estimation point using catchment descriptors.   Table 2-2 summarises the QMED values 
derived for each flow estimation point using catchment descriptors for the site.   

 
   Extent of modelled reach 
 

   Modelled watercourses 
 

   Non modelled                  
   watercourse 
 

   Flow estimation point 
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Table 2-2 Flow QMED estimates for estimation points on River Cocker and Whit Beck 

Site code 
Initial estimate 
of QMED (m

3
/s) 

Data transfer 
Final estimate 

of QMED (m
3
/s) 

NRFA numbers for 
donor/analogue sites 

used 

QMED 
adjustment 

factor 

CKER 50 26.3  (from CD) Best local donor is 75004 0.924 24.30 

CKER 10 34.92 (from CD) As above 0.924 32.27 

CKER 20 42.32 (from CD) As above 0.924 39.10 

CKER 30 44.41 (from CD) As above 0.924 41.03 

CKER 40 46.61 Calculated direct from 
recorded data. 

1 
46.61 

WHIB 10 9.04 (from CD) As above 0.924 8.35 

WHIB 20 10.11 (from CD) As above 0.924 9.34 

Notes: CD - Catchment Descriptors. 

 

Potential donor sites were then investigated to improve QMED estimates by relating them to locally 
measured data.  In the statistical method, all potential donor sites are assumed to have similar 
catchment descriptors to the study sites.  For the Lorton watercourses, the selection of a potential 
donor was complicated by the variation in FARL values observed throughout the study area; not only 
between the two watercourses under consideration but also along the River Cocker.  In such 
instances a principal subject site may be selected to which the catchment descriptors of a potential 
donor are compared.  The study site CKER 20 on the River Cocker downstream of the confluence 
with Whit Beck was selected as a principal subject site for the evaluation of potential donors.  

Three gauging stations on the River Cocker have both level and flow records and are potential donor 
stations for this study; Scalehill (75016) and Crummock (75801) located 3.5km and 4.5km upstream 
of the study area, respectively, and Southwaite Bridge (75004) located 3km downstream.  

Crummock, operational from 1973 to the present day, was designed primarily to monitor lake level 
and therefore flow data from this gauge should be used with care.  In addition the data quality is not 
considered sufficient to place on the HiFlows website and, consequently, the gauge was considered 
unsuitable as a donor.   

Scalehill gauge, operational from 1974 to the present day is completely drowned with flow over both 
banks once bank-full capacity is exceeded so data at high flows is unlikely to be reliable. The data 
from Scalehill was not considered to be of sufficient quality for the site to be placed on the HiFlows 
website and, consequently, the gauge was considered unsuitable as a donor.   

Southwaite Bridge has a record from 1967 to the present day.  Data is considered to be sufficiently 
robust to list on Hi-FLOWS and of sufficient quality to be considered suitable for estimation of QMED 
and pooling.  Furthermore the catchment descriptors for this station are considered to be a 
reasonable match to those of the principal subject site.   

Given the proximity of Southwaite Bridge to the study area and its long data record, this site was 
considered a suitable donor site.  The observed QMED from this gauge was therefore used to adjust 
the QMED derived from catchment descriptors for each estimation point.  The QMED scaling factor 
for Southwaite Bridge of 0.924 meant that only a small adjustment was made to QMED at each 
estimation site (Table 2-2). 

 

 Southwaite Bridge gauging station 

The gauging station at Southwaite Bridge is a velocity-area station with permanent cableway.  Flood 
banks are believed to contain most flows although the station may be bypassed on the right bank at 
high flows. The channel is approximately 17 metres wide although water normally only occupies the 
middle 5 metres.  The site suffers from silt, weed growth and minor bed movements.  The Control is 
a pipeline and mill weir 137 m downstream at higher flows.  The quality of the theoretical rating curve 
and flow data from the site is thought to be good and is supported by flow gaugings to very high 
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flows, gauged almost to maximum recorded, although the stage-discharge relationship has been 
judged poor for low flows (Figure 2-2).  

 

Figure 2-2 Southwaite Bridge Gauging Station Rating Curve 

 

Table 2-3  Rating curve parameters at Southwaite Bridge (from HiFlows-UK) 

Ref 
Lim

b 
Details K a p Start Date 

Max 
Stage 

End Date 

19 A 01/08/95 TO 
DATE 

33.035 -0.282 1.448 01/01/1967 1.89 01/01/2100 

 

 Derivation of the Growth Curve  

Growth curves relate the index flood QMED to more extreme, longer return period events, by 
providing a ratio to multiply QMED in order to attain design flows.  Although single site analysis may 
be undertaken for gauged sites with particularly long record lengths, growth curves are usually 
derived from a pooling group of sites that are considered hydrologically similar (based on 
comparison of catchment descriptors) to the required flow estimation site,.  

As many of the subject sites are hydrologically similar, pooling groups were not created for each of 
the seven estimation points.  Instead, growth factors from one pooling group were applied to all five 
estimation sites on the River Cocker and another pooling group was used to derive the growth factor 
for both estimation points on Whit Beck.  CKER_40 at Southwaite Bridge was chosen to derive the 
pooling group for the River Cocker.  This was deemed the most suitable subject site, although not 
located within the modelled reach, because of the availability of gauged data, which enabled a single 
site analysis to be carried out in addition to the pooled analysis.  WHIB_10 was used to derive the 
Whit Beck pooling group which was applied to both the upstream and downstream estimation points.  

For each pooling group two versions were configured based upon the 1% and 0.1% AEP events.  A 
1% AEP pooling group was utilised to estimate 20% to 1% AEP design flows and a separate 0.1% 
group was used for generating design flows for higher magnitude events.  When creating a pooling 
group suitable for estimating 1% AEP flows, FEH guidance recommends that the number of years of 
record in the pooling group should be at least five times the reference return period, i.e. 500 years of 
record.  By contrast a pooling group appropriate for generating 0.1% AEP flows should utilise a 
maximum record of 1000 years, necessitating data from a wider range of sites some of which will 
usually be less hydrologically similar than the 1% AEP pooling group.   
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FEH5 guidance recommends that both single site and pooled analysis are undertaken where return 
period estimates greater than 1 in 27 years are required and where there is over 14 years worth of 
record at the gauged site.  When the record length at the site is less than the return period for which 
design flow estimates are required then single site analysis should ideally be undertaken to confirm 
the validity of the pooled analysis.   

Growth curves for CKER40 at Southwaite Bridge were derived from both a single site analysis (using 
gauged data only from Southwaite Bridge) and also from a pooled analysis (using data from a 
number of sites).  A comparison of the growth curves produced from the single site (curves 1-3) and 
pooled analyses (curves 4 and 5 shown in green) using the 1% AEP pooling group are shown in 
Figure 2-3 below.  The Win-FAP v2 software highlights two acceptable fitting distributions to the 
pooled data, the GEV and Pearson Type 3 distributions.   Figure 2-3 indicates that the GEV fit is 
more comparable to the single site analyses than the Pearson Type 3 implying that a GEV based 
growth curve is the more appropriate model for the pooled data.    

The calculated growth factor and subsequent design flows from the single site analysis are of the 
same order of magnitude, albeit slightly lower, than those produced from the pooled analysis for 
flows of up to 1% AEP, almost identical for 1% AEP flows, and slightly higher for higher magnitude 
events (0.5% and 0.1% AEP).  This is likely to be a reflection of the difference in pooling groups that 
were used to derive the design flows.   

 

Figure 2-3 Pooled and Single Site Growth Curves for Southwaite Station (CKER40) 

 

Growth curves for the pooling groups investigated for the River Cocker flow estimation sites are 
provided in Figure 2-4.  In all cases the default pooling group and GEV were selected as the most 
appropriate pooling group and fitting distribution. 

 

                                                      
 
5
 Flood Estimation Handbook, Volume 3 page 46 

Key to fitting distributions: 

1, Southwaite gauging station, GL fit 

2, Southwaite gauging station, GEV fit 

3, Southwaite gauging station, P3 fit 

4, Southwaite 100a (default) pooling group, PT3 fit 

5, Southwaite 100a (default) pooling group, GEV fit 



 
Client               Environment Agency, North West Region 
Project Title    Derwent Villages Flood Risk Mapping: Lorton 
Report Title     Draft Report 

 

  
JBA Consulting 
www.jbaconsulting.co.uk 
 
N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\Old Report\2007s2451_Lorton_FINAL.doc:  31/07/2013  

 

14 

Figure 2-4 Pooled Analysis Growth curves for 100 and 1000 year target return periods  

 

 Design Flow Estimates from the FEH Statistical Method 

Following FEH guidance, the statistical method design flow estimates for the River Cocker and Whit 
Beck are based upon the pooled analysis.  The resulting design peak flows from the FEH Statistical 
method are shown in Table 2-4. 

 

Table 2-4: Statistical method design flow estimates  

Site 
code 

Flood peak (m³/s) for the following return periods (in years)  

2
1
 5

1
 10

1
 25

1
 50

1
 75

1
 100

1
 200

2
 1000

2
 

CKER50 24.30 31.62 36.47 42.60 47.15 49.80 51.67 52.81 61.01 

CKER10 32.27 41.99 48.43 56.57 62.62 66.13 68.62 70.13 81.02 

CKER20 39.10 50.88 58.68 68.55 75.87 80.13 83.15 84.97 98.17 

CKER30 41.03 53.39 61.58 71.93 79.62 84.09 87.25 89.16 103.02 

CKER40 46.61 60.65 69.95 81.71 90.44 95.52 99.12 101.29 117.03 

WHIB10 8.35 10.76 12.43 14.75 16.68 17.89 18.80 21.21 27.58 

WHIB20 9.34 12.03 13.9 16.5 18.65 20.01 21.03 23.72 30.85 

1 100yr pooling group of 500 records used to derive statistical estimates. 2 200yr pooling group of 1000 records used to derive 
statistical estimates. 

Key to fitting distributions: 

1 = Southwaite 100a (default) pooling group, GEV fit 

2 = Southwaite 100a (default) pooling group, PT 3 fit 

3 = Southwaite 200a (default) pooling group, GEV fit 

4 = Southwaite 200b pooling group, GEV fit 
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2.2.3 Revitalised Flood Hydrograph method (ReFH) 

The FSR/FEH Rainfall-Runoff Method has undergone revitalisation6 taking advantage of new data 
and more advanced hydrological modelling techniques since the original method was developed.  
The improved Rainfall-Runoff model retains the overall structure of the existing FSR/FEH approach 
but the individual components (loss, routing and base flow) have been updated and are based on a 
new set of model parameters.  The existing Flood Event Archive has also been updated with more 
recent and larger flood events to enhance confidence in the ability of the ReFH method to simulate 
large flood events.  Furthermore, a new design method for use in conjunction with the ReFH model 
has been developed that has a more advanced consideration of seasonal flooding than the old 
FSR/FEH method.  Consequently, a T-year flood is generated by a T-year design rainfall event.  
ReFH now allows for a variation in percentage runoff both between and within an event, an increase 
in base flow with time and a kinked unit hydrograph shape which allows a slower recession curve 
and a slighter smaller peak flow.  

The ReFH method is applied either through a spreadsheet version or within ISIS software, making 
use of the new ReFH boundary units that work in same way as the FEH boundary units.  ReFH 
remains un-calibrated for events with a return period greater than 150 years but is still considered to 
be superior to the old FEH Rainfall-Runoff method and has, therefore, been used in this study.   

 Timing of Inflow Hydrographs 

Full details of the application of the ReFH method are given in Appendix A but one important aspect 
of the hydrology that needed further investigation concerned the relative timing of the inflow 
hydrographs that were used in the hydraulic model.  The approach taken in this study was to model 
both catchments with the same storm duration.   

The ReFH recommended storm duration for flow estimation points within the modelled reach was 
6.25 hours for the sites on the River Cocker and 3.75 hours for sites on Whit Beck reflecting a 
differing response to rainfall between the two catchments resulting primarily from their different sizes; 
100.75 km

2
 for the modelled extent of the River Cocker and 15.59m

2
 for the modelled extent of Whit 

Beck.     

Given that a single hydraulic model was to be constructed of both Whit Beck and the River Cocker, 
simulating only a single design event to determine flood levels was considered preferable than 
having to run two events to obtain a set of design levels for each watercourse.  However, altering the 
storm duration on one watercourse to match the other could potentially lead to underestimating peak 
flood levels on one of the watercourses. A sensitivity analysis was therefore undertaken to 
investigate the impact of applying a uniform storm duration of 6.25 hours (the recommended Cocker 
duration) across the whole of the modelled catchment on peak flood levels.  A storm duration of 6.25 
hours was chosen rather than 3.75 hours (the Whit Beck recommended duration) because Whit 
Beck was assumed to be less sensitive to storm duration than the River Cocker. Figure 2-5 
illustrates the impact of increasing the storm duration for Whit Beck from 3.75 to 6.25 hours; the 
impact is conservative with a slight increase peak level at the upstream boundary on Whit Beck.  
Figure 2-6 illustrates the impact of increasing the storm duration for Whit Beck on level at the 
confluence of the two watercourses.  Again, the predicted impact is conservative with a slight 
increase in level at the confluence.     

The observation that increasing the storm duration for Whit Beck to coincide with that of the River 
Cocker does not lead to a noticeable decrease in predicted flood levels, justifies the use of a single 
catchment wide storm duration when generating design flood levels from the hydraulic model.  

                                                      
 
6
 Revitalisation of the FSR/FEH Rainfall-Runoff Method. Thomas Kjeldsen, Lisa Stewart, John Packman & Sonja Folwell. 

Centre for Ecology & Hydrology, Wallingford. November 2005.   



 
Client               Environment Agency, North West Region 
Project Title    Derwent Villages Flood Risk Mapping: Lorton 
Report Title     Draft Report 

 

  
JBA Consulting 
www.jbaconsulting.co.uk 
 
N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\Old Report\2007s2451_Lorton_FINAL.doc:  31/07/2013  

 

16 

Figure 2-5 Impact of storm duration on level at Whit Beck 

Time Series: WHIB02_0065 - Stage: WHIB02_0065; 0 - 12 h.
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Figure 2-6 Impact of storm duration on level at confluence of River Cocker and Whit Beck 

 

Time Series: CKER03_0793 - Stage: CKER03_0793; 0 - 12 h.
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Application of the ReFH spreadsheet provided the flow estimates given in Table 2-5 for the specified 
return periods of interest.   

