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EXECUTIVE SUMMARY 
 

 
To date, research has not been able to quantify how the likely effects of land management change at the 
field or farm scale will affect the dynamics of flood generation at the catchment scale.  This short project 
aims to augment the current state of knowledge by using sensitivity testing as a means of indicating the 
potential impact that changes in runoff characteristics from farms and sub-catchment areas may have on 
the generation of floods at the catchment scale.  The case study catchment chosen for this work was the 
120km2 catchment draining through Ripon in North Yorkshire, which includes the rivers Skell and Laver, and 
Kex Beck. 

The approach used existing modelling techniques.  Ten individual sub-catchment rainfall-runoff models, in 
the form of Probability Distributed Moisture (PDM) models, were developed, each representing an area with 
similar physical characteristics, such as topography, rainfall, soils and land use.  All the individual PDM sub-
catchment models were then linked together via an ISIS flood routing model in order to simulate flows at 
the outlet to the study catchment at Alma Weir on the River Skell in Ripon.  The PDM and ISIS routing 
models were initially calibrated to the current ‘baseline’ conditions in the catchment, which is assumed to 
be degraded to some extent given the general agricultural intensification and moorland improvements that 
have taken place over the last 50 years or so. 

Seven scenarios were developed to represent plausible changes to the land management or land use in all 
or parts of the Ripon catchment.  The scenarios chosen were principally aimed at practices that would lead 
to the degradation of the soils within the catchment (e.g. compaction or crusting of vulnerable soils, 
conversion of improved grassland to maize production) or a change to the management of the moorland in 
the headwaters (e.g. maintenance of moorland grip drainage or moorland grip blocking).  In particular, the 
impact of the proposed land management changes were represented in the PDM models by alterations to 
specific PDM model parameters affecting the rapid runoff component, the condition of soil moisture store 
and the hydrograph timing. The impact of moorland grip drainage blocking in controlling the generation and 
rate of runoff was also investigated.  Each of the scenarios was run through the PDM models for both 
observed winter/summer events, and for design events with 10 year, 50 year and 100 year return periods 
that were generated from a separate stochastic rainfall model based on raingauge datasets from the 
catchment. 

Initial investigations of land cover and soil type indicated that the Ripon catchment was likely to be 
susceptible to land management impacts.  Results indicated that the worst case plausible degradation 
scenario (combining soil structural degradation across the whole catchment and additional moorland grip 
maintenance) led to increased peak flows in Ripon compared to the baseline case of between 20% for 
smaller scale floods and 10% for more extreme floods.  A less extensive scenario assuming soil 
degradation over 30% of the catchment led to increased peak flows of 10% for smaller scale floods and 
3% for more extreme events.  In contrast, the best case plausible improvement scenario (moorland grip 
blocking) led to a reduction of flood peak magnitudes in Ripon by up to about 8% when compared to the 
baseline case.  The timing of the flood peak in Ripon was altered by up to ±1.5 hours as a result of the 
scenarios, though changes to the timing of the hydrographs generated in the moorland areas were 
attenuated by the time they had reached Ripon.  The study may help to shed light on why land 
management effects can be difficult to detect in historic datasets. 

It should be remembered that there are certain other features or practices in the catchment that might have 
an effect to increase or reduce runoff that have not been directly tested as part of this project. This is 
because the modelling approach taken in this project was specifically developed to address the shortfall in 
knowledge of the effect on floods of land management induced soil degradation.  Other interventions, for 
example, changing floodplain roughness, installing online farm storage ponds and the effects of in-field 
underdrainage on certain soil types could also have produced similar effects on flood peaks depending on 
their extent and location.   
The work undertaken in this project complements more detailed modelling being done elsewhere.  It 
suggests a generic framework for scenario testing, using the Ripon catchment as a prototype to help in 
interpreting the relevance of the scenarios and results.  However, there could be alternative results 
produced for other locations.  It is hoped that the information gained from this project will help inform the 
development of policy in using land management change as a potential flood mitigation or attenuation 
measure. 
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1 INTRODUCTION 
 
 

1.1 Introduction 

To date, research undertaken by Defra and the Environment Agency has not been able to quantify 
the likely effects of land management change at the field scale on the dynamics of flood generation 
at the catchment scale.  On-going Defra funded research into the analysis of existing measured 
datasets of river flow and the impact of land management change (R&D Project FD2120) will not be 
published until 2008. 

This two month project is intended to provide a short-term solution to improve the current state of 
knowledge by using sensitivity testing as a means of indicating the potential impact that changes in 
runoff characteristics from farms and sub-catchment areas may have on the generation of floods at 
the catchment scale. 

Information from the sensitivity testing should show how much and what kind of distribution of land 
management change would need to occur to generate detectable and significant changes to flood 
hydrographs in a representative catchment with a range of land management types. 

The information will help inform the development of policy in using land management change as a 
potential flood mitigation or attenuation measure. 

It is acknowledged that this study will rely heavily on a set of assumptions made and used to 
represent the relationship between changes in land management and runoff characteristics in a 
number of sub-catchments within the main study area.  The use of current hydrological and routing 
methods is seen as a pragmatic method to give indicative information on how different input signals 
at different locations can either persist or be diluted at the catchment scale. 

1.2 Study Area 

The study area chosen for this project was the River Skell catchment draining through the town of 
Ripon in North Yorkshire (Figure 1-1).  This catchment, about 120km2 in size, includes three main 
watercourses: River Skell, River Laver and Kex Beck.  The catchment covers the area from Ripon in 
the east to Dallowgill Moor and Kirkby Malzeard Moor in the west and from Grewelthorpe in the north 
to Fountains Abbey and Sawley in the south.   
The catchment does have a history of flooding1 and as a result the Environment Agency are 
investigating options to reduce flood risk in the town of Ripon, including the raising of local flood 
defences within the town, as well as generating floodwater retention behind a new embankment 
upstream of Ripon.  This catchment has also previously been used for the Ripon Multi-Objective 
Project (MOP)2, which ran from 2004 until Spring 2007, to evaluate how effectively flood risk on a 
catchment scale can be reduced and biodiversity increased by measures such as changes in land 
use and management and a more sustainable use of the natural floodplain.  Additional datasets 
collected as part of the Ripon MOP have been made available to this project.  A number of other 
relevant research projects have also been undertaken within the study area in recent years, but 
which were not formally part of the Ripon MOP. 

                                                     
 
1 Halcrow (2004).  Ripon FAS Feasibility Study: Modelling Report to the Environment Agency.  Halcrow Group Ltd, Leeds. 
2 Ripon Multi-Objective Project web site: http://www.defra.gov.uk/environ/fcd/policy/Wetlands/riponmop.htm 



 
Department for Environment, Food and Rural Affairs 
Ripon Land Management Project 
Draft Final Report 

 

  
JBA Consulting 
ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2273 - Defra - Land Management Study\Reports\Project\Draft report\Ripon draft final report17 (20 June 07).doc:  20/06/2007 2 

 

Figure 1-1  Study area location 

 

1.3 Project Brief 

This project should provide stakeholders with a better understanding of the effect that varying 
degrees and location of land management change within a catchment can potentially have on 
modifying the generation of flood hydrographs in a catchment.  This will include an understanding of 
the scale of effect that could possibly lead to flood mitigation benefits through an appreciation of how 
such benefits might be managed at field, farm and catchment level. It will also provide information for 
other research looking for evidence of land use change in real catchment datasets by indicating the 
nature and scale of evidence that is being looked for.  The project was specified to comprise three 
short phases: 

Phase 1 – To develop realistic scenarios of the hydrological impacts resulting from possible rural 
land management change representing improved, normal and degraded storage and runoff 
conditions for use in catchment models to test sensitivity and relating these to possible field, farm 
and sub-catchment units of change. 

Phase 2 – To build a hydrological routing model of the chosen catchment and produce “baseline” 
flood flows at key points under normal land management conditions. Calibrate or validate results 
with historic data if available.  

Phase 3 – To undertake sensitivity testing (for progressive changes – both degraded and improved) 
using the catchment model to assess the downstream impact of progressive changes (both 
degraded and improved) in land management. 
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1.4 Project Methodology 

In order to meet the requirements of each phase of the project brief the following methodology was 
developed: 

1. Characterisation of the present and historical land management in the study area, based on 
existing datasets and other information sources. 

2. Development of realistic scenarios for land management change, drawing on the 
present/historical patterns and the context of current and potential future drivers stemming 
from agricultural policy. 

3. Development of baseline hydrological (rainfall-runoff) models and a stochastic rainfall model 
to simulate flood generation dynamics within the study area.   

4. Development of a flood routing model to link all the rainfall-runoff models down to the 
catchment outlet. 

5. Production of scenario simulations to assess the impact of degradation or improvements to 
the land management systems within the study area on downstream flood risk. 

6. Collation and interpretation of simulation results in the context of feasible future land 
management or agricultural policies to provide opportunities for flood attenuation. 
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2 STUDY AREA 
 
 

2.1 Background 

The study area chosen for this project is the 120 km2 catchment of the River Skell draining through 
the town of Ripon in North Yorkshire.  The River Laver and Kex Beck are the other two main 
watercourses within the study area which join the River Skell upstream of Ripon.  The Skell then 
flows into the River Ure just east of Ripon.  The study area contains a small number of large open 
water bodies (reservoirs or lakes) that could potentially attenuate the flow from certain parts of the 
catchment.  The largest of these open water bodes is Lumley Moor Reservoir (towards the top of a 
tributary of the Laver) with a surface area of about 0.1km2.  The other large open water bodies 
include Eavestone Lake (towards the top of a tributary of the Skell), Low Lake at Grantley Hall on 
the middle Skell, and the ornamental lakes in Studley Park next to Fountains Abbey on the lower 
Skell. 

2.2 Topography 

The study area exhibits a range of altitudes and slopes as you move from the Yorkshire Dales part 
of the Pennines in the west to the fringe area of the Yorkshire Dales in the central part of the 
catchment and finally to the much flatter areas in the east (Figure 2-1).  The western upland areas 
reach over 410m AOD in altitude, with numerous steep sided gills draining the higher flatter upland 
down into the central area.  The central area drops in altitude from around 250m AOD to 100m AOD 
with shallower slopes than the western area.  In the east the altitude in Ripon is around 30m AOD 
with much flatter topography as you approach the floodplain of the River Ure. 