 

Table 2-5: Flood peak estimates using the Revitalised Flood Hydrograph Method (ReFH) 

Site code 

Flood peak (m³/s) for the following return periods (in years)   

2 5 10 25 50 75 100 200 1000 

CKER50 83.20 108.0 127.5 152.7 176.2 192.0 204.50 239.3 357.4 

CKER10 89.60 115.6 136.2 162.5 186.6 202.9 215.80 251.8 373.7 

CKER20 99.60 128.3 150.9 179.8 206.2 224.0 237.90 276.6 408.4 

CKER30 99.90 128.4 150.7 179.2 205.2 222.7 236.40 274.5 403.7 

CKER40 102.4
0 130.9 153.2 181.7 207.6 225.1 238.70 276.6 403.2 

WHIB10 11.60 15.0 17.7 21.0 24.1 26.2 27.90 32.4 47.6 

WHIB20 12.90 16.6 19.6 23.3 26.7 29.0 30.80 35.8 52.2 

 

2.2.4 Comparison of flood estimates 

A comparison of the estimates produced by the statistical and ReFH methods shows that the ReFH 
method produces significantly higher estimates than the statistical, including QMED (Table 2-6).  
This is particularly noticeable for the subject sites located on the River Cocker.  The application of a 
scaling factor to QMED in the statistical but not ReFH method is unlikely to explain this discrepancy, 
especially considering the appropriate scaling factor used in this study was close to unity (0.924).   

 

Table 2-6: Ratio of peak flow estimates: ReFH:Statistical Method. 

Site code 
Return Period (years) 

2 100 1000 

CKER 50 3.42 3.96 5.86 

CKER 10 2.78 3.14 4.61 

CKER 20 2.55 2.86 4.16 

CKER 30 2.43 2.71 3.92 

CKER 40 2.20 2.41 3.45 

WHIB 10 1.39 1.48 1.73 

WHIB 20 1.38 1.46 1.69 

 

To enable a comparison of the growth factors predicted by the two methodologies the ratio of 
predicted peak flow estimates for both 1% and 0.1% AEP events to QMED has been calculated 
(Table 2-7).  From this table it is evident that ReFH growth factors are higher than those calculated 
using the statistical method, more so for the 0.1%:QMED AEP ratio than the 1%:QMED AEP ratio.   

 

Table 2-7: Growth Factors: Ratio of peak flow estimates to QMED 

Watercourse 
1%AEP:QMED 0.1%AEP:QMED 

ReFH Statistical 
Method 

ReFH Statistical Method 

River Cocker 2.33 – 2.46 2.13 3.94 - 4.30 2.51 

Whit Beck 2.40 2.25 4.10 3.30 

2.2.5 Uncertainty in design flows 

There are, of course, uncertainties associated with each stage of the estimation process, which 



 
Client               Environment Agency, North West Region 
Project Title    Derwent Villages Flood Risk Mapping: Lorton 
Report Title     Draft Report 

 

  
JBA Consulting 
www.jbaconsulting.co.uk 
 
N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\Old Report\2007s2451_Lorton_FINAL.doc:  31/07/2013  

 

18 

could combine to produce final values that are subject to a large error.  However such errors should 
be kept to a minimum by using local measured flow data and cross checking between methods.  It is 
emphasised that the results of the analysis should be considered in context of the needs of the 
mapping study and it is cautioned that the estimated design flows may not be appropriate for wider 
purposes.   

One additional source of uncertainty in the design flows produced in this study is the influence of 
Buttermere and Crummock Water on flow attenuation on the River Cocker.  The ReFH methodology 
makes no provision to incorporate flow attenuation.  Consequently, the ReFH method will be prone 
to overestimate flows where subjects sites have a low FARL value (<0.9).  The statistical method 
has the potential to incorporate attenuation effects within the catchment by utilising the FARL 
catchment descriptor in the calculation of QMED.  However, the growth factors applied in the 
statistical method are derived from pooling groups, which tend to be biased towards the inclusion of 
a large proportion of stations which are not influenced by lakes or reservoirs (i.e. with FARL close to 
1).  The pooling stage of the statistical method is therefore unlikely to fully capture the effect of 
attenuation within the catchments.  The higher ReFH estimation of QMED and high REFH to 
statistical peak ratios, which are particularly evident for the River Cocker and less so for Whit Beck, 
could be a partial consequence of the ReFH method’s failure to incorporate flow attenuation within 
the upper catchment.   

Given the high FARL value of the selected flow estimation points on Whit Beck the two methods are 
less likely to overestimate QMED due to attenuation and this observation may be reflected in the low 
estimated peak flow ratio of REFH: Statistical for Whit Beck and the closer 1% AEP and 0.1% AEP 
growth factors.    

 

2.3 Flow estimates for estimation points 

FEH guidelines indicate that both statistical and ReFH methods could be applicable for estimating 
design flows on the Cocker and Whit Beck.  However, the use of the statistical method is likely to be 
more appropriate in this case because of its larger calibration dataset and, as discussed in the 
previous section, its greater ability to incorporate for flow attenuation within the Cocker catchment.  
Therefore, for the Lorton study the statistical method is generally considered to be more appropriate 
for estimating peak flows of up to and including 1% AEP.  

However, for return periods above 200 years neither method can be regarded as very reliable.  
Recent, yet to be published, guidance has identified that the statistical method often gives an 
unrealistically low growth factor when considering the 0.1% AEP event.  In this study the statistical 
method (based upon a 200yr pooling group) gives rise to very low Q1000/Q100 growth factors of 1.18 
for the River Cocker and 1.47 for Whit Beck when compared to a growth factor of 1.75 for both 
watercourses from the ReFH method.  In the light of these (unrealistically) low growth factors from 
the statistical method the latest advice7 in deriving both 0.5% AEP and 0.1% AEP design flows is to 
scale Q100 from the statistical method by the Q200/Q100 or Q1000/Q100 factor as determined from the 
ReFH method.  This hybrid method has, therefore, been applied for this study using scaling factors 
of 1.17 and 1.75, respectively, for the 0.5% AEP and 0.1% AEP design flow estimates.   

Application of the hybrid method results in higher 0.1% AEP flow estimates than those calculated 
using the statistical method.  For example, the 0.1% AEP flow estimate is increased by 
approximately 50m

3
s

-1
 to 173 m

3
s

-1 
at CKER_40 (Southwaite Bridge) and by 6m

3
s

-1
 to 33 m

3
s

-1 
at 

WHIT 10.  The revised 0.1% AEP estimates are, however, still significantly lower than the 
standalone ReFH estimates.   

In summary, the peak flow estimates used in this study for design events of up to and including 1% 
AEP were derived from the statistical method using a pooling group based on Southwaite Bridge.  In 
contrast, peak flow estimates for 0.5% and 0.1% AEP events were derived using a hybrid (statistical/ 
ReFH) approach by scaling the 1% AEP statistical estimates in proportion to the Q200/Q100 or 
Q1000/Q100 ratios as determined by ReFH.  The final peak flow estimates are given in Table 2-8. 

 

                                                      
 
7
 Flood Estimation Guidelines, Environment Agency, currently in draft and unpublished. 
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Table 2-8: Design flows at flow estimation points for use in hydraulic model 

Site 
code 

Flood peak (m³/s) for the following return periods (in years) 

2 5 10 25 50 75 100 200 1000 

CKER50 24.30 31.62 36.47 42.60 47.15 49.80 51.67 60.45 90.30 

CKER10 32.27 41.99 48.43 56.57 62.62 66.13 68.62 80.29 120.09 

CKER20 39.10 50.88 58.68 68.55 75.87 80.13 83.15 97.29 145.51 

CKER30 41.03 53.39 61.58 71.93 79.62 84.09 87.25 102.08 152.69 

CKER40 46.61 60.65 69.95 81.71 90.44 95.52 99.12 115.97 173.46 

WHIB10 8.35 10.76 12.43 14.75 16.68 17.89 18.80 22.00 32.90 

WHIB20 9.34 12.03 13.90 16.50 18.65 20.01 21.03 24.61 36.80 

 

2.4 Comparison with previous estimates 

Peak flow estimates within the Derwent catchment have previously been obtained using the Flood 
Studies Report (FSR) methodology8.  However, it is not possible to make a direct comparison of 
these previous results with the current study as the previous work only considered a single flow 
estimation point on the River Cocker between Southwaite Bridge and the Derwent confluence.  
Table 2-9 summarises the estimated peak flows in both studies. 

Figure 2-9 shows that the current estimates are lower than those obtained from the FSR 
methodology.  Key differences between the two approaches appear to lie in both the magnitude of 
the index flood and the subsequent growth factors.  

 

Table 2-9: Comparison of design flow estimates from current and previous studies 

Return 
period 
(years) 

FEH methodology (JBA2007s2451) 
River Cocker: Southwaite Bridge 

(m
3
 s

-1
) 

FSR Methodology (JBA 97s293) 
River Cocker: Southwaite to  Derwent 

confluence (m
3
 s

-1
) 

2  46.61 51.2  

100 99.12 114.5 

200 110.37 127.7 

 

The January 2005 event peak at Southwaite Bridge was gauged to be 86.7 m
3
/s.  This would place 

this event somewhere between a 4% (81.71 m
3
/s) and a 2% (90.44 m

3
/s) AEP event (See Table 2-

8).  This is believed to be an appropriate reflection of the frequency of this event along the River 
Cocker. 

 

 

                                                      
 
8
 S105 Survey of the River Derwent catchment. Final report Volume 2 – Hydrological Assessment. JBA 97s293 (Dec 2000) 
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3 HYDRAULIC MODELLING 
 

3.1 Modelling Approach 

The Lorton Vale area has previously been represented within a 1D hydraulic model that was 
constructed for the River Derwent CFMP.  However, the Lorton Vale area is only present as routing 
sections which makes the model unsuitable for a detailed flood mapping study.  Consequently a new 
hydraulic model was required for this study. 

The original Environment Agency brief specified two distinct study reaches within Lorton Vale: Whit 
Beck and the River Cocker.  The required study area for Whit Beck extended from Boonbeck Bridge 
in High Lorton to the confluence with the River Cocker.  For the River Cocker the study area 
extended from approximately 130m upstream of the confluence with Whit Beck to west of Littlewaite 
(Figure 3-1).  These two study reaches overlap significantly in the region close to the confluence of 
Whit Beck and the River Cocker.  A single combined model could potentially lead to a more accurate 
Flood Map than two separate models because a combined model would be able to include for the 
interaction of flood waters originating from both watercourses.  The creation of a single hydraulic 
model incorporating both study reaches was the preferred approach taken in this study. Generating 
design levels from a combined model also required the generation of catchment wide design events.  
This aspect of the study is discussed in Section 2.2.3. 

A 1D hydraulic model of Whit Beck and the River Cocker was considered a little simplistic for this 
mapping study because a 1D approach was considered unlikely to be able to predict the observed 
flood outline of the January 2005 flood event at Whit Beck.  During the 2005 event flow appears to 
have been directed away from the channel along a narrow flow path corresponding largely to the 
B5289. While suitably prepared 1D hydraulic models can be made to simulate such flow routes, 2D 
hydraulic models are able to routinely model complex flow pathways.  Modelling the Whit Beck 
floodplain in 2D but the River Cocker floodplain in 1D would have been problematical, whereas, 
adopting a 2D approach to the Cocker floodplain enables a better simulation of floodwater in the 
vicinity of the confluence.  Therefore, a decision was made to model the floodplains within the whole 
of the study area in 2D (using TUFLOW).  The two main watercourses were modelled in 1D using 
ISIS so the final model consisted of separate 1D (ISIS) and 2D (TUFLOW) hydraulic components 
which were dynamically run via the ISIS-TUFLOW link.  

In summary, the flood outlines from this study were produced from a linked 1D-2D (ISIS-TUFLOW) 
hydraulic model of the whole study area incorporating both Whit Beck and the River Cocker.  A 
detailed synopsis of the ISIS-TUFLOW model is supplied as Appendix B.  

 

3.2 1D (ISIS) Configuration 

The 1D model was developed using ISIS v.3.0.0.27 developed by Halcrow.  The topographic survey 
was used to determine river channel geometry.  River banks were trimmed to bank top for the final 
ISSI model to enable connection to TUFLOW.   
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Figure 3-1: ISIS node locations within the Lorton Vale ISIS-TUFLOW model. 
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© Crown Copyright. All rights reserved. 100026380, (2008). 

 

3.2.1 Model boundaries 

Upstream 

To ensure a realistic pattern of floodplain flow was being simulated close to the stipulated upstream 
boundary of the study area, the model of the River Cocker was extended 1km upstream of the 
survey limit.  An upstream river section in ISIS was created by applying the mean topographic slope 
for this reach (as determined from LiDAR) to the channel geometry of the upstream-most survey 
section. Three interpolate units were then added to this upstream reach to ensure model stability.  
Sensitivity tests were undertaken to investigate the impact of the upstream boundary on predicted 
peak flows at key locations within the study area (Appendix C). 

Inflows into both the River Cocker and Whit Beck were modelled using Re-FEH ISIS units to 
generate hydrographs which were then scaled to the appropriate design flow (Section 2.3).    

 

Downstream 

To ensure a realistic pattern of floodplain flow was being simulated close to the stipulated 
downstream boundary of the study area, the model of the River Cocker was extended 1.8km 
downstream of the survey limit.   A new downstream river section was created in ISIS using a similar 
method as that used to extend the upstream limit of the model and six interpolate units were added 
to this reach.  

A normal flow boundary was placed at the new downstream limit of the River Cocker in the ISIS 
model based on the slope of the floodplain beyond the downstream boundary.  Sensitivity tests were 

 

Main river centreline 

ISIS Node 
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undertaken to investigate the impact of the slope parameter on predicted peak flows at key locations 
within the study area (Appendix C). 

 

1D/2D boundary 

ISIS river sections were trimmed to the bank crest on the left and right banks of both watercourses to 
provide the boundary between 1D and 2D domains. 

 

3.2.2 Structures 

Five bridges are located within the study area; four single arch road bridges on Whit Beck and one 
double arch road bridge on the River Cocker upstream of Low Lorton.  Table 3-1 summarises of the 
modelling approach for these hydraulic structures within the ISIS model.   

 

Table 3-1: Modelled structures within the 1D domain 

Name of Structure 
Grid 

Reference 
Model Label 

Soffit Level 
(m AOD) 

How Modelled 

Boonbeck Bridge (Whit 
Beck) 

316160 
525520 

WHIB02_0007d 94.09 Arch Bridge 

Highmill Bridge  (Whit 
Beck) 

315960 
525200 

WHIB01_0936u 87.94 Arch Bridge 

High Whitbeck Bridge 

(Whit Beck) 

315770 
524980 

WHIB01_0617u 
82.84 Arch Bridge 

Whitbeck Bridge 

(Whit Beck) 

315617 
524900 

WHIB01_0452u 
80.38 Arch Bridge 

Lorton Low Bridge 
(River Cocker) 

315140 
525650 

CKER03_0014u 72.13 Arch Bridge 

Further detail on the modelling approach applied to these structures can be found in the hydraulic 
check file (Appendix B).  