 

Figure 2-1  Topography 

 
NEXTMap Elevation Data. © Intermap Technologies. 
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The general gradient (or profile) of the land following the principal drainage line of the three main 
watercourses in each of the main sub-catchments is very similar with about 4% slopes in the upper 
catchment areas and 1% slopes in the lower catchments (Figure 2-2).  The Laver is slightly different 
from the other two in that it contained a relatively flat area (0.1% slope) between 14km and 17km 
upstream of Alma Weir, near Laverton.  A flatter area of a similar nature is absent from the other two 
sub-catchments. 

 

Figure 2-2  Long profile of Rivers Skell and Laver and Kex Beck 
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2.3 Geology 

The bedrock geology in the study area is dominated by sequences of sandstone, siltstone and 
mudstone, including substantial areas of Carboniferous Millstone Grit (Figure 2-3).  However, the 
sub-catchment area to the east of a line joining Azerley in the north and Fountains Abbey in the 
south is underlain by Permian Dolomite (Magnesium Limestone) and small areas of Permian 
mudstone. The Magnesium Limestone also contains a number of swallow holes in the vicinity of 
Ripon which have been produced by gypsum dissolution.  There a small outcrop of Carboniferous 
coal measures within the Millstone Grit area near Winksley. 

The superficial (or drift) deposits overlying the bedrock are typically composed of alluvium or river 
terrace deposits (sands and gravels) following the main river floodplains (Figure 2-4).  Glacio-fluvial 
till (boulder clay and morainic drift) is common in the areas between the watercourses in the central 
and eastern areas of the catchment.  Quaternary peat deposits can be found on the uplands in west 
of the catchment.  Other areas of the western catchment are not overlain by superficial deposits. 
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Figure 2-3  Bedrock geology 

Reproduced from the British Geological Survey Map data at the original scale of 1:50,000. Licence 2005/067B British Geological Survey. © NERC.  All rights reserved. 

Figure 2-4  Superficial geology 

Reproduced from the British Geological Survey Map data at the original scale of 1:50,000. Licence 2005/067B British Geological Survey. © NERC.  All rights reserved. 
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2.4 Soils 

The soils that have developed in the catchment have a variety of characteristics (Figure 2-5 and 
Table 2-1).  The western headwaters on the comparatively level Pennines plateau are covered by 
naturally wet blanket bog peat soils that have been considerably drained by grips (shallow open 
ditches), particularly since the 1950s when Government funded drainage grants were available to 
landowners to improve the productivity of the land.  Some field survey in the upper Skell moorland 
catchment by Haycock Associates in 2005 found the peat soils in this area to be generally quite thin 
(<0.5m deep), though pockets of deeper peat (>1m depth) were encountered in natural hollows3.  
The steeper slopes below the higher plateau are covered by slowly permeable wet acid upland soils 
with a peaty surface.  The lower central part of the catchment is dominated by slowly permeable 
seasonally wet acid loamy and clayey soils.  Many of these soils with impeded drainage will almost 
certainly have been drained at some point in time to improve their potential for agricultural 
production.  The central area also has pockets of freely draining slightly acid loamy soils.  The 
eastern part of the catchment is dominated by the freely draining slightly acid loamy soils.  A strip 
of slightly acid loamy and clayey soils with impeded drainage is located along the north eastern 
boundary of the catchment between Grewelthorpe and Ripon.   

64% of the soils in the catchment area have physical characteristics that make them susceptible to 
soil structural degradation, such as compaction (in slowly permeable, seasonally wet non-
calcareous loamy and clayey soils) and slaking or crusting/capping (in free draining sandy loam 
soils), both of which can be made worse by inappropriate and untimely land management 
practices. 

 

Figure 2-5  Soils 

© Cranfield University, (NSRI) 2007. 

                                                     
 
3 Haycock and Skinner (2005).  Managing runoff from the upper catchment of the Laver and Skell.  Draft Report to English 
Nature.  Haycock Associates Ltd. 
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Table 2-1  Soil types in the study area 

Soil type % cover 

Blanket peak bog soils 6.6 

Very acid loamy upland soils with a wet peaty surface 6.1 

Slowly permeable wet very acid upland soils with a peaty surface 17.3 

Slightly acid loamy and clayey soils with impeded drainage 5.5 

Slowly permeable seasonally wet acid loamy and clayey soils 0.5 

Slowly permeable seasonally wet slightly acid but base-rich loamy and clayey soils 36.4 

Loamy and clayey floodplain soils with naturally high groundwater 0.2 

Freely draining slightly acid loamy soils 27.1 

Unclassified (i.e. water body) 0.3 

 

2.5 Agricultural Land Classification 

Land quality varies from place to place.  The Agricultural Land Classification (ALC)4, originally 
developed by the Ministry of Agriculture, Fisheries and Food, provides a method for assessing the 
quality of farmland and its agricultural productivity potential.  The classification is based on the long 
term physical limitations of land for agricultural use.  Factors affecting the grade are climate, site 
and soil characteristics, and the important interactions between them.  The ALC divides land into 
five grades, with Grade 1 being ‘excellent’ and Grade 5 being ‘very poor’.  Other land classification 
categories identified on ALC maps are: urban, non-agricultural, woodland, agricultural buildings, 
open water and unsurveyed areas.  The ALC is used by landowners, planning authorities and 
potential developers to plan feasible future land use and land management options, especially if 
adherence to planning regulations is required. 

The study area is dominated by land in the ALC Grades of 3, 4 and 5 (Figure 2-6).  The western 
headwaters area, receiving higher rainfall, poor peaty soils and with locally steep slopes, is Grade 5 
(very poor quality).  The foothills, typically on slowly permeable loamy and loamy soils are Grade 4 
(poor quality) and the lower eastern area with less rainfall and better draining soils are generally 
Grade 3 (good to moderate quality).  A small area of Grade 2 (very good quality) land on free 
draining loamy soils occurs in the Studley Royal area, in the south-east part of the catchment. 

                                                     
 
4 MAFF (1988).  Agricultural land classification of England and Wales – revised guidelines and criteria for grading the quality 
of agricultural land.  Ministry of Agriculture, Fisheries and Food, London. 
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Figure 2-6  Agricultural land classification 

© Department for Environment, Food and Rural Affairs (Defra), 2007. 

2.6 Land Use 

Land use within the study area upstream of Ripon covers a range of agricultural and rural systems, 
together with a number of villages distributed around the central and eastern parts of the catchment 
(Figure 2-7).  The Centre for Ecology and Hydrology (CEH) Land Cover Map 2000 was used to 
calculate the proportion of 9 different land cover types within the study area (Table 2-2). 

The moorland and bog areas are restricted to the higher parts of the western catchment.  Analysis 
of air photos taken of the upper Laver and Skell catchments by Haycock Associates on behalf of 
English Nature3 identified about 67km of grips (small artificial drainage channels) in the Skell and 
37km of grips in the Laver.  In the Skell the grips are concentrated in the northern half of the 
moorland area and most grips are cross-slope grips on low gradient surfaces.  The gripping in the 
Laver moorland area is more widely distributed.   

The grassland (both improved and unimproved) is predominantly concentrated in the central half of 
the catchment.  The arable and horticultural area is generally restricted to the eastern quarter of the 
catchment, together with an additional strip along the north eastern boundary between Ripon and 
Azerley.   

The catchment also contains a reasonably high proportion of woodland, which is often located in 
strips alongside the arterial drainage network or in isolated patches across the catchment.  A 
limited number of built-up areas exist within the catchment and these are isolated rural villages, 
together with part of the outskirts of Ripon in the eastern corner of the catchment. 
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Table 2-2  Land cover in the study area 

Land cover % cover 

Arable/horticulture 13.4 

Improved grass 35.7 

Semi-natural vegetation 12.3 

Heath/Moor 22.4 

Bog, marsh, swamp 0.1 

Woodland/Forest 12.1 

Inland bare ground 0.6 

Built-up area 3.2 

Inland water 0.2 

 
 

Figure 2-7  Land cover 

Based on digital spatial data licensed from the Centre for Ecology and Hydrology, © CEH.   

Includes material based on Ordnance Survey 1:50,000 maps with the permission of the controller of Her Majesty's Stationery Office, © Crown copyright. 

Cranfield University and Newcastle University have undertaken some research into the changing 
pattern of land management in the study area5.  The researchers concluded that even though the 
land use types have not altered much over time, land management has undergone significant 
changes.  During the 1970’s, livestock production intensified with a strong market and access to 
Government funded grants for farm improvements, notably land drainage.  Large areas of wet 
rough grass and moorland were drained and stocking densities were increased, which may have 

                                                     
 
5 Posthumus, H., Morris, J. and Hewett, C.J.M. (2006).  Rural land use and flood risk management: a case study in the Laver 
and Skell catchments.  Cranfield University and Newcastle University. 
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contributed to some soil degradation within the catchment.  However, the rural landscape in the 
catchment has generally not altered much over the years as stone walls and hedges have been 
kept intact, except in the lower eastern catchment where some field boundaries have been 
removed to increase the overall field sizes for arable production.  During the last 10 years or so 
there have not been the same incentives for intensive production as before, as market prices have 
fallen and costs have risen.  Some of the farmers are now joining schemes that compensate them 
for more extensive and more environmentally sensitive farming techniques.  Many of the farmers 
interviewed in this piece of research were willing to alter their farming practices and thereby 
contribute to flood risk management and other environmental objectives, as long as technical 
support, guidance and financial compensation were provided. 

2.7 Hydrometric Data 

Validation and calibration of the various models developed for this project, together with the flood 
event analysis, relies on the existence of good quality observed time series data of river flow and 
rainfall.  The study area contains a number of Environment Agency gauging stations, for both flow 
and rainfall, which are either currently in operation or have been in operation for a limited period in 
the past.  The distribution of the Environment Agency hydrometric network within the study area 
(showing both current and closed stations) is given in Figure 2-8. 

The flow gauging sites are restricted to two locations: Alma Weir (a flat V crump weir) on the River 
Skell in Ripon (NGR SE316 709) draining a catchment area of 120km2, and Ripon, sometimes 
known as Mallorie Weir, (a crump weir) on the River Laver (NGR SE301 710) draining a catchment 
area of 80km2.  Alma Weir has a digital 15-minute flow record over the period 1984 to the present 
day and Ripon Weir on the Laver has 15-minute flow record over the period 1977 to the present day.  
The HiFlows-UK station summary for Alma Weir states that the rating for this station is good as all 
flows are constrained within the formal structure.  However, the presence of some swallow holes in 
the lower catchment will contribute to a reduction of the summer baseflow passing through the 
gauging station.  The HiFlows-UK station summary for the Ripon weir on the River Laver indicates 
that its rating is not as accurate as that at Alma Weir due to some bypassing of the structure during 
high flow conditions.  Again, like Alma Weir, the presence of local swallow holes will affect the 
summer baseflow. 
There is one recording raingauge (also known as a tipping bucket raingauge) within the study area 
that records sub-hourly rainfall totals.  This is located at Lumley Moor Reservoir (NGR SE225 706) 
in the centre of the catchment with a record length of 1989 to the present day.  A number of 
storage raingauges have also been utilised in the data analysis, including:  Lumley Moor Reservoir 
NGR SE224 706 (1961 to the present day), Ripon Sewage Treatment Works SE324 707 (1964 to the 
present day), Hambleton Hill NGR SE160 730 (1973 to the present day), Harper Hill NGR SE197 702 
(1963-1977), Bagwith Brae NGR195 746 (1963-1977), Hawsett NGR184 729 (1963-1977), Drovers 
Inn NGR213 723(1961-1999), and Stone and Ears Wham NGR168 751 (1973-1977). 

Forest Research began some hydrometric monitoring in the Laver sub-catchment in 2005 as part of 
their on-going studies into the hydraulic impact of floodplain woodland on flooding dynamics.  Six 
water level recorders linked to data loggers now record water levels on a five minute interval at 
locations between Galphay and Swetton.  In addition, Forest Research have installed a tipping 
bucket raingauge near Swetton. 
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Figure 2-8  Hydrometric network 
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3 LAND MANAGEMENT SCENARIOS 
 
 

3.1 Background 

This project required the testing of the impact of specific land management changes on the runoff 
and flood dynamics within the catchment.  The land management scenarios were developed to test 
changes in the magnitude, routing and timing of runoff from specific parts of the catchment within 
the hydrological models (see Chapter 4).  The hydrological models, linked with a basic river routing 
model representing the river network in the catchment, were used to assess how these effects are 
propagated downstream within the arterial drainage network. 

The land management scenarios have primarily targeted the three main rural land uses in the 
catchment, namely moorland, improved grassland and arable  The scenarios chosen were based 
on feasible hypothetical future conditions in the catchment to produce an ‘improved’ condition (i.e. 
typically producing reduced and/or delayed runoff) or a ‘degraded’ condition (i.e. typically 
producing increased and/or faster runoff).   

Rural land management is influenced by a number of physical, economic and social factors, many 
of which are interrelated, including: 

• Soil characteristics 

• Topography 

• Climate 

• Ownership 

• Land use, including crop type 

• Land drainage 

• Rural economics, including produce markets and availability of subsidies/payments 

• EC/UK agricultural policy and environmental legislation 

Many of these factors will change over time, leading a landowner or tenant to change his/her land 
management practices, or even to change land use entirely in certain circumstances.  Rural 
economics and agricultural policy often act as the major catalysts for significant change. 

Some of the possible land management scenarios have already been put forward by the River 
Restoration Centre (RRC) in their scoping study report on Broad Scale Modelling (BSM) in the 
Ripon catchment (RRC 2005a)6.  A number of the management changes associated with the 
‘improved’ scenarios could be achieved through sufficient uptake of, and long term commitment to, 
various Entry Level Stewardship (ELS) and Higher Level Stewardship (HLS) options within the new 
Defra/Natural England Agri-Environment Scheme.  This was discussed in detail in the River 
Restoration Centre review of farm incentive schemes benefiting rivers (RRC 2005b)7.  The extent 
and distribution of these stewardship options within the catchment would determine the magnitude 
of their impact on the runoff dynamics.   

The ‘cross-compliance’ requirement of the new Single Payment Scheme (SPS), administered by the 
Rural Payments Agency (RPA), will also initiate some changes to land management that should help 
to reduce the potential for surface runoff.  Cross Compliance puts in place a number of baseline 
standards that farmers are required to meet in order to receive their single payment. There are two 
elements: standards of Good Agricultural and Environmental Condition (GAEC) which largely relate 
to the protection of soils, habitats and landscape features; and Statutory Management 

                                                     
 
6 RRC (2005a).  River Laver and Skell, Ripon: scoping study for Broad Scale Modelling.  River Restoration Centre, Silsoe, 
Bedford. 
7 RRC (2005b).  Review of farm incentive schemes benefiting rivers.  River Restoration Centre, Silsoe, Bedford. 



 
Department for Environment, Food and Rural Affairs 
Ripon Land Management Project 
Draft Final Report 

 

  
JBA Consulting 
ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2273 - Defra - Land Management Study\Reports\Project\Draft report\Ripon draft final report17 (20 June 07).doc:  20/06/2007 16 

 

Requirements (SMRs) which reinforce pre-existing legislative requirements covering environmental, 
public, plant and animal health and, from 2007, animal welfare objectives. 

The Office of Science and Technology’s Foresight Programme (DTI, 2002)8 and the Foresight Flood 
and Coastal Defence Project (Evans Éí= ~ä., 2003)9 constructed four possible ‘futures’ that are 
distinguished in terms of social values and governance: 

• World Markets – characterised by an emphasis on private consumption and a highly 
developed and integrated world trading system. 

• Global Sustainability – characterised by more pronounced social and ecological values, 
which are evident in global institutions and trading systems.  There is collective action to 
address social and environmental issues. 

• Provincial Enterprise – characterised by emphasis on private consumption, but with 
decisions made at national and regional level to reflect local priorities and interests. 

• Local Stewardship – characterised by strong local or regional governments that 
emphasise social values, encouraging self-reliance, self-sufficiency and conservation of 
natural resources and the environment. 

The UKCIP02 study (Hulme Éí=~ä., 2002)10 on climate change also linked these scenarios to possible 
trends in greenhouse emissions and associated climate change. The climate change signals are 
high under World market and Provincial Enterprise, and medium to low under Global Sustainability 
and Local Stewardship. The greater the extent of climate change, the greater is the expected 
variation in storm intensity and the greater is the expected frequency and severity of flooding 
(although total precipitation may not vary greatly between scenarios). 

Morris and Parkin (2004)11 in the Defra R&D project FD2114 took these four possible futures and 
assessed how they might influence land use or land management change and associated flood 
generation impacts looking forward towards the 2080s.  The World Markets scenario is 
characterised by competitive large-scale intensive farming, which is likely to increase the risk of 
runoff.  Under Global Sustainability there would be a strong commitment to environmental 
protection, including agri-environment and compliance initiatives, which would help to reduce local 
flood generation.  The Provincial Enterprise scenario would provide considerable direct subsidies 
for production and protection from external competition, which will tend to increase the risk of flood 
generation at the farm scale.  Local Stewardship would involve more extensive small scale farming 
and local produce with a high level of environmental protection and enhancement, thereby generally 
reducing the risk of flood generation.   

The potential future impact of the World Markets and Provincial Enterprise scenarios will tend to 
increase flood generation in intensively farmed areas and would therefore represent a move 
towards the ‘degraded’ land management condition.  The Global Responsibility and Local 
Stewardship scenarios include a commitment to more sustainable land management and flood 
management practices, which would represent a shift towards the ‘improved’ land management 
condition. 

                                                     
 
8 Dti. (2002) Foresight Futures 2020 Revised scenarios and guidance.  Department of Trade and Industry, HMSO, UK. 
9 Evans, E. P., Thorne, C. R., Saul A., Ashley R., Sayers, P. N., Watkinson A., Penning-Rowsell E. C., and Hall, J. W. (2003) 
An Analysis of Future Risks of Flooding and Coastal Erosion for the UK between 2030 and 2100.  Foresight Flood and 
Coastal Defence Project: Overview of Phase 2. Office of Science and Technology, Department of Trade and Industry, 
London. 
10 Hulme, M., Jenkins, G.J., Lu, X., Turnpenny, J.R., Mitchell, T.D., Jones, R.G., Lowe, J., Murphy, J.M., Hassell, D., 
Boorman, P., MacDonald, R. and Hill, S. (2002). Climate Change Scenarios for the United Kingdom: The UKCIP02 Scientific 
Report. Tyndall Centre for Climate Change Research, School of Environmental Sciences, University of East Anglia, Norwich, 
UK. 120pp. 
11 Morris, J. and Parkin, A. (2004) Review of impacts of rural land use and management on flood generation.  Impact study 
report: Socio-economic dimensions of flood generation from agricultural land.  Defra R&D Technical Report FD2114/TR, 
Appendix D. 
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3.2 Soil characteristics and land management change 

Descriptions and hydrological parameters of the soils found in the catchment are given in Table 3-1. 

The arable production is mainly limited to the free draining coarse loamy soils (No. 3 in Table 3-1) of 
the lower catchment, just west of Ripon.  Some arable production also takes place around Azerley, 
north west of Ripon, on fine loamy with slowly permeable subsoils (1).  To permit intensive arable 
production these finer soils will contain artificial in-field underdrainage systems to maintain a lower 
watertable than would exist in a more ‘natural’ soil condition. 

The improved grassland area is concentrated on the slowly permeable seasonally wet loamy and 
clayey soils (2) in the middle portion of the catchment, much of which will have been actively 
underdrained (particularly during the 1960s and 1970s grant aided drainage period).  There are also 
areas of free draining coarse loamy soils (3) which are under grassland production. 

The moorland area has upland soil types, namely fine loamy soils with a peaty surface (4 & 5) or 
thick raw peat (6). There is a history of moorland gripping in the upper catchment to improve the 
drainage of water from the naturally wet peat soils in particular (especially in the period 1950s-
1970s). 

Table 3-1 contains the original and structurally ‘degraded’ values for Standard Percentage Runoff 
(SPR) for each soil type found in the catchment (derived from the associated dominant HOST 
class).  SPR is an estimate of the percentage of rainfall yielding quick runoff under standard soil 
moisture conditions.  The changed SPR values (i.e. structurally degraded) were based on the 
analysis of Packman Éí=~ä. (2004)12, which was originally undertaken as part of the Defra R&D project 
FD2114 to investigate how the SPR value might vary under so-called fully ‘degraded’ or compacted 
conditions.  The degraded condition could be attained by an inappropriate change in land 
management practices.  It could also be used to represent a change in land use that might lead to 
soil structural degradation (e.g. conversion of grassland to maize production on soils susceptible to 
compaction or crusting/capping).   