3.2.3 Channel resistance 

Channel roughness parameters in hydraulic models are most commonly specified using Manning’s 
‘n’ values.  These are normally determined by relating field observations and/or photographs to 
published descriptions (e.g. Chow, 1957)

9
.  A Manning’s n value of 0.035 was considered 

appropriate to represent channel roughness within the ISIS component of the model.  Floodplain 
roughness was modelled in TUFLOW (Section 3.3.2). 

 

3.3 2D (TUFLOW) configuration 

3.3.1 Model boundaries 

Figure 3-2 shows the extent of the chosen 2D model domain in Lorton Vale.  The upstream limit of 
the Cocker model was placed upstream from the stipulated study area at a constriction in the 
floodplain to ensure that a realistic pattern of floodplain flow was being simulated at the start of the 
study area.  Similarly the downstream boundary of the 2D model was placed 1.8 kilometres distant 
from the required downstream model extent and a normal flow boundary based on floodplain slope 
was placed along the width of the floodplain at this location. Laterally, the model extents were 
topographically chosen to contain floodplain flow within the study area  

Figure 3-2: 2D (TUFLOW) domain map superimposed upon a filtered LiDAR DEM. 

                                                      
 
9
 Chow V.T.  ‘Open Channel Hydraulics’.  McGraw-Hill, 1957. 



 
Client               Environment Agency, North West Region 
Project Title    Derwent Villages Flood Risk Mapping: Lorton 
Report Title     Draft Report 

 

  
JBA Consulting 
www.jbaconsulting.co.uk 
 
N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\Old Report\2007s2451_Lorton_FINAL.doc:  31/07/2013  

 

23 

 

© Crown Copyright. All rights reserved. 100026380, (2008). 

3.3.2 Representation of floodplain 

A 2D raster grid of the floodplain was constructed from filtered LiDAR data.  The model grid was 
constructed based on cell size of four metres.  This was considered an appropriate compromise 
between adequately modelling conveyance along expected flow routes and maintaining manageable 
model run times it was considered necessary to use a cell size as low as four metres because some 
of the key expected flow routes were roads (e.g. the B5289) with flow widths in the order of eight 
metres. 

Floodplain resistance within the 2D domain was applied using aerial photographs to identify land use 
types and the Conveyance Estimator System (CES) to derive Mannings ‘n’ values for each land use 
category (Table 3-2).  CES is an alternative method to the direct application of Mannings ‘n’ values.  
CES is considered to be appropriate for rural reaches with few structures where the dominant control 
on levels is roughness. Circumstances that do not favour the use of CES include urban 
watercourses and hydraulic modelling using HEC-RAS or Mike 11.  Therefore, CES is an 
appropriate means of estimating channel carrying capacity and floodplain resistance for the Lorton 
Vale model.  The different land-use categories and their distribution with the study area are 
illustrated in Table 3-2 and Figure 3-3.  

Sensitivity of the hydraulic model to the CES determined resistance categories was gauged by 
running the model with resistance values determined from Land Cover 2000 data in combination with 
a standard JBA template.  Further details and results of this sensitivity test are provided in Appendix 
C. 

 

 
Elevation  <65m 

  65-70m 

70-75m 

75-80m 

80-85m 

85-90m 
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Table 3-2: CES floodplain resistance categories for the 2D domain 

Land Type Manning’s n 

Grass pasture; turf with no undulations 0.029 

Woodland; heavy, some downed, depth below branches or 
medium brush and trees in summer. 

0.102 

River bed; cobbles, no vegetation. 0.035 

Rural development; concrete, appreciable obstructions 0.032 

Road; concrete with no undulations 0.020 

 

Lorton Vale is essentially rural and the presence of buildings on the floodplains is not expected to 
have a significant impact on flow pathways.  Consequently, the Lorton Vale model does not include 
for the presence of buildings in the 2D domain, beyond small changes in the local Manning’s value. 

Figure 3-3: Distribution of land types included in the 2D model domain 

 

© Crown Copyright. All rights reserved. 100026380, (2008). 

3.3.3 Defended and Undefended configurations 

In a dynamically linked (ISIS-TUFLOW) model, flow between the channel and floodplains is 
controlled by the topographic elevation of the channel boundary in the 2D domain.  The creation of 

 
 Rural development  

road 

Woodland – heavy, some 
downed 

Woodland – medium brush 
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boundary lines between 1D and 2D domains is therefore of key importance in constructing a linked 
model and influencing its stability. 

For defended scenarios, the 1D/2D spill boundary was linearly interpolated along a sequence of 
crest level points placed along each bank of both Whit Beck and the River Cocker.  Spill elevations 
were extracted from the surveyed cross-sections.     

For undefended scenarios, defences that were listed as raised, man made structures with a standard 
of protection equal or greater than 70 years on the NFCDD database were removed from the model 
lowering the 1D/2D spill boundaries to levels that appeared appropriate from LiDAR data. Figure 1-5 
illustrates the location of raised man-made defences within the study area. 

 

3.4 Model Run Time Information 

The ISIS model was initially run in isolation with glass-walling permitted.  The ISIS initial conditions 
were then exported at either 1 hour or 2 hours depending on the return period under investigation, to 
enable the ISIS-TUFLOW model runs to begin at these times, thus slightly reducing the run times 
required.  The ISIS-TUFLOW model runs were terminated at 10 hours, significantly after the peak of 
the events which occur at approximately 6 hours.   

The modelling was carried out using version ISIS v.3.0.0.27 and TUFLOW release 2007-07-BD.  The 
linked models were run with an ISIS time step of two seconds for 1%, 0.5% and 0.1% AEP events 
and five seconds for events less than 1% AEP. A TUFLOW time step of two seconds was applied.  
Model run times lasted upto three hours.  
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4 HYDRAULIC MODEL RESULTS 
 

 

The hydraulic model in conjunction with the design peak flows and hydrographs was used to 
generate flows and water levels for a range of return periods; 20%, 10%, 4%, 2%, 1.3%, 1%, 0.5% 
and 0.1% AEP ( equating to 5, 10, 25, 50, 75, 100, 1000 years) for both defended and undefended 
scenarios. A 1% AEP event with the flow increased by 20% was also simulated to account for the 
possible impact of climate change.   

Linked 1D-2D (ISIS-TUFLOW) models can be instructed to output 2D flood (level, depth velocity 
etc.) maps directly, enabling flood outlines to be obtained without having to project 1D (ISIS) water 
levels across the floodplain.  Flood maps produced directly from a linked model are likely to be more 
accurate than those produced from simple 1D models as they include for the probable volume of 
overtopping.  

 

4.1 ISIS results 

The predicted peak flood levels and flows are also provided in tabular form in Appendix D at the 
back of the report. It should be noted that the levels provided in these tables are from the ISIS 
component of the linked ISIS-TUFLOW model and, consequently, represent the maximum level 
recorded in the channel only.  The peak floodplain levels at any location can be obtained by 
interrogating the TUFLOW results files, which are to be supplied as digital deliverables.      

Results from the hydraulic model from sections external to the reach limits as requested in the 
project brief (i.e. within the extended upstream and downstream parts of the model) are excluded 
from discussion of the results.  This is because the lack of topographic survey will have significantly 
increased the uncertainty associated with the model predictions in these areas. 

 

ISIS tabular maximum stage and flow data. 

See Appendix D 

 

Figure 4-1 and Figure 4-2 show the predicted 1% and 0.1% AEP peak flood levels along the River 
Cocker and Whit Beck, respectively.  These sections demonstrate the impact that removing the 
raised defences has on channel flood levels.  Removing the defences typically lowers the channel 
flood level implying, that, when quoting flood levels, the defended channel flood levels are generally 
more conservative than the undefended levels.  An afflux is evident across Lorton Low Bridge, 
approximately 0.5m for the 0.1% AEP event (Figure 4-1) but not so for any of the four bridges 
located along Whit Beck. 
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Figure 4-1: Long section showing simulated peak water levels along the River Cocker 

Long Section: CKER03_1118a - WHIB01_0071J - Maximum Stage; 2 - 10 h.
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Figure 4-2: Long section showing simulated peak water levels along Whit Beck 

Long Section: WHIB02_0140 - WHIB01_0071J - Maximum Stage; 2 - 10 h.
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4.2 Standard of service 

The standards of service for both banks at all surveyed cross sections within the modelled reach are 
provided in Table 4-1 and Figure 4-3.   The standard of service is taken to be the maximum design 
flow that can be retained within the bank; higher flow events would result in overtopping.  The 
standard of service was determined by comparing the predicted maximum stage from each design 
event with the bank heights evident in the surveyed cross sections. 

The standard of service along the River Cocker is locally predicted to be less than 1 in 5 years, 
however, defended sections exist which locally raise the standard of service to in excess of 1 in 100 
years.  Similarly, along much of Whit Beck the 0.1% AEP design flow is predicted to be contained 
within the channel.  However, the quoted standards of service will have been influenced by the 
modelled volume of water that exits the channel onto the floodplains at locations where lower 
standards of service apply.  Therefore, raising the standard of service at certain locations in Table 4-
1 could lower the standard of service as quoted in table 4-1 elsewhere in the study reach.   

Table 4-1 Predicted standards of service within Lorton Vale 

See Tables Section (at end of report) 

Figure 4-3: Map of predicted standards of service 

 

4.3 TUFLOW results 

Maps of flood level, depth, velocity and mass balance error across the active 2D model domain were 
saved at hourly intervals.  These data are available as digital deliverables and can be used to view 
the history of a flood event, create animations etc.  Figure 4-4 and Figure 4-5 demonstrate the 
TUFLOW predicted 20% AEP and 1% AEP maximum flood depths for the defended scenarios as 
examples of the data that were routinely recorded during the model runs.  This type of output can 
help to identify or clarify key flow routes during flood events.   

Figure 4-4: Maximum 20% AEP defended depth map 
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   © Crown Copyright.  All rights reserved. 100026380. (2007). 

Figure 4-5: Maximum 1% AEP defended depth map 

 
© Crown Copyright. All rights reserved. 100026380, (2008). 

 

Where historic flood outlines are available, the direct map output of 2D models often enables a rapid 
evaluation of the model performance to be made, especially with regard to key flow paths.  For 

        Depth 

0 – 10 cm 

10 – 20 cm 

20 – 30 cm 

30 – 40 cm 

40–100 cm 

        Depth 

0 – 10 cm 

10 – 20 cm 

20 – 30 cm 

30 – 40 cm 

40–100 cm 



 
Client               Environment Agency, North West Region 
Project Title    Derwent Villages Flood Risk Mapping: Lorton 
Report Title     Draft Report 

 

  
JBA Consulting 
www.jbaconsulting.co.uk 
 
N:\2013\Projects\2013s6844 - EA NW - River Cocker at Lorton - Updat\Reports\Old Report\2007s2451_Lorton_FINAL.doc:  31/07/2013  

 

32 

example, Figure 4-6 demonstrates that the TUFLOW component of the model successfully highlights 
the key flow route along the B5289 that was apparent during the January 2005 event.  The 
expectation that a 2D model might be able to monitor this flow route was one of the key reasons for 
choosing a 2D modelling approach and this decision has been vindicated by the model results.  In 
the defended scenarios, the flow route along the B5289 is first evident during a 4% AEP event.  
Figure 4-6 compares the flood outlines for the 2% AEP defended scenario with the January 2005 
flood event outline; based on the hydrology devised for this study the January 2005 flood would be 
placed between a 4% and 2% AEP event 

Figure 4-6: Comparison of January 2005 flood with 2% AEP defended flood outline. 

 

© Crown Copyright. All rights reserved. 100026380, (2008). 

4.4 Model Sensitivity 

The model results reported in this chapter arise from the model configuration that JBA considers to 
be most representative for flood mapping at Lorton Vale.  However, hydraulic models are normally 
subject to a significant degree of uncertainty and although the Lorton model evaluates reasonably 
well against observed data (e.g. 2005); the observed flood record for the Lorton area is not 
extensive.   In the absence of extensive hydrometric data to rigorously calibrate the model, it is good 
practice to undertake sensitivity analyses on the model.  By varying model input parameters within 
realistic ranges, sensitivity analyses permit some quantification of the uncertainty that is inherent in 
the reported model results. The results of sensitivity tests investigating the impact of varying model 
inflows, floodplain friction coefficients, and the downstream boundary are summarised in Appendix 
C.  These sensitivity tests demonstrate that the Lorton Vale model is relatively insensitive to 
floodplain friction and the slope of the downstream boundary slope.  Although the predicted levels 

 
 January 2005 outline 

2% AEP outline (50 year 
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are sensitive to inflows, as demonstrated by running the model with the 1%AEP ±20% inflows, the 
1% AEP and 1% AEP+20% flood outlines do not significantly differ. 

A further evaluation of model performance was undertaken against the January 2005 flood event.   
This involved placing the TUFLOW domain within the Derwent CFMP Rainfall Run-Off (ISIS) model 
and calibrating the model inflow parameters to match the recorded flow at Southwaite Bridge.  
Further details of the model validation are provided in Appendix C. 
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5 FLOOD RISK MAPS 
 

 

5.1 Creating Flood Outlines 

Flood outlines were produced for; 20%, 10%, 4%, 2%, 1.3%, 1%, 0.5% and 0.1% AEP (equating to 
return periods of 1 in 5, 10, 25, 50, 75, 100, 200 and 1000 years) for both defended and undefended 
scenarios.  A 1% AEP event with the flow increased by 20% was also simulated to account for the 
possible impact of climate change.  The flood outlines were produced directly from TUFLOW result 
maps and no projection of 1D channel levels was required.  

 

5.2 Generating Flood Outlines 

The flood outlines for this mapping study were obtained from a linked ISIS-TUFLOW model within 
which both right and left banks of the River Cocker and Whit Beck were activated in TUFLOW.  The 
procedure involved in obtaining the final flood outlines is listed below (the core of this procedure 
follows the methodology documented in the TUFLOW user guide for creating high quality flood 
maps).  

• The flood extents were largely obtained from the TUFLOW model results via the recorded 
maximum stage map data for each event.   

• The TUFLOW recorded maximum stage map was imported into MapInfo GIS, and converted 
into a grid by (inverse distance weighting) interpolation.  As part of this process the grid was 
resized to match the cell definition of the filtered LiDAR for Lorton Vale, (2m).   

• The ground surface from the filtered LiDAR data was subtracted from the maximum water 
surface to produce a grid of water ‘depth’ (with negative depths where the ground is dry).     

• A polygon was generated enclosing all areas with a depth greater than zero. 

• These floodplain polygons were then combined with two buffered lines representing the 
widths of the two watercourses (Whit Beck and the River Cocker).   

• The resulting polygons were manually adjusted to remove holes and unattached segments.   