Table 3-1 also contains values for the Baseflow Index (BFI) for each soil series present, together 
with an indication of whether each particular soil type is susceptible (due to its inherent textural 
composition and water regime) to compaction or crusting (slaking or capping) problems.  Two of 
the soil types found in the catchment, represented 64% of the catchment area, are particularly 
susceptible to compaction or crusting/capping, based on the soil texture and HOST class.  This 
indicates that any inappropriate and/or untimely management of these soils might cause the 
surface runoff from them to be increased and the infiltration of water into the main soil profile to be 
decreased.  These are the free draining coarse loamy soils (No. 3 in Table 3-1) and the slowly 
permeable seasonally waterlogged fine loamy and fine loamy over clayey soils (2) in the catchment. 

 

 

                                                     
 
12 Packman, J.C., Quinn, P.F., Hollis, J. and O’Connell, P.E. (2004).  Review of impacts of rural land use and management on 
flood generation.  Short-term improvement to the FEH rainfall-runoff model: technical background.  Defra R&D Project 
Record FD2114/PR3. 
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Table 3-1  Soils in the catchment and their hydrological properties 

No. Name Code Description 

Inherent 
soil 

drainage 
status Land Use 

Dominant 
HOST 
Class 

Original 
SPR (%) 

Degraded 
SPR (%) 

Original 
BFI 

Susceptible 
to 

compaction 
or crusting 

1 Nercwys 542 Deep fine loamy soils with 
slowly permeable subsoils and 
slight seasonal waterlogging 

Impeded 
drainage 

Mostly 
arable 

21 47 60 0.34 No 

2 Dunkeswick 
Salop, Dale 

711p, 
711m, 
712a 

Slowly permeable seasonally 
water logged fine loamy and fine 
loamy over clayey soils 

Impeded 
drainage 

Mostly 
improved 
grassland 

24 40 49 0.31 Yes 

3 East 
Keswick 1, 
Rivington 1, 
East 
Keswick 2, 
Wick 1  

541x, 
541f, 
541y, 
541r 

Slightly acid coarse loamy soils Free 
draining 

Arable  &  
improved 
grassland  

4, 5, 6 2, 15, 34 15, 27, 44 0.79, 
0.90, 
0.65 

Yes 

4 Belmont,         
Maw 

651a, 
652 

Loamy acid upland soils with 
wet peaty surface 

Surface 
wetness 

Mostly 
moorland 

15 48 48 0.38 No 

5 Wilcocks 1  721c Slowly permeable seasonally 
waterlogged fine loamy and fine 
loamy over clayey upland soils 
with peaty surface 

Impeded 
drainage 

Moorland 26 59 59 0.24 No 

6 Winter Hill 1011b Thick, very acid raw peat.  
Perennially wet.  Hagged and 
eroded in places 

Naturally 
wet 

Moorland 29 60 60 0.23 No 

HOST – Hydrology of Soil Types – a soil classification system based on conceptual models of the processes taking place within the soil and, where appropriate, substrate (after Boorman Éí=~äK=(1995)13. 

SPR – Standard Percentage Runoff – estimate of percentage (%) of rainfall yielding quick runoff under standard moisture conditions (less than 40mm of rainfall, zero soil moisture deficit). 

BFI – Baseflow Index – an index (0-1) of hydrograph behaviour related to catchment hydrology.  BFI = long term ratio of baseflow to river flow volume.  High BFI (close to 1) indicates baseflow 
dominated regime, low BFI indicates a ‘flashy’ regime dominated by quickflow. 

 

                                                     
 
13 Boorman, D.B., Hollis, J.M. and Lilly, A. (1995).  Hydrology of soil types: a hydrologically-based classification of the soils of the United Kingdom.  Report No. 126.  Institute of Hydrology, Wallingford. 
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Our assessment is that the overall current condition of the soils in the Ripon catchment can be 
described as somewhat degraded given the general land management practices that have taken 
place over the last 50-100 years.  The exact degree of degradation is difficult to assess given the 
complex and varied nature of land ownership, land use and land management across the 
catchment.  The soils across the catchment contain a legacy, in terms their physical, chemical and 
biological characteristics, of recent and historical land management practices.  The moorland soils 
will be degraded due to the historical gripping that has taken place.  Intensive livestock production 
in the improved grassland area will have caused vulnerable soils to compact and/or crust.  Certain 
arable production techniques might have generated plough pans or other compaction problems 
that reduce infiltration into the soils.  However, these degraded conditions, generally producing 
more and faster runoff will not be present across the entire catchment.  Other areas of the 
catchment will have maintained good soil structural conditions allowing water to rapidly infiltrate the 
soil surface and not run off, such as wooded areas or less intensive grassland systems.  Well 
managed arable cultivation techniques on certain soil types can improve the infiltration of incident 
rainfall into the soil profile and its storage.  This variety of land management across the Ripon 
catchment will have produced a mosaic of both poor and good soil structural characteristics and 
their associated hydrological characteristics (Figure 3-1).   

 

Figure 3-1  Soils and their runoff characteristics 

 

3.3 Hypothetical Land Management Scenarios 

Table 3-2 below provides a list of possible scenarios for investigation, together with an indication of 
how the SPR and timing terms within the hydrological modelling can be adjusted to represent their 
impact (based on the amount of soil structural degradation or structural improvement).   

The adjustment of SPR is described in Section 3.2 above.  The adjustment of the runoff response 
timing parameter to represent particular land management conditions has had to rely on a 
considerable amount of judgement.  However, this element of the work was also guided in part by 
the work of Packman Éí= ~ä. (2004)12 within Defra R&D Project FD2114.  This research followed a 
reasonably intuitive procedure of increasing or decreasing the Time to Peak (Tp) of the hydrograph 
by 1-2 hours depending on whether the land management was being ‘degraded’ or ‘improved’, 
including the potentially different influences of certain soil types.  Any changes in Tp were applied 
pro-rata based on the extent of the change in the catchment.  Given the general size of the model 
sub-catchments within the study area (<30km2) the adjustment to the Tp term was restricted to ±1 
hour. 
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Table 3-2  Suggested land management scenarios 

Catchment 

zone 

Scenario Management change PDM Model parameter 

change 

Current 

condition 

No change No change 

Grips blocked Increased residence time Improved 

Conversion of moorland to 

deciduous woodland 

Decrease SPR 

Increased residence time 

Moorland 

Degraded Maintenance of grips, loss of 

peat 

Decreased residence time 

Current 

condition 

No change No change 

Increased stocking density, 

more compaction or capping 

Increase SPR 

Decreased residence time 

Improved 

grassland 

Degraded 

Conversion to intensive arable 

(possibly maize production) 

Increase SPR 

Decreased residence time 

Current 

condition 

No change No change Arable 

Degraded More intensive, inappropriate 

land management, more 

compaction or capping 

Increase SPR 

Decreased residence time 
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4 HYDROLOGICAL MODEL DEVELOPMENT 
 
 

4.1 Background 

Changes to land management in different parts of the Ripon catchment could have an impact on 
the dynamics of runoff generation from such areas and hence affect the flow downstream.  In order 
to quantify the impact of such changes, the continuous simulation approach was chosen to be at 
the core of the hydrological modelling for the Ripon Catchment.  This provides a method to 
incorporate seasonality and to link multiple sub-catchment units without needing highly generalised 
assumptions about antecedent conditions, as invoked by design event methods.  

With this in mind, the Probability Distributed Moisture (PDM) model was used for the hydrological 
modelling.  This type of model is based on the concept of a distribution of soil moisture properties 
within a sub-catchment unit.  Direct runoff is routed via a surface storage component, by which the 
fast surface runoff is controlled, and groundwater flow is routed via a groundwater storage 
component, by which baseflow from the soil and sub-soil is controlled.  These parts together form 
the total model output.  The model allows for variations within a sub-catchment in terms of 
proportions of land area under different regimes.  A full description of the PDM type of hydrological 
model is given in Appendix A.1. 

An ISIS routing model was also developed to link the PDM models together and simulate the 
propagation of the flood hydrographs downstream to the catchment outlet at Alma Weir in Ripon. 

4.2 Setting up Ripon Sub-catchments for the PDM Modelling 

The Ripon catchment was divided into a number of sub-catchment units, which could each be 
represented by a rainfall-runoff model.  The sub-division took account of the topographical 
character of the whole catchment, current land use and the river network topology.  Consideration 
was given to maintaining enough detail to represent broad scale spatial patterns in runoff 
production, without having to introduce excessive detail that would be unsupportable given the 
spatial data available on land management, and the need to parameterise the models using 
generalised relationships.  Each sub-catchment had to have an outflow point, which could be 
represented as an inflow point (flow-time boundary, QTBDY) in the ISIS routing model.  The 
downstream outflow from the study catchment had to correspond with the Alma Weir flow gauging 
station in Ripon, for which the observed flow data were available as a calibration dataset. 

The initial split of the Ripon catchment into the sub-units was based purely on topography.  The 
ArcHydro Tool within ArcGIS was used for this purpose.  ArcHydro uses a digital elevation model to 
derive drainage paths and associated catchment boundaries within a specified area.  In this project, 
the NEXTMap digital elevation model at 5m resolution was used.  The entire Ripon catchment was 
initially split into 19 sub-catchments, which were then grouped into 10 sub-catchments according 
to the above stated criteria.  Each of the 10 sub-catchments was then represented by a single PDM 
model, i.e. runoff from the entire Ripon catchment could be simulated using the 10 PDM models.  
Figure 4-1 shows an overview of the Ripon sub-catchment units derived for the PDM modelling. 