• For some events a small number of manual adjustments were made to the flood outline 
where the outline encroached into buildings; in such cases the outline was adjusted to 
incorporate the whole building. 

 

5.3 1% and 0.1% AEP Flood Outlines 

Flood risk maps for the undefended 1% AEP (100-year) and 0.1% AEP (1000-year) events are 
shown in Appendix E.  It should be again be noted that the flood outlines beyond the model reach 
defined by the topographic survey, should be interpreted with care as there is increased uncertainty 
associated with these areas thus only Landline tiles encompassed by the topographic survey are 
included as flood risk maps in appendix E. 

Figure 5-1 compares the 1% and 0.1% AEP undefended flood outlines.  The extents of the 1% and 
0.1% AEP outlines are very similar in Lorton Vale, implying that the floodplain extent is largely filled 
at the magnitude of a 1% AEP event.   
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Figure 5-1: Comparison of 1% and 0.1% AEP Undefended Flood Outlines 

 
   © Crown Copyright.  All rights reserved. 100026380. (2007). 

 

Figure 5-2 and Figure 5-3 compare the 1% AEP and 0.1% AEP undefended flood outlines with 
existing Flood Zones 3 and 2 respectively.   

The 1% AEP and 0.1% AEP undefended flood outlines for Whit Beck are both narrower than Flood 
Zones 3 and 2, respectively.  This is attributed to the fact that overtopping of the right bank is not 
predicted by the hydraulic model until downstream of High Lorton village.   

The River Cocker 1% AEP and 0.1% AEP undefended flood outlines are both similar in size to the 
existing Flood Zone 3 within the study reach but, significantly, the new outlines do not include any 
properties within Low Lorton.  This is assumed to be a consequence of the increased definition of the 
new flood outlines which incorporate a more accurate representation of the river bank at this location 
where the river is very close to the road and adjoining properties.   

 

 
 1% AEP undefended  

0.1% AEP undefended 
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Figure 5-2: Comparison of 1% Undefended flood outline with Floodzone 3 

 (a) 

 

(b) 

 

Flood Zone 3 Final 100-year Outline 

© Crown Copyright. All rights reserved. 100026380, (2008). 

 

Figure 5-3: Comparison of 0.1% Undefended flood outline with Floodzone 2 

(a) 

 

(b) 

 

Flood Zone 2 Final 1000-year Outline 

© Crown Copyright. All rights reserved. 100026380, (2008). 
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5.4 Properties at Risk 

Table 5-1 gives the number of properties at risk within the complete modelled outline, including Low 
Lorton and High Lorton, for a range of return periods and compares them with the number of 
properties within Flood Zones 2 and 3.   

The updated 0.1% and 1% outlines enclose fewer properties than Flood Zones 2 and 3.  This is 
primarily a result of the new outlines not incorporating any properties within Low Lorton between 
Lorton Low Bridge and the sewage works.  

 

Table 5-1:  Number of Properties at Risk within the currently published Flood Zone 

Return Period 
(years) 

 Number of Properties 
at Risk within Modelled 

Outline  

Number of Properties 
at Risk within Flood Zone   

100 7 29 

200 8 - 

Climate change  10 - 

1,000 12 37 

 

5.5 Areas Benefiting from Defence 

Figure 5-4 enables a comparison of the defended and undefended 1% AEP flood outlines for the 
study area.  The undefended flood outline is very similar to the defended outline except within an 
area to the north of Low Lorton (around the sewage works).  No properties are located in this area; 
consequently, there appears little benefit in specifying these two locations as formal Areas Benefiting 
from Defences (ABD’s).   

There is generally a greater discrepancy between defended and undefended outlines than that 
shown for the 1% AEP event at lower AEPs because the defence standard is typically lower than 
100 years. 

Figure 5-4: Comparison of 1% AEP defended and undefended outlines 

 
   © Crown Copyright.  All rights reserved. 100026380. (2007). 

 
1% AEP defended  

1% AEP undefended 
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6 SCENARIO TESTING 
 

6.1 Introduction 

The following scenarios were investigated:  

• The impact of gravel accumulation and extraction at Lorton Low Bridge, Low Lorton.  

• The impact of bridge blockage. 

 

6.2 Gravel Accumulation and Extraction 

A simplified assessment of the potential impact of the further accumulation or extraction of gravel in 
the vicinity of Lorton Low Bridge, Low Lorton, was investigated by uniformly raising or lowering the 
surveyed channel elevation in the vicinity of the existing gravel shoals by 0.50m across the full width 
of the channel. The gravel shoal was modelled as occurring between approximately 100m upstream 
and 100m downstream of Lorton Low Bridge; a valid representation of the gravel configuration at the 
time of the modelling. 

The impact of both scenarios was viewed in relation to a 1% AEP defended event.  Figure 6.1 
depicts the impact of gravel accumulation and extraction on predicted flood levels along the River 
Cocker and Figure 6-2 displays the predicted impact of these scenarios on the defended flood 
outline in the vicinity of Lorton Low Bridge.  The results of the scenario tests, as maximum levels and 
flows, are presented in Table 6-1. 

The results of the simplified gravel modelling scenarios indicate that: 

• The impact of gravel accumulation or extraction is predicted to be localised around Lorton Low 
Bridge. 

• The impact of gravel accumulation and extraction is most evident upstream of Lorton Low 
Bridge where it extends several hundred metres beyond the upstream limit of bed adjustment.  
The impact on levels downstream is lower in magnitude and does not extend beyond the 
region of bed adjustment.  

• 1% AEP peak flood levels upstream of the bridge would be raised by a maximum of 
approximately 0.40m in response to the uniform accumulation of an additional 0.5m of gravel, 
although on average the increase does not exceed 0.2m.  

• 1% AEP peak flood levels upstream of the bridge would be lowered by up to 0.20m in 
response to the uniform dredging of 0.5m of gravel.  

Most of the predicted impact of these simplified gravel accumulation / extraction scenarios can be 
attributed directly to the impact of the gravel on the forward flow capacity of Lorton Low Bridge, 
around which the current gravel shoal is centred.  

 

 

Table 6-1 Results of scenario tests (at end of report) 

See Tables Section (at end of report) 
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Figure 6-1: Potential impact of gravel accumulation and extraction on peak levels -1% AEP 
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Figure 6-2: Potential impact of gravel accumulation and extraction on flood outline 

 
   © Crown Copyright.  All rights reserved. 100026380. (2007). 

 Channel Bed as Surveyed in January 2007 

0.50m Gravel Accumulation 

0.50m Gravel Extraction 

 
 1% AEP defended 

1% AEP defended – 
gravel extraction 

1% AEP defended – 
gravel accumulation 
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6.3 Bridge Blockage 

A bridge blockage scenario was investigated that involved the simultaneous blockage by a factor of 
20% of all five bridges in the study area.  This was achieved by vertically blocking 20% of the flow 
width of each bridge in-line with the ISIS bridge blockage units that are new to ISIS v3.0.  However, 
the blockage had to be done manually for each bridge cross-section as the bridge blockage units are 
not yet enabled to run with ISIS-TUFLOW.   

The results of the bridge blockage scenario indicate that the impact of bridge blockage along both 
Whit Beck and the River Cocker is predicted to be very small.  In fact there is little benefit in showing 
ISIS long sections of the channel as few differences in level would be apparent. However, instead, 
Figure 6-3 illustrates the impact of the modelled bridge blockage on peak 1% AEP, undefended, 
levels on the floodplain.  The results of the scenario tests, as maximum levels and flows, are 
presented in Table 6-1.  The small scale of any differences should be noted but it appears that in the 
undefended scenario the impact of blocking Lorton Low Bridge is to generate a higher head and 
divert more flood water onto the floodplain several hundred metres upstream from the bridge itself. 

Figure 6-3: Impact of 20% blockage of Lorton Low Bridge on peak flood levels – 1% AEP. 

 

 

Table 6-1 Results of scenario tests (at end of report) 
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7 CONCLUSIONS 
 

 

A linked 1D-2D (ISIS-TUFLOW) model of the River Cocker and Whit Beck has been created to 
update the flood map at both Low and High Lorton Villages in Lorton, Vale, Cumbria. The floodplains 
associated with these two main watercourses were modelled in 2D (TUFLOW) while the 
watercourses themselves were modelled in 1D (ISIS).  Linkage between the two was enabled via the 
ISIS-TUFLOW link.  

Design flood events ranging from 20% AEP to 0.1% AEP were modelled using unsteady flow 
hydrographs.  These design inflows were created by scaling hydrograph shapes generated by the 
Revitalised Rainfall Run-Off (ReFH) method to design peak flows estimated using the FEH statistical 
method.  Peak design flows were estimated to be 32.3m3/s for QMED and 68.6m3/s for a 1% AEP 
event along the River Cocker and 8.4m3/s for QMED and 18.8m3/s for a 1% AEP event along Whit 
Beck.   These flow estimates would place the AEP of the January 2005 event, which had a recorded 
flow of 86.7m3/s at Southwaite Bridge, at somewhere between 2% and 4% along the River Cocker. 
The defended flood outlines for both 2% and 4% AEP events are similar to the recorded January 
2005 flood outline, which provides a limited evaluation test for the Lorton Vale model. Both events 
reproduce the key flow route from Whit Beck along the B5289 that was observed during the January 
2005 event.  

The undefended 0.1% and 1% AEP flood outlines enclose fewer properties than the existing Flood 
Zones 2 and 3.  These properties are clustered in two locations: Low Lorton Village alongside the 
River Cocker and High Lorton Village astride Whit Beck. These key changes in the flood outlines 
appear to result from the high topographic definition of the new hydraulic model. However, the 
possibility that High Lorton village could be affected by flooding from further upstream can not be 
discounted on the basis of this study. 

The impact of gravel accumulation and extraction adjacent to Lorton Low Bridge would be limited to 
upstream of during a 1% AEP flood event; the downstream impact would be negligible.  The 
increase in level predicted by the accumulation of an additional uniform 0.50m thickness of gravel is 
predicted to be approximately 0.40m.  A 0.20m reduction in levels is predicted for the removal of 
0.50m of gravel from the channel bed.  Bridge blockage is not simulated to significantly increase 
either channel or floodplain flood levels. 
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Table 4-1: Predicted standards of service within Lorton Vale. 

Cross section 
Maximum peak flow 
retained within the 

bank (% AEP) 
Comment on flood defence Cross section 

Maximum peak flow 
retained within the 

bank (% AEP) 
Comment on flood defence 

 
Left 

Bank 
Right 
Bank 

  
Left 

Bank 
Right 
Bank 

 

CKER03_1118 25 100 
Raised defences on left and right 
banks 

WHIB02_0140 >1000 >1000 No raised defence 

CKER03_0793 <5 <5 
Raised defences on left and right 
banks 

WHIB02_0065 >1000 >1000 No raised defence 

CKER03_0658 <5 5 
Raised defences on left and right 
banks 

WHIB02_0007u >1000 200 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER03_0493 <5 <5 
Right Bank – raised defence.  

Left Bank – no raised defence 
WHIB02_0002 >1000 >1000 

Right Bank – raised defence.  

Left Bank – no raised defence 

CKER03_0331 >1000 25 
Right Bank – raised defence.  

Left Bank – no raised defence 
WHIB01_1271 >1000 200 

Right Bank – raised defence.  

Left Bank – no raised defence 

CKER03_0214 100 100 
Right Bank – raised defence.  

Left Bank – no raised defence 
WHIB01_1168 >1000 <5 

Right Bank – raised defence.  

Left Bank – no raised defence 

CKER03_0090 5 <5 No raised defence WHIB01_1067 75 200 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER03_0014u 50 50 No raised defence WHIB01_0936u >1000 200 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER03_0008 >1000 200 No raised defence WHIB01_0928 >1000 >1000 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER02_4312 <5 5 No raised defence WHIB01_0844 75 >1000 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER02_4238 <5 <5 No raised defence WHIB01_0738 >1000 200 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER02_4126 5 25 
Raised defences on left and right 
banks 

WHIB01_0617u >1000 >1000 
Right Bank – raised defence.  

Left Bank – no raised defence 

CKER02_3988 <5 <5 
Right Bank – no raised defence.  

Left Bank – raised defence 
WHIB01_0609 >1000 >1000 

Right Bank – raised defence.  

Left Bank – no raised defence 

CKER02_3899 <5 >1000 
Right Bank – no raised defence.  

Left Bank – raised defence 
WHIB01_0452u >1000 >1000 

Raised defences on left and right 
banks 



 

 44 

CKER02_3855 <5 >1000 
Right Bank – no raised defence.  

Left Bank – raised defence 
WHIB01_0438 >1000 >1000 

Raised defences on left and right 
banks 

CKER02_3768 <5 5 
Raised defences on left and right 
banks 

WHIB01_0326 10 >1000 
Raised defences on left and right 
banks 

CKER02_3592 <5 75 
Right Bank – raised defence.  

Left Bank – no raised defence 
WHIB01_0165 10 25 

Raised defences on left and right 
banks 

CKER02_3441 >1000 100 
Right Bank – raised defence.  

Left Bank – no raised defence 
WHIB01_0071 >1000 >1000 

Raised defences on left and right 
banks 

CKER02_3289 <5 <5 
Right Bank – raised defence.  

Left Bank – no raised defence 
    

<5 - 20% AEP (5 year return period flow) spills. 

>1000 - 1000 year return period flows remain in channel. 
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Table 6-2:  Scenario testing results. 

Station 

Scenario 

1% AEP Defended 
1% AEP  

defended 
gravel extraction 

1% AEP 
defended gravel 

accumulation 

1% AEP 
undefended 

1% AEP 
undefended 
 20% bridge 

blockage 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

CKER03_1118a 79.24 68.54 79.24 68.54 79.28 68.54 79.21 68.54 79.21 68.54 

CKER03_1118 75.06 34.62 75.06 34.63 75.04 33.80 74.64 19.44 74.64 19.44 

CKER03_1118J 74.15 59.46 74.15 59.50 74.14 58.85 73.54 40.72 73.54 40.79 

CKER03_0793J 74.15 72.82 74.15 72.83 74.14 71.29 73.54 46.08 73.54 46.15 

CKER03_0793 73.77 61.57 73.79 61.58 73.79 60.04 73.25 35.00 73.26 35.00 

CKER03_0658 73.11 55.63 73.12 55.91 73.12 52.38 73.13 24.36 73.14 24.48 

CKER03_0493 72.73 41.81 72.76 39.58 72.75 33.96 72.57 40.13 72.57 40.23 

CKER03_0331 72.36 50.57 72.22 50.89 72.60 37.71 72.47 42.85 72.47 43.03 

CKER03_0214 72.18 57.23 71.91 57.87 72.49 49.95 72.15 65.21 72.15 65.49 

CKER03_0090 71.80 74.44 71.48 80.27 72.09 61.59 71.80 74.53 71.80 75.20 

CKER03_0014u 71.79 78.45 71.45 81.16 72.00 67.31 71.79 78.52 71.78 79.39 

CKER03_0014d 71.57 78.45 71.20 81.16 71.86 67.31 71.57 78.52 71.59 79.39 

CKER03_0008 71.45 78.41 71.16 81.11 71.66 67.26 71.45 78.52 71.47 79.39 

CKER02_4312 70.94 78.05 70.95 81.42 71.11 63.09 70.95 78.25 70.94 79.12 

CKER02_4238 70.57 74.95 70.57 78.95 70.58 63.58 70.58 75.34 70.58 75.92 

CKER02_4126 70.47 56.86 70.47 59.32 70.51 44.62 70.20 62.45 70.20 62.67 

CKER02_3988 70.12 56.17 70.13 57.42 70.12 49.58 69.84 44.41 69.84 44.47 

CKER02_3899 69.71 57.86 69.72 58.84 69.69 53.02 69.52 43.08 69.52 43.12 

CKER02_3855 69.56 54.84 69.56 55.65 69.53 51.02 69.30 43.03 69.30 43.07 

CKER02_3768 69.24 53.07 69.25 53.53 69.27 49.52 69.04 40.21 69.04 40.29 

CKER02_3592 69.04 47.69 69.05 47.80 69.06 46.69 68.49 42.24 68.49 42.27 

CKER02_3441 68.47 74.73 68.48 75.55 68.48 74.02 68.21 46.32 68.21 46.36 

CKER02_3289 67.63 74.68 67.63 75.48 67.64 73.86 67.62 50.35 67.62 50.49 

CKER02_3289a 63.14 37.89 63.14 37.96 63.20 38.03 62.97 29.26 62.97 29.24 

WHIB02_0140 96.24 18.79 96.24 18.79 96.27 18.79 96.25 18.79 96.25 18.79 

WHIB02_0065 94.31 18.79 94.31 18.79 94.38 18.79 94.30 18.79 94.30 18.79 

WHIB02_0007u 92.78 18.78 92.78 18.78 92.78 18.78 92.85 18.71 92.85 18.73 

WHIB02_0007d 92.78 18.78 92.78 18.78 92.78 18.78 92.85 18.71 92.85 18.73 

WHIB02_0002 92.65 18.78 92.65 18.78 92.65 18.78 92.75 18.70 92.74 18.73 

WHIB01_1271 91.69 18.78 91.69 18.78 91.72 18.78 91.54 18.71 91.55 18.72 
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Station 

Scenario 

1% AEP Defended 
1% AEP  

defended 
gravel extraction 

1% AEP 
defended gravel 

accumulation 

1% AEP 
undefended 

1% AEP 
undefended 
 20% bridge 

blockage 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

WHIB01_1168 90.06 17.95 90.06 17.95 90.12 15.82 90.01 12.25 90.01 12.45 

WHIB01_1067 88.57 16.54 88.57 16.53 88.48 13.47 88.45 12.70 88.45 12.71 

WHIB01_0936u 86.47 16.82 86.47 16.82 86.35 14.18 86.26 13.57 86.26 13.60 

WHIB01_0936d 86.45 16.82 86.45 16.82 86.33 14.18 86.25 13.57 86.25 13.60 

WHIB01_0928 86.43 16.82 86.43 16.82 86.32 14.18 86.16 13.54 86.16 13.56 

WHIB01_0844 85.51 16.82 85.51 16.82 85.39 14.18 85.01 11.64 85.01 11.65 

WHIB01_0738 83.99 16.79 83.99 16.79 83.85 14.19 83.55 8.88 83.55 8.88 

WHIB01_0617u 82.09 16.79 82.09 16.79 82.04 14.19 81.65 8.76 81.65 8.76 

WHIB01_0617d 82.08 16.79 82.08 16.79 82.03 14.19 81.65 8.76 81.65 8.76 

WHIB01_0609 81.92 16.79 81.92 16.79 81.90 14.19 81.53 8.64 81.53 8.64 

WHIB01_0452u 79.82 16.79 79.82 16.79 79.80 14.19 79.27 6.70 79.27 6.70 

WHIB01_0452d 79.82 16.79 79.82 16.79 79.80 14.19 79.27 6.70 79.27 6.70 

WHIB01_0438 79.67 16.79 79.67 16.79 79.63 14.19 79.10 6.49 79.10 6.49 

WHIB01_0326 78.10 16.27 78.10 16.27 78.05 14.09 77.60 5.36 77.60 5.36 

WHIB01_0165 76.28 13.65 76.28 13.65 76.33 12.75 76.08 5.36 76.03 5.36 

WHIB01_0071 74.87 13.65 74.87 13.65 74.92 12.75 74.31 5.36 74.31 5.36 

WHIB01_0071J 74.15 13.64 74.15 13.64 74.14 12.74 73.54 5.36 73.54 5.36 

        Grid references and bank heights only provided for cross sections included in the topographic survey 
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Appendix A: - FEH Calculation Record 
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Appendix B: - Hydraulic Model Check File 
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C.1 SENSITIVITY TESTING 
 

C.1.1 Introduction 

The accuracy of the levels provided by hydraulic models is greatly dependent on model 
schematisation, the representation of friction (channel and floodplain roughness parameters), and 
the accuracy of the hydraulic boundaries.   Observed water level and level data recorded during 
flood events can be used to refine the values of empirical hydraulic coefficients (e.g. channel 
roughness and bridge afflux parameters) and, hence, reduce model uncertainties and improve the 
accuracy of predictions; a process known as calibration.  A flood outline for the January 2005 event 
in Lorton Vale was provided by the Environment Agency and used to validate the ISIS-TUFLOW 1D-
2D model. 

 

In this study sensitivity tests were conducted for the 1% AEP event to examine the sensitivity of the 
Lorton Vale ISIS-TUFLOW model to the following model properties; 

o Floodplain roughness  

o Upstream hydraulic boundary (i.e. model inflow) 

o Downstream hydraulic boundary (i.e. bed slope and downstream water level) 

 

C.1.2 Sensitivity to Floodplain Roughness 

As previously discussed in Chapter 3 floodplain resistance within the 2D domain was applied using 
aerial photographs to identify landuse types and the Conveyance Estimation System (CES) to derive 
Mannings 'n' values for each landuse category identified.  Figure 3-3 illustrates the different 
resistance categories for this study and their distribution throughout the floodplain.  Default landuse 
was set to grass pasture. 

During model development, sensitivity of the ISIS-TUFLOW model to floodplain friction was gauged 
by applying a second method, using Land Cover 2000 data, to define Manning’s 'n' floodplain 
roughness.  A basic template for rapidly incorporating Land Cover data into TUFLOW models has 
previously been developed by JBA based upon experienced judgement and reference to Chow 
(1959)10.  The default landuse was configured to be improved grassland.   

A comparison of floodplain resistance values derived from both approaches for landuse categories 
that were identified within the study area is presented in Table C1-1. 

The most obvious difference in Manning’s 'n' values between the two methods lies in the values 
attributed to grassland; the value identified from Land Cover 2000 is almost twice the magnitude of 
the CES estimated value.   Given that grassland was identified as the main landuse category in the 
floodplain the choice of approach could potentially have a significant effect on the flood outlines.  
Figure C1-1 compares the predicted 1% AEP (defended) outlines obtained from both methods and 
this indicates that the two flood outlines are very similar.   

The 1% AEP flood outline therefore appears to be relatively insensitive to floodplain roughness.  
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 Chow VT, Open Channel Hydraulics (1959) 
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Table C1-1: Floodplain resistance categories for the 2D domain at Lorton Vale 

CES Landcover 2000 

Land Type 
Manning’s 

n 
Land Type 

Manning’s 
n 

Grass pasture; turf with no undulations 0.029 Improved grassland  0.045 

Woodland; heavy, some downed, depth below 
branches or medium brush and trees summer. 

0.102 
Woodland; Broad leaved / 
mixed 

0.105 

River bed; cobbles, no vegetation. 0.035 Water 0.025 

Rural development; concrete, appreciable 
obstructions 

0.032 rural developed 0.100 

Road; concrete with no undulations 0.020 Roads and car parks 0.025 

 

Figure C1-1: Impact of floodplain resistance on the 1% AEP defended flood outline 

 
   © Crown Copyright.  All rights reserved. 100026380. (2007). 

 

C.1.3 Inflow boundary conditions 

Uncertainties in flow magnitude are often assumed to be one of the main sources of uncertainty in 
the predictions of hydraulic models.  In order to assess the sensitivity of the flood outlines to model 
inflows, a sensitivity analysis was carried out in which the estimated magnitude of the 1% AEP 
design hydrograph was both increased and decreased by 20%.  The 20% increase in 1% AEP flows 

 
CES  

Land Cover 2000 
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is in line with FCDPAG411, which recommends that an increase in flow of up to 20% (over the next 
50 years) should be included in any sensitivity analysis of the impact of climate change.  Figure C1-2 
and C1-3 display the predicted maximum flood levels along the River Cocker and Whit Beck 
respectively from these sensitivity tests and Table C1-2 summarises the results with respect to 
impacts on predicted water levels.   

 

       Table C1-3  Change in Water Levels (m) from 1% AEP event 

Node 1% AEP -20% 1% AEP + 20% 

Average Difference -0.16 0.14 

Maximum Difference -0.39 0.40 

Minimum Difference -0.03 0.02 

 

It is worth noting that the maximum change in predicted levels arises at Lorton Low Bridge.  Figure 
C1-4 enables a comparison of the resulting flood outlines for the 1% AEP undefended and 1% AEP 
+ 20% undefended scenarios.  The resulting increase in levels at Lorton Low Bridge extends the 
outline to incorporate an additional two properties on the right bank of the River Cocker.   

The inflow boundary sensitivity tests show that the flood levels in the Lorton Vale model are sensitive 
to model inflow, however given the similarity between the 1% AEP and 1% AEP+20% flood outlines 
the changes in levels do not greatly impact on the flood outlines generated. 

 

                                                      
 
11

 DEFRA  Flood and Coastal Defence Project Appraisal Guidance: Approaches to Risk.  FCDPAG4 
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Figure C1-2: Sensitivity testing of model inflows on maximum predicted levels along River 
Cocker- 1% AEP scenario. 

Long Section: CKER03_1118a - WHIB01_0071J - Maximum Stage; 0 - 12 h.
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Figure C1-3: Sensitivity testing of model inflows on maximum predicted levels along Whit 
Beck- 1% AEP scenario. 

Long Section: CKER03_1118a - WHIB01_0071J - Maximum Stage; 0 - 12 h.
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            Figure C1-4: Impact of model inflows on predicted flood outlines. 

 1% AEP 

1% AEP – 20% 

1% AEP + 20% 

 1% AEP 

1% AEP – 20% 

1% AEP + 20% 
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   © Crown Copyright.  All rights reserved. 100026380. (2007). 

 

C.1.4 Downstream boundary 

The ISIS component of the Lorton Vale model was constructed with a normal flow boundary at the 
downstream limit of the model.  This boundary was configured with a slope parameter which was 
obtained from consideration of the floodplain slope that was evident in the LiDAR data beyond the 
position of the downstream boundary.  To ensure that the magnitude of flow leaving the model via 
the watercourse was not unduly impacting on the modelled flood outlines, a sensitivity test was 
carried out on slope parameter of the normal flow boundary.  The calculated slope of 0.002 was 
varied by a factor of plus and minus ten.  A similar downstream boundary based on surface slope 
was placed across the floodplain in the TUFLOW domain.  Figure C1-5 shows that changes to the 
downstream boundary in the 1D model did not influence flood levels in the study area, with the same 
levels predicted throughout the reach regardless of downstream bedslope.   

Sensitivity tests therefore suggest that the flood outlines within the required study reach are 
insensitive to the slope parameter of the downstream boundary. 

 

 

Figure C1-5: Impact of downstream slope on 1% flood levels 

 
1% AEP +20% undefended 

1% AEP undefended 
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Long Section: CKER03_1118 - CKER02_3289 - Maximum Stage; 0 - 0 h.
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Note – water levels are identical for the three bed slopes investigated. 

C.1.5 2D domain grid size 

The cell size used to represent the 2D domain can have an important influence on the model 
predictions.  Too coarse a definition may not enable significant floodplain flow paths to be 
satisfactory modelled whereas using too fine a definition can lead to unnecessarily long model run 
times and a greater chance of instability.  

The cell definition used in the main model was chosen to 4m for reasons discussed in the text.  To 
help justify this decision 1% AEP undefended model runs were attempted with grid sizes of 2m and 
10m.   

• The 2m grid proved unstable prior to peak flow conditions despite taking longer than the entire 
4m model run.  This justified not reducing the cell size significantly below 4m although it would 
have been useful to observe the difference in flood outlines between the two models.   

• The 10m model ran very fast but was unable to depict the flow route along the B5289 that was 
observed in the January 2005 event.  This provided justification for not raising the cell size 
significantly above 4m. 

 

C.1.6 Evaluation of the model against the January 2005 event 

As previously discussed, the Lorton Vale study area is included in an existing broad scale model of 
the Derwent catchment that was created for the Derwent CFMP.  The Lorton vale area, however, is 
only represented in this model as a couple of routing sections.    

The Derwent CFMP routing model was previously calibrated to match the observed flows at 
Southwaite Bridge during the January 2005 flood event.  To evaluate the Lorton Vale hydraulic 
model against this event, the inflows from this calibrated routing model were run through the Lorton 
Vale model to check that the flows at the downstream end of the Lorton vale remained consistent 
with the corresponding section of the calibrated routing model (as the Lorton Vale model does not 
extend as far as Southwaite Bridge). 

 
Bed slope = 0.02 Bed slope = 0.002 Bed slope = 0.0002 
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Figure C1-6 illustrates that this evaluation run simulates a flow hydrograph at the downstream end of 
the model that is consistent in both shape and magnitude with that of the calibrated Derwent CFMP 
model.  A small difference in the time to peak is apparent which is probably due to the different 
Mannings ‘n’ values used to represent floodplain resistance; Mannings ‘n’ being significantly higher 
within the Derwent CFMP routing sections.   

The ability of the Lorton Vale hydraulic model to recreate the flow pattern evident within the 
calibrated CFMP model demonstrates that the model is capable of adequately modelling complex 
events, such as that predicted for the January 2005 event. 