 

4.3 Setting up the PDM Models 

The continuous rainfall-runoff modelling required the following input data: 

^êÉ~ä=ê~áåÑ~ää=

The only recording raingauge with sub-daily data is the Lumley Moor tipping bucket raingauge 
(TBR) located at Lumley Moor Reservoir, approximately in the middle of the Ripon Catchment.  A 
number of storage raingauges with daily and monthly data are spread within the catchment, 
particularly in the western upland part.  
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Figure 4-1  Sub-catchment units used in the PDM modelling 

 

In order to calculate the areal rainfall, periods of several years of record from the storage 
raingauges were correlated with the rainfall recorded by Lumley Moor raingauge.  In order to do 
this, the rainfall data were aggregated into monthly totals to avoid introducing detailed daily pattern 
into the correlation and to avoid periods where the rainfall record was accumulated over several 
days instead of on a daily basis.  Where the correlation was strong, the relationship found can be 
used to represent the rainfall recorded at each raingauge by only the Lumley Moor raingauge.  For 
example, it was found that rainfall recorded by the Harper Hill raingauge is on average 1.06 times 
that recorded at the Lumley Moor raingauge.  This assumes that rainfall occurs at Lumley Moor at 
the same time as at Harper Hill, but that the Harper Hill raingauge records 6% more rain than the 
Lumley Moor raingauge.  This way it was possible to relate all the available raingauges within the 
Ripon catchment to the single Lumley Moor raingauge, which was then, together with coefficients 
expressing the inter-gauge relationship, used as a point rainfall for each sub-catchment unit.  Given 
the size of the catchment, it was assumed that rainfall occurring at Lumley Moor falls 
simultaneously over the whole catchment. 

The sub-catchment point rainfall attained this analysis, together with the Thiessen polygon areal 
rainfall calculation method14, were then used to calculate the sub-daily areal rainfall for each of the 
10 sub-catchment units. 

mçíÉåíá~ä=bî~éçíê~åëéáê~íáçå=

Weekly potential evapotranspiration (PET) data were available for the two MORECS squares, which 
cover the Ripon Catchment, square 92 and 93.  MORECS square 92 includes the upland moorland 
areas of the western catchment, and MORECS square 93 includes the middle and lower areas of 
the central and eastern catchment.  The average minimum and maximum PET in millimetres per day 

                                                     
 
14 Thiessen, A.H. (1911).  Precipitation for large areas. Monthly Weather Review, 39, 1082-1084. 
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(mm/d) were calculated, resulting in the average minimum value 0.4mm/d and the maximum value 
2.8mm/d (generally occurring in July).  These values were used within the PDM model to calculate 
the annual pattern of PET variation using a sine curve.   

lÄëÉêîÉÇ=Ñäçï=Ç~í~=

There are two flow gauges in the Ripon catchment, Alma Weir flow gauge on the River Skell in 
Ripon and Ripon Weir at the River Laver (approximately 1.8km upstream of Alma Weir).  
Unfortunately, there are no flow records available for any of the upstream river reaches and 
streams; therefore the individual PDM models of the sub-catchment units could not be calibrated 
directly by comparison of simulated and observed flow data.   

4.4 General Approach to Calibration of the PDM Models 

As no flow data were available to calibrate the individual PDM models for the Ripon sub-catchment 
units, an initial set of PDM model parameters was calibrated on the entire Ripon catchment.  This 
was based on the mixture of judgement and experience with the PDM modelling, but particularly on 
a thorough understanding of the soils in the catchment and their hydrological characteristics, which 
can be reflected by the PDM model parameters.  A description of the PDM model parameters and 
what function or physical process they represent is given in Table 4-1. 

Table 4-1  Description of PDM model parameters 

PDM 
parameter 

Parameter unit Definition Description 

fc none Rainfall factor Adjustment factor applied to rainfall 
(e.g. to account for areal 
distribution of rainfall) 

Cmin mm Soil moisture 
parameter 

Minimum soil moisture storage 
parameter 

Cmax mm Soil moisture 
parameter 

Maximum soil moisture storage 
capacity 

b none Soil moisture 
parameter 

Parameter to control shape of the 
storage capacity distribution 
function 

Be none Evapotranspiration 
parameter 

Controls non-linearity of 
relationship between actual and 
potential evapotranspiration 

Kg mm^(Bg-1)h Soil drainage 
parameter 

Store constant for drainage flux 

Bg none Soil drainage 
parameter 

Controls the non-linearity of the 
drainage flux store 

K1 hrs Runoff store 
constant 

Controls peakiness of hydrograph 

K2 hrs Additional runoff 
store time 
constant 

Used when runoff is routed through 
a cascade of two linear stores 

Kb h(mm)(mm) Baseflow store 
constant 

Controls length of recession 

 

Two series of these initial PDM parameters were calibrated, one for the winter part of the water year 
and one for the summer part.  This is advisable as the two seasons differ in soil wetness and the 
rainfall pattern (i.e. sudden intense storms in summer, possibly after prolonged dry periods, as 
opposed to more wet days and more frequent but less intense rainstorms throughout winter 
season).   

The Ripon sub-catchment units PDM 1-9 and PDM Urban as shown in Figure 4-1 were categorised 
according to the dominating topography and soil characteristics into two categories: The Upland 
and The Lowland.  These two categories differ particularly in soil characteristics and hydrology, 
topography and the magnitude of standard annual average rainfall (SAAR).  This needed to be 
reflected within the PDM models of the sub-catchment units.  Therefore, the Initial Summer and 
Winter PDM parameters calibrated for the entire Ripon catchment were amended to reflect the 
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Upland and Lowland catchment response to rainfall.  These adjustments to the globally-calibrated 
PDM parameters reflect judgement about the effects of different physical characteristics, and 
represent, in effect, a ‘baseline condition’.  Note that although the spatial variation introduced in this 
way is somewhat hypothetical, the net downstream simulated flows can still be checked against 
gauged flows (see below). 

The ‘baseline condition’ therefore represented the best fit PDM model calibrated to the existing 
conditions in the catchment, which in terms of the overall land management effect could be 
described as being degraded to a certain extent as a result of the general intensification of the 
agricultural systems that has certainly taken place over the last 50 years or so in this area of 
England.  All of the subsequent scenario testing then made adjustments to specific PDM 
parameters which control the pathways of water flow and the speed of runoff response to represent 
a set of specified land management changes.   

Table 4-2  Characteristics of the Upland and Lowland PDM model units 

Category Sub-
catchment 
units 

Description Key PDM model parameters 
reflecting group characteristics 

The 
Upland 

PDM 1 
PDM 2 
PDM 3 
PDM 4 
PDM 6 
PDM 7 

Generally high topography 
(ranging from 150 – 
400mAOD), steep slopes 
and higher SAAR (about 
1000mm). 

Predominantly slowly 
permeable, seasonally wet 
and rather shallow soils with 
impeded drainage; or 
naturally wet peaty soils. 

Generally moorland or 
grassland. 

Lower K1/K2  
(Peaky hydrograph) 
 
 
 
Small Cmax and Kb 
(shallow soils, little flow to baseflow) 
Increased b  
(more runoff through surface store, less 
through the sub-surface store) 
Zero Cmin (impermeable area within 
the catchment) 
 

The 
Lowland 

PDM 5 
PDM 8 
PDM 9 
PDM Urban 

Lower topography (ranging 
from 25 – 150mAOD), 
shallow slopes and lower 
SAAR (about 850mm). 

Predominantly freely 
draining acid loamy and 
deeper soils. 

 

 

Generally grassland and 
arable. 

Higher K1/K2 
(Smoother hydrograph) 
 
 
Increased Cmax and Kb 
(bigger soil storage capacity, greater 
potential of sub-surface flow) 
Decreased b  
(less runoff through the surface store, 
more through the sub-surface store) 
Zero Cmin (impermeable area within 
the catchment) 

Table note: SAAR = Standard Average Annual Rainfall (mm) 

Validation of the upland PDM model performance in sub-catchment PDM2 in the upper Laver was 
possible due the availability of continuous five minute water level data from a Forest Research 
instrument installed at Becksmeeting upstream of Laverton.  This validation work, described in 
Appendix 0 shows a very good match in response characteristics between the modelled flow and 
the observed data. 

An analysis of the land cover and soil type distribution in each of the PDM sub-catchments was 
undertaken to provide guidance to some of the subsequent adjustment of the parameters in the 
individual PDM models.  This analysis is shown in Table 4-3 and Table 4-4. 

Four of the PDM sub-catchments (PDM1, PDM5, PDM7, PDM9) have greater than 90% of their 
area covered with soil types that are susceptible to compaction or crusting/capping problems (due 
to their inherent textural composition and water regime) which may be adversely affected by 
inappropriate land management.  These are the free draining coarse loamy soils and the slowly 
permeable seasonally waterlogged fine loamy and fine loamy over clayey soils in the catchment. 
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Table 4-3  Land cover (%) in each PDM model sub-catchment 

Land Cover PDM1 PDM2 PDM3 PDM4 PDM5 PDM6 PDM7 PDM8 PRM9 PDM 
urban 

Arable/horticulture 9.4 0.7 2.6 1.8 49.9 33.0 12.5 53.0 21.5 3.8 
Improved grass 63.7 18.4 30.7 41.6 15.5 39.0 54.9 12.2 40.5 5.3 
Semi-natural 
vegetation 10.0 12.2 13.5 28.9 22.9 8.7 8.9 6.8 10.8 18.3 
Heath/Moor 5.1 60.0 44.5 11.1 0.0 0.0 0.0 0.0 0.0 0.0 
Bog, marsh, 
swamp 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Woodland/Forest 9.1 6.8 6.3 14.4 8.6 17.3 21.3 13.5 22.2 10.3 
Inland bare 
ground 0.3 0.5 0.8 0.0 1.8 0.4 0.0 1.5 0.6 0.6 
Built-up area 2.5 0.9 1.6 0.6 1.2 1.5 2.4 13.0 3.4 61.7 

Inland water 0.0 0.0 0.1 1.6 0.0 0.1 0.0 0.0 1.0 0.0 

 