 

Figure C1-6: Validation of the Lorton Vale ISIS-TuFLOW model –January 2005 event. 
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Appendix D: - Tabular Output of Hydraulic Model  
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D.1 TABULAR OUTPUT OF MODEL RESULTS 

Table D1  Predicted Water Levels and Flows from Hydraulic Model Cross Sections (mAOD) for Undefended Scenarios 

Station 
Grid 
Ref 

Bank Top 
Level (m) 

Return Period (years) 

5 10 25 50 75 100 200 
Climate 
Change 

1000 

Left Right 
Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

CKER03_1118a 
   

78.79 41.95 78.98 48.39 79.11 56.50 79.19 62.61 79.23 66.22 79.21 68.54 79.37 80.23 79.25 82.34 79.45 119.94 

CKER03_1118 

315240 
524611 

79.4 75.09 
74.44 19.08 74.52 19.15 74.58 19.16 74.61 19.22 74.63 19.23 74.64 19.44 74.69 19.25 74.70 19.45 74.81 19.50 

CKER03_1118J 
   

73.46 34.10 73.47 35.89 73.49 37.63 73.51 38.95 73.53 39.68 73.54 40.72 73.57 42.22 73.58 43.26 73.67 49.74 

CKER03_0793J 
   

73.46 37.72 73.47 39.51 73.49 41.26 73.51 42.59 73.53 43.33 73.54 46.08 73.57 45.89 73.58 48.63 73.67 55.34 

CKER03_0793 

315141 
524903 

73.42 73.68 
73.07 31.32 73.12 32.13 73.18 32.65 73.22 33.06 73.24 33.39 73.25 35.00 73.32 34.64 73.33 36.34 73.47 40.45 

CKER03_0658 

315087 
525029 

72.84 73.22 
72.91 20.84 72.99 21.22 73.06 22.04 73.10 22.97 73.12 23.52 73.13 24.36 73.18 25.68 73.20 26.48 73.32 37.41 

CKER03_0493 

315056 
525194 

72.27 72.16 
72.49 26.05 72.51 28.97 72.56 31.18 72.61 32.27 72.65 32.78 72.57 40.13 72.78 33.58 72.66 45.38 72.91 55.54 

CKER03_0331 

315058 
525360 

73.80 72.34 
72.05 32.44 72.19 32.47 72.33 32.44 72.44 32.23 72.49 32.20 72.47 42.85 72.67 32.70 72.61 52.56 72.86 66.08 

CKER03_0214 

315110 
525472 

72.32 72.44 
71.69 45.25 71.85 50.54 72.03 55.26 72.16 58.22 72.22 59.60 72.15 65.21 72.44 63.95 72.33 73.09 72.68 91.20 

CKER03_0090 

315157 
525569 

71.40 71.09 
71.36 47.32 71.52 53.89 71.69 61.01 71.80 66.37 71.86 69.20 71.80 74.53 72.01 80.24 71.81 95.40 71.93 134.95 

CKER03_0014u 

315145 
525645 

71.63 71.66 
71.16 48.16 71.32 56.20 71.51 65.80 71.66 72.57 71.73 75.76 71.79 78.52 71.95 85.96 72.07 90.32 72.28 124.54 

CKER03_0014d 
 71.63 71.66 

71.12 48.16 71.24 56.20 71.38 65.80 71.48 72.57 71.53 75.76 71.57 78.52 71.68 85.96 71.76 90.32 71.84 124.54 

CKER03_0008 

315206 
525648 

72.80 71.77 
71.09 48.16 71.20 56.20 71.31 65.80 71.38 72.57 71.42 75.76 71.45 78.52 71.52 85.97 71.59 90.32 71.63 124.65 

CKER02_4312 

315152 
525706 

70.80 70.96 
70.87 48.14 70.94 55.96 70.98 65.29 70.98 72.19 70.98 75.44 70.95 78.25 71.08 83.20 70.97 89.75 71.11 122.73 

CKER02_4238 

315102 
525762 

70.43 70.45 
70.56 46.41 70.58 52.27 70.61 58.55 70.62 65.93 70.62 69.65 70.58 75.34 70.63 79.20 70.55 91.81 70.58 128.49 
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Station 
Grid 
Ref 

Bank Top 
Level (m) 

Return Period (years) 

5 10 25 50 75 100 200 
Climate 
Change 

1000 

Left Right 
Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

CKER02_4126 

315057 
525876 

70.42 70.80 
70.09 41.99 70.11 44.79 70.14 48.42 70.16 53.74 70.18 56.38 70.20 62.45 70.25 61.21 70.24 78.04 70.35 107.44 

CKER02_3988 

315166 
525944 

69.98 69.61 
69.70 36.66 69.74 38.15 69.79 40.27 69.82 42.28 69.83 43.10 69.84 44.41 69.86 45.98 69.89 51.41 69.96 67.24 

CKER02_3899 

315202 
526018 

69.51 71.52 
69.41 36.64 69.43 38.10 69.47 40.12 69.49 41.67 69.50 42.29 69.52 43.08 69.55 44.16 69.59 47.09 69.68 56.92 

CKER02_3855 

315205 
526051 

69.44 71.44 
69.23 36.64 69.24 38.10 69.26 40.13 69.27 41.66 69.28 42.26 69.30 43.03 69.34 44.03 69.37 46.72 69.52 53.64 

CKER02_3768 

315169 
523112 

68.99 69.32 
68.95 36.00 68.98 36.72 69.01 37.93 69.03 38.90 69.03 39.42 69.04 40.21 69.05 41.92 69.06 44.35 69.11 52.36 

CKER02_3592 

315011 
525156 

68.35 68.95 
68.33 38.52 68.36 39.74 68.42 40.87 68.46 41.58 68.47 41.88 68.49 42.24 68.57 42.57 68.57 43.48 68.76 45.31 

CKER02_3441 

314935 
526294 

69.39 68.48 
67.97 42.55 68.05 43.24 68.11 44.57 68.16 45.53 68.19 45.83 68.21 46.32 68.30 48.24 68.30 49.02 68.39 58.31 

CKER02_3289 

314942 
526436 

67.51 67.52 
67.51 40.98 67.55 43.59 67.58 46.43 67.60 48.35 67.61 49.34 67.62 50.35 67.65 54.02 67.63 57.70 67.69 80.63 

CKER02_3289a 
   

62.91 27.39 62.92 27.66 62.94 28.45 62.95 28.82 62.96 29.07 62.97 29.26 62.99 30.14 63.00 30.21 63.07 32.93 

WHIB02_0140 

316280 
525543 

97.00 96.38 
96.08 10.76 96.12 12.44 96.18 14.76 96.23 16.68 96.26 17.89 96.25 18.79 96.36 22.00 96.35 22.56 96.56 32.89 

WHIB02_0065 

316204 
525527 

95.42 95.35 
94.07 10.76 94.13 12.43 94.22 14.75 94.29 16.68 94.33 17.88 94.30 18.79 94.48 21.97 94.45 22.55 94.90 33.00 

WHIB02_0007u 

316157 
525508 

94.15 92.72 
92.43 10.76 92.55 12.43 92.68 14.75 92.77 16.67 92.82 17.88 92.85 18.71 92.97 22.05 92.96 22.54 93.11 32.84 

WHIB02_0007d 
 94.15 92.72 

92.43 10.76 92.55 12.43 92.68 14.75 92.77 16.67 92.82 17.88 92.85 18.71 92.96 22.05 92.95 22.54 93.09 32.84 

WHIB02_0002 

316138 
525525 

93.48 93.12 
92.34 10.76 92.46 12.43 92.58 14.75 92.67 16.67 92.72 17.88 92.75 18.70 92.85 22.06 92.83 22.54 92.86 33.08 

WHIB01_1271 

316129 
525478 

92.35 91.80 
91.42 10.76 91.44 12.43 91.49 14.74 91.52 16.67 91.54 17.88 91.54 18.71 91.63 21.89 91.63 22.33 92.10 28.33 

WHIB01_1168 

316085 
525382 

89.97 89.98 
89.94 8.16 89.97 8.37 89.99 9.39 90.01 10.30 90.03 10.85 90.01 12.25 90.06 13.61 89.99 16.41 90.04 28.97 

WHIB01_1067 

316056 
525294 

88.55 88.57 
88.30 8.94 88.33 9.64 88.37 10.41 88.40 11.02 88.42 11.43 88.45 12.70 88.49 12.64 88.57 14.98 88.67 25.40 

WHIB01_0936u 

315959 
525198 

88.03 86.55 
86.07 9.17 86.11 9.95 86.16 10.99 86.20 11.80 86.22 12.34 86.26 13.57 86.29 14.14 86.31 16.37 86.43 26.66 
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Station 
Grid 
Ref 

Bank Top 
Level (m) 

Return Period (years) 

5 10 25 50 75 100 200 
Climate 
Change 

1000 

Left Right 
Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

WHIB01_0936d 
 88.03 86.55 

86.07 9.17 86.11 9.95 86.16 10.99 86.19 11.80 86.22 12.34 86.25 13.57 86.28 14.14 86.30 16.37 86.41 26.66 

WHIB01_0928 

315971 
525220 

88.96 87.78 
86.06 9.17 86.10 9.94 86.12 10.99 86.14 11.80 86.15 12.35 86.16 13.54 86.18 14.08 86.20 16.17 86.31 25.40 

WHIB01_0844 

315906 
525154 

85.54 85.49 
84.95 9.16 84.97 9.91 84.98 10.57 84.99 10.90 84.99 11.07 85.01 11.64 85.01 11.68 85.03 12.53 85.10 16.18 

WHIB01_0738 

315849 
525062 

84.68 84.11 
83.53 8.16 83.54 8.33 83.55 8.45 83.55 8.51 83.56 8.55 83.55 8.88 83.56 8.63 83.56 8.99 83.60 10.55 

WHIB01_0617u 

315776 
524969 

83.39 82.63 
81.67 8.08 81.67 8.24 81.68 8.33 81.68 8.37 81.68 8.38 81.65 8.76 81.68 8.46 81.65 8.84 81.69 10.10 

WHIB01_0617d 
 83.39 82.63 

81.67 8.08 81.67 8.24 81.68 8.33 81.68 8.37 81.68 8.38 81.65 8.76 81.68 8.46 81.65 8.84 81.69 10.10 

WHIB01_0609 

315763 
524975 

83.25 82.89 
81.54 7.94 81.55 8.06 81.55 8.15 81.55 8.19 81.55 8.20 81.53 8.64 81.55 8.27 81.53 8.72 81.56 9.76 

WHIB01_0452u 

315625 
524897 

80.81 80.79 
79.28 5.68 79.28 5.68 79.28 5.68 79.28 5.68 79.28 5.68 79.27 6.70 79.28 5.68 79.27 6.71 79.28 7.45 

WHIB01_0452d 
 80.81 80.79 

79.28 5.68 79.28 5.68 79.28 5.68 79.28 5.68 79.28 5.68 79.27 6.70 79.28 5.68 79.27 6.71 79.28 7.45 

WHIB01_0438 

315609 
524911 

80.04 80.66 
79.14 5.22 79.14 5.22 79.14 5.22 79.14 5.23 79.14 5.23 79.10 6.49 79.14 5.24 79.10 6.51 79.12 7.21 

WHIB01_0326 

315519 
524814 

77.99 78.46 
77.50 3.63 77.50 3.63 77.50 3.63 77.51 3.64 77.51 3.65 77.60 5.36 77.51 3.67 77.61 5.38 77.65 5.85 

WHIB01_0165 

315379 
524764 

73.60 76.35 
75.92 3.90 75.92 3.63 75.96 4.24 75.95 3.64 76.03 3.65 76.08 5.36 75.98 3.67 75.99 5.38 75.90 5.81 

WHIB01_0071 

315272 
524749 

75.76 75.80 
74.29 4.69 74.29 3.63 74.29 4.87 74.29 3.65 74.30 3.65 74.31 5.36 74.30 3.67 74.32 5.38 74.35 5.66 

WHIB01_0071J 
   

73.46 4.73 73.47 3.64 73.49 4.86 73.51 4.16 73.53 3.65 73.54 5.36 73.57 3.67 73.58 5.38 73.67 6.04 

Grid references and bank heights only provided for cross sections included in the topographic survey 
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Table D2  Predicted Water Levels and Flows from Hydraulic Model Cross Sections (mAOD) for Defended Scenarios 

Station 
Grid 
Ref 

Bank Top 
Level (m) 

Return Period (years) 

5 10 25 50 75 100 200 
Climate 
Change 

1000 

Left Right 
Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

CKER03_1118a 
   

78.73 41.95 78.90 48.39 79.08 56.50 79.19 62.61 79.24 66.22 79.24 68.54 79.41 80.23 79.26 82.34 79.46 110.22 

CKER03_1118 

315240 
524611 

79.4 75.09 
74.46 30.61 74.68 31.84 74.91 33.09 74.99 33.50 75.03 33.74 75.06 34.62 75.11 34.04 75.16 34.89 75.31 76.11 

CKER03_1118J 
   

73.92 35.89 74.04 44.41 74.11 53.64 74.13 57.02 74.14 58.20 74.15 59.46 74.16 61.10 74.18 64.56 74.17 14.14 

CKER03_0793J 
   

73.92 42.80 74.04 53.20 74.11 64.51 74.13 68.98 74.14 70.53 74.15 72.82 74.16 73.91 74.18 78.49 74.17 77.07 

CKER03_0793 

315141 
524903 

73.42 73.68 
73.55 41.71 73.66 48.84 73.72 56.19 73.75 58.93 73.77 59.69 73.77 61.57 73.84 61.04 73.81 65.65 73.92 124.77 

CKER03_0658 

315087 
525029 

72.84 73.22 
73.01 37.36 73.03 42.63 73.05 48.71 73.07 51.63 73.10 52.63 73.11 55.63 73.18 53.90 73.20 61.74 73.25 70.75 

CKER03_0493 

315056 
525194 

72.27 72.16 
72.48 31.29 72.59 31.89 72.68 31.79 72.73 31.51 72.75 32.18 72.73 41.81 72.82 36.21 72.74 51.61 72.88 78.43 

CKER03_0331 

315058 
525360 

73.80 72.34 
71.84 32.43 72.00 36.74 72.19 40.37 72.31 41.81 72.38 42.42 72.36 50.57 72.63 42.62 72.57 61.07 72.82 94.85 

CKER03_0214 

315110 
525472 

72.32 72.44 
71.59 32.42 71.82 37.45 72.03 44.01 72.16 48.35 72.23 51.28 72.18 57.23 72.45 60.49 72.35 72.35 72.66 136.05 

CKER03_0090 

315157 
525569 

71.40 71.09 
71.24 42.05 71.45 50.76 71.66 59.44 71.77 64.76 71.85 68.09 71.80 74.44 72.01 80.10 71.81 97.62 71.94 124.87 

CKER03_0014u 

315145 
525645 

71.63 71.66 
71.05 42.06 71.24 52.32 71.47 63.88 71.62 70.73 71.71 74.84 71.79 78.45 71.95 86.02 72.09 92.04 72.28 124.77 

CKER03_0014d 
 71.63 71.66 

71.02 42.06 71.18 52.32 71.35 63.88 71.45 70.73 71.51 74.84 71.57 78.45 71.68 86.02 71.78 92.04 71.85 32.89 

CKER03_0008 

315206 
525648 

72.80 71.77 
71.00 42.05 71.15 52.32 71.29 63.88 71.36 70.72 71.41 74.80 71.45 78.41 71.52 85.99 71.61 91.98 71.65 122.47 

CKER02_4312 

315152 
525706 

70.80 70.96 
70.80 42.05 70.91 52.21 70.98 63.44 70.97 70.47 70.98 74.44 70.94 78.05 71.09 82.70 70.98 91.21 71.11 128.47 

CKER02_4238 

315102 
525762 

70.43 70.45 
70.55 41.17 70.57 49.55 70.58 59.15 70.58 66.11 70.59 69.91 70.57 74.95 70.60 79.72 70.55 93.49 70.56 104.23 

CKER02_4126 

315057 
525876 

70.42 70.80 
70.20 38.97 70.35 41.97 70.43 44.75 70.46 46.40 70.48 47.30 70.47 56.86 70.56 50.55 70.51 75.38 70.61 88.05 
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Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

Level 
mAOD 

Flow 
m

3
/s 

CKER02_3988 

315166 
525944 

69.98 69.61 
69.81 39.32 70.00 43.56 70.07 47.31 70.10 48.86 70.11 49.65 70.12 56.17 70.17 53.33 70.17 68.66 70.25 84.73 

CKER02_3899 

315202 
526018 

69.51 71.52 
69.50 40.13 69.63 46.81 69.67 50.41 69.69 51.83 69.69 52.78 69.71 57.86 69.71 56.10 69.76 68.32 69.81 78.20 

CKER02_3855 

315205 
526051 

69.44 71.44 
69.31 40.13 69.45 46.34 69.49 49.26 69.51 50.31 69.52 50.96 69.56 54.84 69.55 53.45 69.62 63.03 69.62 71.16 

CKER02_3768 

315169 
523112 

68.99 69.32 
68.99 40.12 69.10 46.32 69.14 48.90 69.20 49.47 69.23 49.65 69.24 53.07 69.34 50.20 69.32 58.84 69.42 86.51 

CKER02_3592 

315011 
525156 

68.35 68.95 
68.32 40.62 68.57 45.65 68.84 46.65 68.98 46.79 69.02 46.86 69.04 47.69 69.11 47.98 69.10 57.33 69.15 103.53 

CKER02_3441 

314935 
526294 

69.39 68.48 
68.00 41.86 68.21 51.74 68.36 63.53 68.41 70.18 68.45 72.35 68.47 74.73 68.53 77.44 68.55 85.41 68.74 100.14 

CKER02_3289 

314942 
526436 

67.51 67.52 
67.53 41.85 67.60 51.74 67.63 63.40 67.64 69.97 67.64 72.12 67.63 74.68 67.64 76.76 67.64 85.75 67.65 58.31 

CKER02_3289a 
   

63.06 32.44 63.12 34.70 63.16 36.33 63.18 37.15 63.19 37.56 63.14 37.89 63.23 39.32 63.14 43.94 63.16 82.23 

WHIB02_0140 

316280 
525543 

97.00 96.38 
96.07 10.76 96.11 12.44 96.17 14.76 96.22 16.68 96.25 17.89 96.24 18.79 96.36 22.00 96.34 22.56 96.58 32.88 

WHIB02_0065 

316204 
525527 

95.42 95.35 
94.07 10.76 94.14 12.43 94.23 14.75 94.30 16.68 94.34 17.88 94.31 18.79 94.49 21.99 94.46 22.55 94.77 32.08 

WHIB02_0007u 

316157 
525508 

94.15 92.72 
92.39 10.76 92.48 12.43 92.59 14.75 92.68 16.67 92.74 17.88 92.78 18.78 92.89 21.98 92.91 22.54 93.33 32.08 

WHIB02_0007d 
 94.15 92.72 

92.39 10.76 92.48 12.43 92.59 14.75 92.68 16.67 92.74 17.88 92.78 18.78 92.89 21.98 92.91 22.54 93.26 32.85 

WHIB02_0002 

316138 
525525 

93.48 93.12 
92.29 10.76 92.37 12.43 92.47 14.75 92.55 16.67 92.62 17.88 92.65 18.78 92.75 21.98 92.77 22.54 93.02 32.22 

WHIB01_1271 

316129 
525478 

92.35 91.80 
91.50 10.76 91.56 12.43 91.63 14.74 91.68 16.67 91.70 17.87 91.69 18.78 91.78 21.97 91.78 22.53 91.92 31.49 

WHIB01_1168 

316085 
525382 

89.97 89.98 
90.02 10.67 90.06 11.96 90.09 13.49 90.10 14.65 90.11 15.32 90.06 17.95 90.14 17.46 90.01 22.32 90.03 30.49 

WHIB01_1067 

316056 
525294 

88.55 88.57 
88.36 10.56 88.39 11.45 88.43 12.29 88.45 12.89 88.47 13.23 88.57 16.54 88.52 14.27 88.58 21.93 88.59 27.24 

WHIB01_0936u 

315959 
525198 

88.03 86.55 
86.16 10.60 86.22 11.62 86.27 12.57 86.31 13.37 86.33 13.86 86.47 16.82 86.40 15.28 86.62 21.66 86.79 27.24 

WHIB01_0936d 
 88.03 86.55 

86.16 10.60 86.21 11.62 86.26 12.57 86.30 13.37 86.32 13.86 86.45 16.82 86.38 15.28 86.57 21.66 86.71 27.25 
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WHIB01_0928 

315971 
525220 

88.96 87.78 
86.19 10.60 86.23 11.62 86.27 12.57 86.29 13.37 86.31 13.86 86.43 16.82 86.35 15.28 86.47 21.66 86.62 27.11 

WHIB01_0844 

315906 
525154 

85.54 85.49 
85.15 10.60 85.22 11.62 85.29 12.57 85.34 13.38 85.37 13.86 85.51 16.82 85.45 15.28 85.54 21.61 85.55 23.74 

WHIB01_0738 

315849 
525062 

84.68 84.11 
83.66 10.61 83.72 11.62 83.77 12.58 83.81 13.38 83.83 13.86 83.99 16.79 83.89 15.28 84.12 20.82 84.18 23.30 

WHIB01_0617u 

315776 
524969 

83.39 82.63 
81.85 10.61 81.91 11.62 81.96 12.58 81.99 13.38 82.02 13.86 82.09 16.79 82.10 15.28 82.36 20.82 82.54 23.30 

WHIB01_0617d 
 83.39 82.63 

81.85 10.61 81.91 11.62 81.96 12.58 81.99 13.38 82.02 13.86 82.08 16.79 82.09 15.28 82.27 20.82 82.38 23.29 

WHIB01_0609 

315763 
524975 

83.25 82.89 
81.72 10.61 81.77 11.62 81.82 12.58 81.86 13.38 81.88 13.86 81.92 16.79 81.95 15.28 82.12 20.82 82.24 23.24 

WHIB01_0452u 

315625 
524897 

83.39 82.63 
79.63 10.61 79.68 11.62 79.72 12.58 79.77 13.39 79.79 13.87 79.82 16.79 79.85 15.28 80.00 20.82 80.09 23.24 

WHIB01_0452d 
 83.39 82.63 

79.63 10.61 79.68 11.62 79.72 12.58 79.77 13.39 79.79 13.87 79.82 16.79 79.85 15.28 80.00 20.82 80.09 23.26 

WHIB01_0438 

315609 
524911 

80.04 80.66 
79.46 10.61 79.51 11.62 79.55 12.58 79.59 13.39 79.62 13.87 79.67 16.79 79.68 15.28 79.84 20.82 79.92 20.63 

WHIB01_0326 

315519 
524814 

77.99 78.46 
77.93 10.61 77.98 11.62 78.01 12.58 78.03 13.37 78.04 13.82 78.10 16.27 78.06 15.08 78.14 19.16 78.15 14.13 

WHIB01_0165 

315379 
524764 

73.60 76.35 
76.22 10.61 76.29 11.62 76.32 12.25 76.32 12.49 76.33 12.66 76.28 13.65 76.33 12.96 76.30 14.03 76.30 14.12 

WHIB01_0071 

315272 
524749 

75.76 75.80 
74.75 10.61 74.81 11.62 74.87 12.25 74.90 12.49 74.91 12.65 74.87 13.65 74.93 12.96 74.89 14.02 74.89 119.94 

WHIB01_0071J 
   

73.92 10.60 74.04 11.62 74.11 12.24 74.13 12.48 74.14 12.64 74.15 13.64 74.16 12.95 74.18 14.01 74.17 70.08 
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D Appendix - Tabular output of model results 



Defended scenario node point data 

Node point 
2‐year  5‐year  10‐year  30‐year  50‐year  75‐year  100‐year  100 + 20%  1000‐year 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

CKER02_3289  67.51  36.74  67.57  42.54  67.62  49.71  67.65  57.57  67.67  61.68  67.68  64.66  67.69  66.92  67.73  74.58  67.83  90.98 

CKER02_3289a  62.98  29.62  63.09  33.73  63.13  35.73  63.15  38.79  63.16  40.04  63.17  41.35  63.17  42.18  63.19  44.44  63.21  46.86 

CKER02_3441  67.94  37.67  68.04  46.80  68.20  53.52  68.41  54.97  68.47  55.38  68.52  56.44  68.55  57.54  68.64  62.43  68.87  73.90 

CKER02_3592  68.35  37.66  68.53  44.71  68.65  51.32  68.67  59.19  68.71  61.90  68.74  63.68  68.77  64.87  68.85  68.66  69.02  75.37 

CKER02_3768  69.01  37.67  69.17  43.90  69.29  52.27  69.42  58.45  69.45  60.13  69.48  61.05  69.50  61.61  69.55  63.93  69.58  72.14 

CKER02_3855  69.31  37.67  69.47  43.90  69.63  52.44  69.70  60.72  69.70  63.36  69.70  65.02  69.71  66.15  69.71  70.43  69.72  81.53 

CKER02_3899  69.43  37.68  69.59  43.90  69.75  52.43  69.85  60.72  69.87  63.36  69.88  65.02  69.89  66.14  69.92  70.42  70.03  81.51 

CKER02_3988  69.75  35.61  69.96  38.21  70.17  41.93  70.38  43.87  70.44  45.05  70.48  45.65  70.51  46.19  70.59  49.33  70.77  62.65 

CKER02_4126  70.18  32.63  70.33  34.55  70.45  36.12  70.60  36.69  70.63  43.99  70.66  45.51  70.68  46.71  70.74  55.85  70.88  85.72 

CKER02_4215  70.46  32.65  70.55  36.63  70.58  42.95  70.59  52.10  70.63  63.43  70.65  68.01  70.67  71.87  70.71  88.12  70.79  125.03 

CKER02_4238  70.42  32.68  70.57  38.47  70.63  46.39  70.67  55.69  70.71  68.38  70.73  73.61  70.75  77.85  70.78  94.83  70.92  129.29 

CKER02_4264  70.70  33.23  70.73  39.85  70.73  49.16  70.77  59.69  70.78  74.48  70.79  80.61  70.79  85.30  70.81  102.95  70.93  135.31 

CKER02_4312  70.86  36.98  70.93  45.28  71.06  55.97  71.18  71.36  71.17  85.00  71.17  91.97  71.17  97.33  71.20  117.77  71.25  152.02 

CKER03_0008  71.03  37.82  71.15  47.17  71.31  60.90  71.51  80.63  71.71  90.49  71.75  98.68  71.75  104.96  71.75  127.80  71.81  163.70 

CKER03_0014d  71.02  37.82  71.14  47.14  71.31  60.84  71.50  81.02  71.70  91.49  71.74  99.61  71.74  105.79  71.75  128.19  71.81  163.40 

CKER03_0014u  71.03  37.82  71.15  47.14  71.32  60.84  71.54  81.02  71.75  91.49  71.81  99.61  71.81  105.79  71.81  128.19  72.10  163.40 

CKER03_0090  71.05  37.82  71.18  47.10  71.35  60.69  71.48  80.55  71.60  90.99  71.63  99.11  71.67  104.84  71.81  124.76  72.15  166.83 

CKER03_0214  71.38  37.82  71.58  46.74  71.87  57.01  72.19  66.21  72.32  72.70  72.43  76.48  72.47  79.30  72.61  89.06  72.97  112.80 

CKER03_0331  71.81  37.83  71.97  46.74  72.15  57.06  72.38  65.62  72.50  69.43  72.61  70.20  72.66  70.43  72.80  72.60  73.11  94.00 

CKER03_0420d  72.27  37.39  72.40  46.04  72.56  56.05  72.69  64.32  72.76  68.14  72.78  70.71  72.80  72.45  72.88  78.08  73.18  95.89 

CKER03_0420u  72.27  34.89  72.40  41.16  72.56  50.27  72.69  58.03  72.76  61.42  72.78  63.89  72.80  65.65  72.88  71.63  73.18  87.70 

CKER03_0493  72.60  34.89  72.71  41.08  72.90  48.84  73.05  56.12  73.12  59.18  73.17  61.39  73.19  62.98  73.30  68.27  73.73  79.06 



Defended scenario node point data 

Node point 
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Flow 
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Level 
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Flow 
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CKER03_0658  73.23  37.67  73.29  41.24  73.47  46.86  73.66  52.50  73.74  53.18  73.80  54.17  73.84  55.44  73.97  58.17  74.24  73.42 

CKER03_0793  73.86  37.88  73.96  43.44  73.98  57.07  73.99  70.31  73.99  71.98  74.00  73.19  73.99  73.89  74.08  75.27  74.34  87.02 

CKER03_0793J  73.98  37.90  74.04  44.19  74.09  57.67  74.17  71.55  74.18  73.54  74.19  75.16  74.20  76.21  74.21  78.54  74.37  88.17 

CKER03_1118  74.32  27.51  74.43  32.28  74.71  34.59  75.03  36.89  75.09  37.26  75.12  37.67  75.14  37.88  75.22  38.53  75.32  39.67 

CKER03_1118a  78.39  30.35  78.74  43.37  78.99  52.91  79.27  68.88  79.36  76.85  79.42  83.46  79.45  88.32  79.55  105.98  79.69  151.41 

CKER03_1118J  73.98  27.51  74.04  32.70  74.09  45.89  74.17  59.13  74.18  61.05  74.19  62.64  74.20  63.65  74.21  66.00  74.37  75.53 

CKER030014bd  71.02  37.82  71.14  47.14  71.31  60.84  71.50  81.02  71.70  91.49  71.74  99.61  71.74  105.79  71.75  128.19  71.81  163.40 