Table 4-4  Soil types (%) in each PDM model sub-catchment 

Soil Type PDM1 PDM2 PDM3 PDM4 PDM5 PDM6 PDM7 PDM8 PRM9 PDM 
urban 

Blanket peak bog 
soils 0.2 17.0 16.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Very acid loamy 
upland soils with 
a wet peaty 
surface 0.9 18.1 7.1 10.9 0.0 0.0 0.0 0.0 0.0 0.0 
Slowly permeable 
wet very acid 
upland soils with 
a peaty surface 7.7 39.2 33.2 35.6 0.0 0.0 0.1 0.0 0.0 0.0 
Slightly acid 
loamy and clayey 
soils with 
impeded drainage 0.0 0.0 0.0 0.0 0.0 38.6 0.0 39.5 0.0 40.8 
Slowly permeable 
seasonally wet 
acid loamy and 
clayey soils 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.3 0.0 
Slowly permeable 
seasonally wet 
slightly acid but 
base-rich loamy 
and clayey soils 56.7 15.7 33.5 20.4 7.9 42.5 73.8 0.0 54.3 0.5 
Loamy and clayey 
floodplain soils 
with naturally high 
groundwater 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.1 13.3 
Freely draining 
slightly acid loamy 
soils 34.5 10.0 9.4 31.3 92.0 18.7 26.0 60.3 40.2 45.3 
Unclassified (i.e. 
water body) 0.0 0.0 0.2 1.9 0.0 0.3 0.0 0.0 1.0 0.0 

 

In the Ripon catchment just under 50% of the area is under improved grassland or arable 
production and therefore could be directly affected by farm management operations.  70% of the 
catchment is covered with soils that can be degraded in terms of the SPR term (as detailed in Table 
3-1).  However, about 40% of this lies under land which is not in arable production or improved 
grassland and therefore less susceptible to these farm management effects.  Just over 20% of the 
Ripon catchment is moorland and therefore susceptible to gripping effects, which may 
predominantly affect the flood response timing rather than the SPR. 
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4.4.1 Calibration of the Winter Upland and Lowland PDM models for Ripon Sub-catchment units 

The parameters of the initial winter PDM model for the entire Ripon catchment were the starting 
point for estimation of winter Upland and Lowland PDM model parameters for the individual sub-
catchment units.  The adjustments to the parameters were based on the individual sub-catchment 
characteristics described in Table 4-2 and on knowledge of how these characteristics can be 
addressed by the PDM model parameters.   

Once the Winter Upland and Lowland parameters were set, the ten PDM models were run to 
simulate the flow for the calibration period of 18 November 2002 to 26 December 2002.  The period 
18 November 2002 to 26 December 2002 was chosen from the observed record for this analysis as 
it contained a number of flood events of various magnitudes.  A warm-up period of 2 months was 
added to the calibration period in order to allow the model to stabilise and to create realistic 
antecedent conditions of soil wetness for the calibration period. 

The modelled flows were then used as the Flow-time Boundary units and lateral inflow units in the 
Ripon ISIS Routing model (version v2_5).  The model was run in unsteady state and the flow 
simulated at the last model node, i.e. the node corresponding to the Alma Weir gauging station, 
was extracted and compared to the recorded flow for the same time period.  Subsequently, the 
parameters of the PDM models were changed in order to achieve better fit of the simulated and 
observed flow.  Particular attention was given to achievement of good accuracy of simulated peak 
flows and the shape of the hydrograph, as these are the two essential features for assessment of 
the impact of land management change scenarios.  

Table 4-5 gives an overview of the final winter PDM model parameters for the Ripon sub-catchment 
units.  The parameters in red highlight the parameters amended to represent the potentially 
different hydrological responses (reflecting the soil and runoff characteristics) of the Upland and 
Lowland sub-catchment groups during the calibration process.  A previous study carried out by 
JBA revealed a relationship between LAG (or Time to Peak, Tp) and the K1 and K2 PDM 
parameters. This suggested using the value of the Tp as the initial K1 and K2 parameters.  Tp for 
the sub-catchment units PDM 1, 2, 3, 4 and 5 were estimated using catchment descriptors and the 
Flood Estimation Handbook (FEH) method15.  Tp for the lateral sub-catchments could not be derived 
using the FEH method, therefore its estimation was based on similarities with the other sub-
catchment units in Ripon and expert judgement. 

Table 4-5  Upland and Lowland PDM models’ parameters - Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
Area (km2) 17.9 28.6 18.5 5.8 4.6 8.7 13.0 6.6 14.7 1.5 
fc 1.01 1.01 1.04 1 0.66 0.93 0.97 0.66 0.76 0.66
cmin 0 0 0 0 0 0 0 0 0 0
cmax 80 80 80 80 140 80 80 140 140 140
b 1.2 1.2 1.2 1.2 0.5 1.2 1.2 0.5 0.5 0.5
Be 2 2 2 2 2 2 2 2 2 2
Kg 210 210 210 210 210 210 210 210 210 210
Bg 1 1 1 1 1 1 1 1 1 1
K1 5 4 5 4 4 5 5 4 5 3
K2 5 4 5 4 4 5 5 4 5 3
Kb 10 10 10 10 100 10 10 100 100 100
Parameters in red were changed in comparison to the initial parameters.  The changes reflect the soil and runoff characteristics of 
the sub-catchments. 

 
Figure 4-2 shows a comparison between the model predicted hydrograph and the observed 
hydrograph at Alma weir for a representative winter period. 

                                                     
 
15 Institute of Hydrology (1999).  Flood Estimation Handbook, 5 Vols, Wallingford: Institute of Hydrology 



 
Department for Environment, Food and Rural Affairs 
Ripon Land Management Project 
Draft Final Report 

 

  
JBA Consulting 
ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2273 - Defra - Land Management Study\Reports\Project\Draft report\Ripon draft final report17 (20 June 07).doc:  20/06/2007 27 

 

Figure 4-2  Comparison of modelled and observed flows at Alma Weir gauging station 
(calibration period of 18 November 2002 – 26 December 2002).   

 

 

4.4.2 Calibration of the Summer Upland and Lowland PDM models for Ripon Sub-catchment units 

As with the winter PDM parameters, the parameters of the initial summer PDM model for the entire 
Ripon catchment were the starting point for estimation of summer Upland and Lowland PDM model 
parameters for the individual sub-catchment units.  The adjustments to the parameters were based 
on the individual sub-catchment characteristics described in Table 4-2 and on knowledge of how 
these characteristics can be addressed by the PDM model parameters.  Summer is generally drier 
with lower seasonal rainfall than winter and with less actual rain days.  This allows the soil moisture 
to fluctuate more widely than in the winter season.  Therefore, the catchment response to a sudden 
rainstorm after a prolonged period of dry weather differs from the response in winter, when the soil 
moisture content is generally at or near to field capacity. Although the PDM does represent the 
changing nature of runoff responses as a function of antecedent soil moisture, it (and other models 
with a similar conceptual storage structure) often performs less well for the initial runoff responses 
following a dry spell.  This is to do with simplifying assumptions made by such models about the 
speed of redistribution of water within the soil.  One way in which this issue can be addressed, at 
least to some extent, is by calibrating specifically for the summer period.   

Two sets of PDM model parameters were estimated – one for the Upland sub-catchment units and 
one for the Lowland sub-catchment units.  The upland moorland/grassland area of the Ripon 
catchment is expected to have shallower soils and lower rates of evapotranspiration than the 
Lowland grassland and arable area.  Runoff particularly from the gripped moorland area is expected 
to be rather rapid with a little summer baseflow being held in the soil profile.  This is expected to 
drain relatively freely rather than hold the water in the soil (as would be expected in the more 
‘natural’ peat soils). The Lowland part of the Ripon catchment generally has a deeper soil profile 
and greater potential to hold water in the soil after rainstorm.   

Once the Summer Upland and Lowland parameters were set, the ten PDM models were run to 
simulate the flow for the calibration period of 15 May 2002 to 17 September 2002.  Like the winter 
calibration this period was chosen from the observed record as it contained some significant 
summer floods.  A warm-up period of 2 months was added to the calibration period in order to 
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allow the model to stabilise and to set antecedent conditions of soil wetness for the calibration 
period. 

The modelled flows were then used as the Flow-time Boundary units and lateral inflow units in the 
Ripon ISIS Routing model (version v4_3).  The model was run in unsteady state and the flow 
simulated at the last model node, i.e. the node corresponding to the Alma Weir gauging station, 
was extracted and compared to the recorded flow for the same time period.  Subsequently, the 
parameters of the PDM models were changed in order to achieve better fit of the simulated and 
observed flow.  Particular attention was given to achievement of good accuracy of simulated peak 
flows and the shape of the hydrograph, as these are the two essential features for assessment of 
the impact of land management change scenarios.  

It should be noted that swallow holes are present in the downstream part of the Ripon catchment 
and are highly likely to affect the summer low flows recorded at Alma Weir.  This has been reported 
within the UK Hi-Flows database.  Therefore, the calibration of the Summer PDM model parameters 
for the Ripon sub-catchment units was carried out with caution.   

Table 4-6 gives an overview of the final Summer PDM model parameters calibrated for the Upland 
and Lowland sub-catchment units.  The values in red are parameters that were amended during the 
calibration.  The K1 and K2 values identified for the winter PDM model parameters were kept 
constant.   

Figure 4-3 shows the results of the summer PDM calibration. 

Table 4-6  Upland and Lowland PDM models’ parameters - Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
Area (km2) 17.9 28.6 18.5 5.8 4.6 8.7 13.0 6.6 14.7 1.5 
fc 1.01 1.01 1.04 1 0.66 0.93 0.97 0.66 0.76 0.66
cmin 0 0 0 0 0 0 0 0 0 0
cmax 130 130 130 130 180 130 130 180 180 180
b 1 1 1 1 1 1 1 1 1 1
Be 2 2 2 2 3 2 2 3 3 3
Kg 3800 3800 3800 3800 2100 3800 3800 2100 2100 2100
Bg 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
K1 5 4 5 4 4 5 5 4 5 3
K2 5 4 5 4 4 5 5 4 5 3
Kb 10 10 10 10 10 10 10 10 10 10
Parameters in red were changed in comparison to the initial parameters.  The changes reflect the soil and runoff characteristics of 
the sub-catchments. 
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Figure 4-3  Comparison of modelled and observed flows at Alma Weir gauging station 
(calibration period of 16 May 2002 – 17 September 2002).   
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4.5 ISIS Routing Model 

Unlike full hydrodynamic models, which solve for the momentum terms in the Saint-Venant 
equations, routing models use a simpler approach based on slope and relatively basic channel 
descriptions.  Discharge routing in this context is defined as the process of determining the change 
in shape of a flow hydrograph as it moves along a channel.  Both the Muskingum and the 
Muskingum-Cunge methods are available within the ISIS routing model software (Version 2.4.1) that 
was used for this project.  As the purpose of the model is to link the Ripon sub-catchment runoff 
models in order to represent the propagation of flood events through the stream network and 
analyse the flood hydrographs downstream, a simple hydrological routing model was considered 
sufficient.  Also, the relatively sparse data requirements for building such model correspond with 
the limited channel cross-section data available for the upper and middle catchment areas. 

4.5.1 Model construction 

The Ripon ISIS Routing model includes the main rivers in the Ripon catchment, i.e. Kex Beck, River 
Laver and River Skell.  In total, 36km of the main rivers have been modelled, comprising 51 cross-
sections.  The river reaches and their lengths represented in the model were chosen according to 
the following criteria: 

• Coverage of LiDAR and/or the existing Ripon Flood Alleviation Scheme (FAS) ISIS model 

• The upstream flow boundaries of each of the three rivers could be represented by a single 
rainfall-runoff model.  

• The downstream end of the model should correspond to the Alma Weir gauging station in 
Ripon, in order to be able to compare the simulated flows with the observed flows at the 
gauging station and hence calibrate the model. 

• River reaches with wide floodplains might contribute to flood attenuation and should be 
included in the model.  This can be assessed using the published Environment Agency 
Flood Zone 2/3 maps. 
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With the above criteria in mind, LiDAR data at 1m grid resolution and the existing Ripon FAS ISIS 
model of the downstream part of the catchment were used to extract river valley cross-sections.  
Initially, it was intended to use the existing ISIS model and extend it further upstream using the 
flood routing components in order to comply with the above criteria.  However, problems occurred 
when running the existing ISIS model; and therefore it was decided instead to only re-use the 
cross-section and roughness data available within the new model. 

The spacing of the cross-sections of the new Ripon ISIS Routing model varies from about 400m up 
to 2km, depending upon the character of each reach and changes in the channel slope.  In 
addition, the geomorphological assessments16 available for some sections of the River Laver, Skell 
and Kex Beck from the Ripon MOP or the Ripon FAS feasibility work were used to verify the 
channel geometry and roughness values implemented in the model.  Where available, photographs 
were used to better understand the overall shape and character of the river reaches, and also to 
help estimate the channel and floodplain roughness.  The typical and maximum values of 
roughness (Manning’s n) used within the ISIS Routing model are summarised in Table 4-7. 

Figure 4-4 shows a schematic of the Ripon ISIS Routing model with the model nodes and inflow 
characterisation. 

 

Table 4-7  Typical and maximum values of roughness (Manning’s n) used in the Ripon ISIS 
routing model 

Location General Description Typical 
values 

Maximum 
recommended 
values 

Non-maintained, clean bottom, brush on banks and/or 
weeds on side, cobble and boulder bottom; upstream 
and middle reaches of Kex Beck, River Skell. 

0.05 0.06 - 0.08 

Winding, cobble bottom; upstream & middle reaches of 
River Laver. 

0.04 0.05 

Channel 

Winding, earth or stony bottom and weedy banks; 
downstream reaches of River Skell, River Laver and Kex 
Beck. 

0.03 0.04 

Trees: heavy stand, little undergrowth, no flow in 
branches; Reaches running through wooded floodplain 
areas (e.g. upstream reaches of River Skell, Kex Beck). 

0.1 0.16 

Brush: light with trees or medium to dense; some reaches 
of Kex Beck, upstream and middle reaches of River 
Laver, middle reaches of River Skell. 

0.09 - 0.06 0.1 – 0.08 

Floodplain 

Cultivated areas with/without crop, grassland including 
light trees, brush; mainly downstream reaches of River 
Laver and Skell. 

0.03 - 0.05 0.04 - 0.06 

 

                                                     
 
16 Defra Ripon  Multi-Objective Pilot Project: Rivers Laver and Skell, North Yorkshire, 2006 
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Figure 4-4  Schematic of the ISIS routing model with the model nodes and inflows 

4.5.2 Initial flow routing simulations 

There are three main upstream inflows as shown in Figure 4-4.  These are represented by three 
rainfall-runoff models of the upstream catchment of Kex Beck, the River Skell and the River Laver.  
In addition, two more rainfall-runoff models were set up to represent inflows from small streams 
feeding into the River Laver and Skell.  These are the sub-catchments at Lumley Moor Reservoir 
(ISIS inflow node label LM001) and inflow from Studley Roger (ISIS inflow node label SR001).  
Runoff from the remaining catchments is represented as lateral inflows to the particular river 
reaches.   

The set of 10 PDM models were set up in order to obtain the initial inflow data for the ISIS Routing 
model, using the Winter PDM model parameters set up for the entire Ripon catchment.  The ISIS 
Routing model ran successfully and no major changes needed to be done to the structure of the 
model.  The flow simulated by the ISIS Routing model was then compared to the observed flow at 
Alma Weir in Ripon.  The ISIS Routing model was then assessed in terms of flow propagation 
downstream, particularly with respect to timing of peaks.  Table 4-5 shows the comparison of the 
observed flow at Alma Weir gauging station and flow simulated by the ISIS Routing model for the 
period of 18 November 2002 to 26 December 2002. 
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Figure 4-5  Comparison of observed flow at Alma Weir and flow simulated by the Ripon ISIS 
Routing model (Inflows simulated by the Initial Winter PDM models).  Simulated period: 18 

November 2002 – 26 December 2002 
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As can be seen in the figure, the simulated timings of peaks match the observed peaks well and the 
magnitude of the peaks is also modelled well.  In some cases the model shows higher sensitivity to 
small rainstorms and simulates increased flow when a flat hydrograph was recorded.  However, the 
graph shows an overall good propagation of flow downstream and hence the ISIS Routing model 
could be used to help calibrate the individual rainfall runoff (PDM) sub-catchment models. 
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5 SCENARIO TESTING 
 
 

5.1 Background 

The overall objective of this study was to investigate the sensitivity of the catchment response to 
flood events following changes in the land management and/or land use in different parts of the 
catchment.  The sub-division of the catchment into a number of individual PDM models, linked 
together with the ISIS routing model, permits the assessment of independent changes to land 
management and/or land use across specific areas of the catchment.  Alterations to specific PDM 
model parameters were used to represent the potential physical impact of a land use or land 
management change on the magnitude and speed of runoff generation.   

The initial scenario testing concentrated on quantifying the sensitivity of the downstream impacts 
based on the maximum possible change in each PDM model representing land management 
‘degradation’ or ‘improvement’, and specific PDM were adjusted accordingly.  These scenarios 
therefore represent the extreme impacts (positive and negative) and all other scenarios will fall 
between them. 

For the scenario work the term ‘degradation’ is used to represent inappropriate land management 
or a land use change that may lead to a deterioration in the inherent soil structural characteristics 
leading to the generation of a greater magnitude and/or a more rapid runoff in response to rainfall 
events.  The term ‘improvement’ is used to represent an appropriate land management or a land 
use change that may lead to an improvement in the inherent soil structural characteristics leading to 
a reduction in the magnitude and/or less rapid runoff in response to rainfall events. 

5.2 Adjustment of PDM Rainfall-Runoff Model Parameters 

As discussed in Section 4.4 and Appendix A.1 each sub-catchment unit has been represented 
using an individual PDM rainfall-runoff model, which contains a number of parameters representing 
the characteristics of that area.  A number of these parameters represent the processes by which 
rainwater coming into contact with the soil surface, and then infiltrating into the soil profile, reaches 
the arterial drainage network.  Parameters of these the flow pathways, together with speed and 
timing of the response, can be altered to represent potential land management impacts. 

Analysis undertaken by CEH Wallingford as part of the Defra R&D project FD210617 on national 
continuous simulation modelling developed empirical formulae for the PDM parameters fc, Cmax, 
K1 and Kb, linking them directly to catchment characteristics (refer to Table 4-1 for a description of 
the parameters). The formulae are: 
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17 Calver, A., Crooks, S., Jones, D., Kay, A., Kjeldsen, T. and Reynard, N. (2005).  National river catchment flood frequency 
method using continuous simulation.  Defra/Environment Agency R&D Technical Report FD2106/TR.  Centre for Ecology and 
Hydrology, Wallingford. 
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where the catchment characteristics are as follows: 

 

HOSTGMIN  = % of catchment area covered by HOST classes 1-10, 13, 14 (mineral soils with 
underlying groundwater) 

HOSTPEAT  =  % of catchment area covered by HOST classes 11, 12, 15 (peat soils with 
groundwater) 

HOSTNG  =  % of catchment area covered by HOST classes 16-29 (essentially non-
groundwater’) 

SPRHOST  =  standard percentage runoff derived from weighted average of HOST classes 
over sub-catchment 

FIELDC  =  Volumetric soil water content at 5kPa (field capacity) as weighted average 
inferred from HOST classes 

LANDA  = % of catchment area covered by grassland based on CEH land cover data 
classes (5-8, 19) 

DRAIN2  =  Drainage density (DRAIN2 = total length of river (km) divided by the catchment 
area (km2)) 

URBEXT =  Extent of urban/suburban land cover (URBEXT = URBFRAC + 0.5xSUBURBFRAC) 

DPSBAR =  Mean slope of DTM drainage paths to site (m/km) 

DPLBAR =  Mean drainage path length km) 

ALTBAR =  Mean altitude (m) 

FARL = Index of flood attenuation due to reservoirs and lakes 

PROPWET = Proportion of time catchment wet (SMD<6mm) 

 

The above formulae were used to provide a link between scenario changes in catchment properties 
(e.g. the distribution of HOST soil classes) and the predictive parameters of the PDM runoff models. 
In all cases, the scenario parameter adjustments were applied as changes to the calibrated baseline 
parameters, with the degree of change being calculated using the FD2106 formulae. 

Within the scenario testing the PDM parameter SPRHOST was adjusted as per Table 3-1 to 
represent a land management and/or land use change within each sub-catchment PDM model. 

In addition, the PDM parameters K1 and K2 collectively describe the speed of runoff response, 
which is similar in nature to the time to peak (Tp) of the hydrograph, whereas Kb describes the 
recession limb of the hydrograph.  These three timing parameters were therefore adjusted by ±1 
hour to reflect changes in the timing of the hydrograph in response to land management and/or 
land use changes (especially the moorland gripping and moorland grip blocking scenarios). 