CKER030014bu  71.03  37.82  71.15  47.14  71.32  60.84  71.54  81.02  71.75  91.49  71.81  99.61  71.81  105.79  71.81  128.19  72.10  163.40 

TRIB03_0417  72.27  2.96  72.40  4.88  72.56  5.78  72.69  6.29  72.76  6.73  72.78  6.83  72.80  6.84  72.88  6.85  73.18  8.22 

TRIB03_0493  72.48  3.36  72.73  5.60  72.86  6.84  72.96  7.53  73.03  7.72  73.04  7.92  73.04  8.12  73.04  8.77  73.27  9.76 

TRIB03_0658  72.80  2.09  73.23  4.16  73.33  4.69  73.38  4.93  73.40  5.00  73.42  5.01  73.43  5.03  73.48  5.09  73.54  7.29 

TRIB03_0793  72.91  2.07  73.36  3.86  73.44  4.11  73.47  4.31  73.48  4.36  73.49  4.38  73.50  4.39  73.54  4.43  73.63  4.48 

TRIB03_0962  73.28  2.06  73.80  3.83  73.88  4.11  73.93  4.33  73.94  4.39  73.95  4.43  73.96  4.46  73.98  4.57  74.03  4.84 

TRIB03_0992d  73.44  2.06  74.00  3.83  74.09  4.11  74.14  4.33  74.16  4.39  74.17  4.43  74.18  4.46  74.20  4.57  74.25  4.81 

TRIB03_0992u  73.76  2.06  74.67  3.83  74.86  4.11  75.00  4.33  75.04  4.39  75.07  4.43  75.09  4.46  75.16  4.57  75.31  4.81 

TRIB03_1159  73.93  0.01  74.72  0.01  74.92  0.01  75.07  0.01  75.11  0.01  75.14  0.01  75.17  0.01  75.24  0.01  75.81  0.01 

WHIB01_0071  74.76  10.72  74.85  12.00  74.88  12.34  74.91  12.49  74.92  12.54  74.92  12.56  74.92  12.58  74.93  12.56  74.99  12.70 

WHIB01_0071J  73.98  10.71  74.04  12.00  74.09  12.34  74.17  12.48  74.18  12.54  74.19  12.56  74.20  12.59  74.21  12.56  74.37  12.70 

WHIB01_0165  76.14  10.72  76.22  12.00  76.25  12.34  76.25  12.49  76.25  12.54  76.25  12.57  76.25  12.58  76.25  12.56  76.26  12.69 

WHIB01_0315d  77.83  10.71  77.93  12.05  77.97  13.03  78.00  14.05  78.02  14.54  78.03  14.80  78.03  15.02  78.05  15.51  78.08  16.80 

WHIB01_0315u  77.83  10.71  77.93  12.05  77.97  13.03  78.01  14.05  78.02  14.54  78.03  14.80  78.03  15.02  78.05  15.51  78.08  16.80 

WHIB01_0326  77.99  10.71  78.07  12.11  78.11  13.25  78.13  14.46  78.14  15.01  78.15  15.31  78.16  15.58  78.16  16.15  78.19  17.63 



Defended scenario node point data 
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Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
m3/s 

Level 
mAOD 

Flow 
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Flow 
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WHIB01_0438  79.49  10.71  79.55  12.13  79.62  13.35  79.68  14.71  79.72  15.38  79.74  15.75  79.75  16.06  79.79  16.77  79.87  18.72 

WHIB01_0452d  79.49  10.71  79.55  12.13  79.62  13.35  79.69  14.71  79.73  15.38  79.75  15.75  79.77  16.06  79.81  16.77  79.93  18.72 

WHIB01_0452u  80.94  10.71  81.01  11.92  81.07  12.89  81.13  13.91  81.16  14.44  81.17  14.77  81.18  14.92  81.22  15.48  81.31  17.08 

WHIB01_0607d  82.23  10.71  82.34  11.92  82.42  12.89  82.51  13.91  82.57  14.44  82.60  14.77  82.62  14.92  82.62  15.48  82.77  17.08 

WHIB01_0608u  82.15  10.71  82.25  11.92  82.33  12.88  82.41  13.95  82.47  14.48  82.50  14.91  82.51  15.08  82.51  15.54  82.67  17.06 

WHIB01_0609  82.07  11.84  82.11  13.81  82.15  15.68  82.19  17.88  82.21  18.90  82.22  19.64  82.23  19.97  82.23  20.83  82.25  24.02 

WHIB01_0617d  82.08  11.84  82.13  13.81  82.19  15.68  82.25  17.88  82.29  18.90  82.30  19.64  82.31  19.97  82.32  20.83  82.35  24.02 

WHIB01_0617u  83.42  11.83  83.59  13.81  83.73  15.68  83.85  17.96  83.92  18.83  83.96  19.73  83.97  20.04  84.00  20.86  84.12  23.97 

WHIB01_0738  85.07  11.84  85.26  13.81  85.38  15.69  85.49  17.95  85.55  19.05  85.58  19.82  85.60  20.36  85.62  21.90  85.64  27.43 

WHIB01_0844  86.12  11.84  86.28  13.81  86.33  15.68  86.41  17.98  86.45  19.15  86.47  20.55  86.47  21.32  86.48  23.91  86.54  31.47 

WHIB01_0928  86.18  11.85  86.30  14.66  86.33  17.09  86.36  20.56  86.38  22.45  86.39  23.58  86.40  24.58  86.40  26.86  86.44  35.05 

WHIB01_0936d  86.20  11.85  86.36  14.66  86.41  17.09  86.46  20.56  86.49  22.45  86.51  23.58  86.52  24.58  86.53  26.86  86.61  35.05 

WHIB01_0936u  87.29  11.85  87.40  14.66  87.48  16.97  87.56  20.16  87.59  21.60  87.62  22.78  87.63  23.75  87.65  26.86  87.73  34.39 

WHIB01_0987  87.73  11.85  87.83  14.66  87.92  16.83  87.97  19.95  87.99  21.30  88.02  22.29  88.03  23.32  88.05  26.20  88.08  33.56 

WHIB01_1007  88.35  11.85  88.44  14.70  88.46  16.97  88.48  20.34  88.51  22.09  88.53  23.20  88.54  24.00  88.56  26.56  88.57  34.54 

WHIB01_1044  88.61  11.91  88.65  15.30  88.65  17.71  88.67  21.41  88.68  23.06  88.69  24.61  88.70  25.52  88.71  28.36  88.73  36.18 

WHIB01_1067  88.75  11.96  88.85  15.45  88.90  17.82  88.98  21.36  89.02  22.65  89.07  23.82  89.09  24.66  89.13  27.22  89.21  34.98 

WHIB01_1095  89.06  11.96  89.22  15.46  89.31  17.82  89.43  21.30  89.48  22.69  89.50  24.18  89.53  25.08  89.54  28.47  89.60  37.17 

WHIB01_1120  89.48  11.96  89.67  15.45  89.77  17.82  89.85  21.53  89.86  23.46  89.88  25.03  89.90  26.22  89.91  30.77  89.88  40.11 

WHIB01_1144  89.93  11.96  90.10  15.46  90.14  17.92  90.16  22.09  90.19  24.28  90.20  25.96  90.22  27.21  90.22  31.87  90.25  41.63 

WHIB01_1168  90.32  11.96  90.48  15.46  90.51  17.95  90.60  22.13  90.63  24.28  90.67  25.95  90.70  27.29  90.74  32.25  90.79  43.12 

WHIB01_1191  90.64  11.96  90.81  15.45  90.88  17.96  90.99  22.33  91.03  24.74  91.05  26.64  91.07  28.10  91.08  33.50  91.15  45.32 



Defended scenario node point data 

Node point 
2‐year  5‐year  10‐year  30‐year  50‐year  75‐year  100‐year  100 + 20%  1000‐year 
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Flow 
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WHIB01_1215  91.06  11.96  91.24  15.46  91.33  17.95  91.48  22.28  91.52  24.62  91.56  26.41  91.60  27.78  91.66  33.16  91.88  44.23 

WHIB01_1243  91.49  11.96  91.64  15.46  91.73  17.95  91.87  22.32  91.95  24.60  92.00  26.65  92.04  27.99  92.22  32.15  92.51  42.07 

WHIB01_1271  92.28  11.96  92.43  15.45  92.53  17.95  92.69  22.23  92.78  24.56  92.83  26.36  92.89  27.83  92.99  33.38  93.18  47.09 

WHIB02_0002  92.36  11.96  92.53  15.46  92.63  17.95  92.80  22.26  92.89  24.61  92.95  26.55  92.99  28.14  93.10  33.56  93.37  46.98 

WHIB02_0007d  92.36  11.96  92.53  15.46  92.63  17.95  92.80  22.26  92.89  24.61  92.95  26.55  92.99  28.14  93.12  33.56  93.54  46.98 

WHIB02_0007u  94.01  11.96  94.08  15.46  94.14  17.95  94.24  22.26  94.30  24.51  94.36  26.44  94.40  28.07  94.52  33.48  94.85  46.92 

WHIB02_0065  95.03  11.97  95.11  15.45  95.16  17.95  95.25  22.24  95.29  24.51  95.33  26.42  95.37  27.85  95.47  33.35  95.70  47.13 

WHIB02_0097  95.92  11.97  96.03  15.46  96.10  17.95  96.21  22.24  96.26  24.49  96.33  26.40  96.36  27.85  96.45  33.42  96.59  47.17 

WHIB02_0140  92.36  11.96  92.53  15.46  92.63  17.95  92.80  22.26  92.89  24.61  92.95  26.55  92.99  28.14  93.10  33.56  93.37  46.98 

WHIB020007bd  92.36  11.96  92.53  15.46  92.63  17.95  92.80  22.26  92.89  24.61  92.95  26.55  92.99  28.14  93.12  33.56  93.54  46.98 
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E Appendix - 2009 event analysis 
E.1 Event rarity based on flow records 

Ideally the starting point in estimating the rarity of the 2009 event at Low Lorton would be the 
derivation of a peak flow rate at Lorton during the event.  The nearest reliable gauging station is 
the River Cocker at Southwaite Bridge which is 4km downstream of Low Lorton (there is an 
upstream gauging station at Scalehow, but this is not deemed to provide data of acceptable 
quality during periods of high flow). 

There are a number of ways a peak flow at Lorton might be estimated.  Based on observed 
levels it might be possible to use the current model to estimate flows.  However the observed 
levels are strongly influenced by blockage following a bridge collapse and so this approach will 
not provide an accurate event flow based on the model as it stands.  Another way would be to 
extend the model down to Southwaite Bridge, so that the flow at Lorton that corresponds to the 
observed peak flow at Southwaite Bridge could be predicted.  This might work well but is outside 
the scope of the current project.  A third way would be to estimate the flow at Lorton using a 
calibrated rainfall-runoff model; again this is outside the scope of the current project.  A further 
approach would be to scale the Southwaite Bridge peak by a factor determined from the ratio of 
the catchment areas, however this is not an ideal way of estimating a peak.   

The most accurate way to estimate event rarity is to analyse flow records at a gauging station.  
Therefore the best way of determining the event rarity for Low Lorton in this case would be to 
assume that the return period was of the same range as that for Southwaite Bridge.  

It would also be potentially possible to estimate the 2009 event rarity for the catchment at Low 
Lorton by analysing rainfall records only.  This approach would involve spatially interpolating 
rainfall values from the Cornhow Treatment Works and Honister Pass rainfall gauges to provide 
a catchment average rainfall total for Lorton and then using the FEH DDF approach to determine 
the corresponding return period.  The DDF approach is known to perform poorly for extreme 
events and so there will be a large degree of uncertainty in any result from this approach.  Given 
that the River Cocker is gauged just 4km downstream of Low Lorton, flow based analysis will 
almost certainly provide the best estimate of the event rarity. 

E.2 Growth curve distributions 
The flood frequency growth curve parameters derived in this study for the Southwaite Bridge flow 
estimation point vary to those derived in the 2010 Event Analysis Report20.  In both studies the 
growth curve parameters were derived from enhanced pooling group analysis based on the 
Southwaite Bridge as the target site.  However in the 2010 study the growth curve parameters 
were generated using the General Logistical (GL) distribution.  In this study the growth curve 
parameters were generated from the General Extreme Value (GEV) distribution. Both 
distributions provide an acceptable fit with the pooled data series and so neither is inappropriate.  
The graph below extracted from WINFAP FEH v3 compares the GL and GEV growth curves.  

                                                      
20 Review of November 2009 Flooding in Cumbria (River Derwent Catchment) Event Analysis Report - 
JBA Consulting (2010) 
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For large event in excess of ~75-years the GL distribution gives slightly larger growth factors.  
Therefore flow estimates based on the GL distribution will be marginally greater than estimates 
that use the GEV distribution, (for events greater than a 75-year return period magnitude).     

In line with this, if a given flow value in this range is regressed against the distributions then the 
GEV distribution will show the return period to be greater than when using the GL distribution.  
The peak flow recorded at the Southwaite Bridge gauge during the 2009 flood event was 
201.37m3/s.  If this is regressed against the two distributions the return period estimates are 
400-500-years with the GL and 600-700-years with the GEV.    

The Environment Agency specified on commencement this study that the methodology of the 
hydrological analysis should be aligned with that used in the preceding Derwent Villages Flood 
Mapping Study21, in which the GEV distribution was used for Southwaite Bridge.  In the revised 
WINFAP-FEH analysis, which takes advantage of the new flow records, the GEV still provided 
the best fit in terms of the lowest residuals and so there was no case to challenge the already 
approved methodology.   

E.3 Honister Pass rain gauge 
Both this study and the 2010 Derwent event analysis study22 analysed the rainfall record at the 
Honister Pass rain gauge for the November 2009 event in order to estimate the rainfall event 
rarity using the FEH DDF approach.  The 2010 analysis estimated the rarity to be in excess of a 
1000-year return period.  The new analysis estimated the rarity to be a 1 in 582-year event.   

The discrepancy in return period seems to be related to the fact that this study used version 3 of 
the FEH CD ROM whilst the Derwent study used version 2.  When the coordinates of Honister 
Pass are entered the location is snapped to a different 1km grid point between the two versions.  
This is a very unusual coincidence because the gauge happens to be located almost precisely in 
the centre of a grid square.   The FEH DDF parameters are sufficiently different between the two 
grid points to cause very different estimates of the return period.  The FEH DDF method is 
well-known to give strongly spatially varying parameters in the North West as demonstrated in 
this situation.  

                                                      
21 Derwent Villages Flood Mapping Study - JBA Consulting (2008) 
22 Review of November 2009 Flooding in Cumbria (River Derwent Catchment) Event Analysis Report - 
JBA Consulting (2010) 
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