5.3 Scenarios for winter and summer events 

An initial set of scenarios were run to ascertain the impact of the ‘degradation’ and improvement’ to 
the various PDM models for the winter and summer periods.   

The winter periods 21 October 2000 to 20 November 2000 and 18 November 2002 to 26 December 
2002 were chosen from the observed record for this analysis as they contain a number of flood 
events of various magnitudes.  The Oct/Nov 2000 record contained the highest flow observed in 
both the Alma Weir and Ripon Weir records on 3 November 2000.  The summer period chosen from 
the record for this analysis was 16 May 2002 to 17 September 2002. 

The scenarios used for this analysis are listed in Table 5-1, together with an indication of which 
PDM parameters were adjusted.  All of these scenarios examined the impact of the potential land 
management and/or land use change on the hydrograph dynamics at Alma Weir in Ripon. 
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The full set of PDM parameters for all the individual Winter and Summer baseline PDM models is 
given in Table 4-5 and Table 4-6.  In all the subsequent scenario modeling only four PDM 
parameters were adjusted, namely Cmax, K1, K2 and Kb, to represent the land management and/or 
land use changes.  Appendix A-3 contains a description of the PDM parameters that were changed 
for these scenarios. 

Table 5-1  Scenario list 

Scenario Description PDMs 
affected 

SPR parameter 
adjustment 

Response 
timing 

adjustment 

A Soil structural degradation 
(applied to 50% degradable 
soils area) 

All √ x 

B Soil structural degradation 
(to all degradable soils) 

All √ x 

C Grassland degradation 
(conversion to maize), in 
addition to general soil 
structural degradation (to all 
degradable soils) 

All (+ 
additional 
degradation in 
PDM1 & 
PDM7 only) 

√ x 

D Combined degradation (soil 
structural degradation and 
moorland gripping) 

All √ √  
(PDM 2 & PDM3 

only) 
E Moorland degradation (grip 

maintenance) 
PDM2 & 
PDM3 only 

x √ 

F Moorland improvement (grip 
blocking) 

PDM2 & 
PDM3 only 

x √ 

G Moorland conversion (to 
deciduous woodland) 

PDM1, PDM2, 
PDM3, PDM 4 
only 

√ x 

 

A summary of the results for Scenarios A-D and Scenarios E-G are shown in Figure 5-1 and Figure 
5-2 respectively for Winter 2000, Winter 2002 and Summer 2002.  The results concentrate on 
examining how the simulated peak magnitude and the timing of the simulated peak at Alma Weir in 
Ripon is affected by the changes imposed in the scenarios when compared to the ‘baseline 
condition’.  Tabular summaries of the key impacts of the various degradation and improvement 
scenarios on the hydrograph characteristics for specific winter events are also given in Appendix 0.   

The general magnitude of the increase in the peak flows, or the advance of the flood peak, for the 
degradation scenarios followed the sequence: Scenario D > Scenario E > Scenario C > Scenario B 
Scenario A > baseline.  In terms of the improvement scenarios the general magnitude of the 
decrease in the peak flows was: baseline > Scenario F > Scenario G. 

The impact of the scenarios representing the further degradation of the moorland (Scenario E – 
moorland grip maintenance), which involved just two of the PDM model sub-catchments, produced 
a bigger magnitude of change than the general scenarios for soil structural degradation (Scenario 
B), which affected all the 10 PDM model sub-catchments.  However, the two moorland sub-
catchments (PDM2 and PDM3) represent about 40% of the total study area, experience the highest 
rainfall inputs due to their location and therefore contribute a significant proportion of the total 
runoff reaching Alma Weir during flood events. 

These results indicate that quite considerable changes to the PDM parameters across the entire 
PDM sub-catchments, representing a land management and/or land use change, would be needed 
to effect a significant change on the downstream hydrograph at Alma Weir in Ripon.   
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Figure 5-1  Impact of scenarios (A-D) on the magnitude and timing of the flood peak 
simulated at Alma Weir compared to the baseline condition (Winter 2000, Winter 2002 & 

Summer 2002) 
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Figure 5-2  Impact of scenarios (E-G) on the magnitude and timing of the flood peak 
simulated at Alma Weir compared to the baseline condition (Winter 2000, Winter 2002 & 

Summer 2002) 
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5.3.1 Scenario A – Soil structural degradation to 50% of the degradable soils area in all PDMs 

This scenario represented the least extreme version of soil structural degradation in all PDM sub-
catchments.  The soil structural degradation was only applied to 50% of the degradable soils area, 
representing in reality 35% of the study catchment area.   The PDM parameters associated with 
SPRHOST were adjusted to reflect degraded soils, via an increase in the value of SPRHOST, 
according to the distribution of soil characteristics across each PDM sub-catchment.   
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This scenario had the effect of increasing the flood peak by 1-6%, with the timing of the peak 
advanced by up to a quarter of an hour. 

5.3.2 Scenario B - Soil structural degradation in all PDM sub-catchments 

This scenario represented changes to land management and/or land use corresponding to 
degradation of the soils in all the sub-catchments (i.e. more extreme than Scenario A).  The PDM 
parameters associated with SPRHOST were adjusted to reflect degraded soils, via an increase in 
the value of SPRHOST, according to the distribution of soil characteristics across each PDM sub-
catchment.  In terms of degradable soils this represents about 70% of the Ripon catchment area.  
An increase in the SPR parameter in the PDM produced both reduced infiltration and reduced 
moisture storage in the soil profile. 

This scenario had the effect of increasing the magnitude of the flood peaks at Alma Weir, 
particularly those of the larger events, by about 1-9%.  The timing of the flood peaks at Alma Weir 
is only brought forward by up to a quarter of an hour when compared to the baseline condition. 

5.3.3 Scenario C – Conversion of grassland to maize in PDM1 and PDM7 

This scenario is the same as Scenario B (soil structural degradation to all PDM sub-catchments), 
but with additional degradation of vulnerable soils in PDM1 and PDM7 to represent the conversion 
of 20% of the improved grassland in PDM1 and 50% of the improved grassland in PDM7 to maize 
production.  The degradation to the improved grassland areas in PDM1 and PDM7 represents 
about 15% of the Ripon catchment area.  The SPR of the slowly permeable seasonally waterlogged 
fine loamy and fine loamy over clayey soils in PDM1 and PDM7 were further increased from 49% to 
60% to represent severe compaction or capping of these soils.  The potential conversion of 
improved grassland to maize production would probably be distributed across these PDMs, rather 
than clustered in specific areas. 

This scenario had the effect of increasing the peak flow by 1-10%, with the timing of the flood peak 
advanced by up to a quarter of an hour. 

5.3.4 Scenario D – Combined soil structural degradation and moorland degradation 

This scenario represented the ‘worst case’ changes to land management and/or land use that 
would potentially degrade the soils in all the PDM sub-catchments.  The PDM parameters 
associated with SPRHOST were altered (i.e. SPRHOST was increased) according to the distribution 
of soil characteristics across each PDM sub-catchment.  In addition, in the two moorland sub-
catchments (PDM2 and PDM3) the PDM parameters associated with response timing were also 
altered (i.e. response timing advanced by 1 hour).  This worst-case Scenario is therefore a 
combination of Scenario B and Scenario E. 

This scenario has the effect of increasing peak flows by 4-20%, with the timing of the peak 
advanced by up to an hour and a quarter when compared to the baseline. 

5.3.5 Scenario E - Moorland degradation (grip maintenance) in PDM 2 and PDM3 only 

This scenario represented the changes to land management practices that would potentially 
degrade the peaty soils in the sub-catchments containing moorland (i.e. PDM2 and PDM3), 
representing 40% of the Ripon catchment area.  This therefore represents the maintenance, or 
possibly even the enhancement, of the existing grip systems in these PDM sub-catchments.  The 
PDM parameters associated with response timing were altered (i.e. response timing advanced by 1 
hour).  These changes were indicative of a general drying out of the peat profile, an increase in 
proportion of macropores in the peat profile and leading to a shorter residence time for water in the 
peat. 

This scenario had the effect of increasing the flood peaks by around 3-11%.  Despite the 
adjustment to the PDM2 and PDM3 timing parameters by 1 hour, the timing of the simulated peak 
at Alma Weir was only brought forward by up to half an hour.  This would seem to be a result of 
attenuation through the river network, allied to the fact that the adjusted sub-catchments, PDM2 
and PDM3, are distant from the Alma Weir site.  When examined at the sub-catchment level, the 
changes in the runoff response timing parameters were evident in the hydrographs simulated for 
the two sub-catchment units. 
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5.3.6 Scenario F – Moorland improvement (grip blocking) 

This scenario, the reverse of Scenario E, represented the changes to land management practices 
that would potentially improve the structural properties of the peaty soils in the PDM sub-
catchments containing the moorland (i.e. PDM2 and PDM3), representing 40% of the Ripon 
catchment area.  This therefore represents the blocking of the existing grip systems.  The PDM 
parameters associated with response timing were delayed by 1 hour.  More water would be 
expected to be retained on the moorland area and within the peat profile which would also drain 
slower. 

This scenario had the effect of reducing the flood peak by about 1-8%, with up to half an hour 
delay in the timing of the flood peak when compared to the baseline.  Like Scenario C considerable 
attenuation of the flood peak has taken place as it has been routed down the watercourses to Alma 
Weir. 

5.3.7 Scenario G –Conversion of moorland to deciduous woodland 

This scenario represented the hypothetical conversion of moorland to deciduous woodland in 
PDM1, PDM2, PDM3 and PDM4.  The SPR of the slowly permeable seasonally waterlogged fine 
loamy with fine loamy over clayey upland soils with peaty surface and thick raw peat was 
decreased from 59-60% to 50%.  The area affected by this scenario was about 25% of the Ripon 
catchment area.  Deciduous trees, with their annual loss of considerable amounts of organic 
material (leaves and wood), could help to develop a well structured soil profile that would be able to 
accept incident rainfall.  The trees would also intercept incident rainfall, especially in the summer 
period, before it can reach the soil surface. 

This scenario had the effect of decreasing the peak flow by 0-3%, with the timing of the flood peak 
delayed by up to a quarter of an hour. 

5.4 Scenarios for design events 

Analysis of the rainfall modelling results was used to generate to the 10 year, 50 year and 100 year 
design events (as described in Appendix A1).  The analysis generated the 10 year and the 100 year 
design events during the summer period, whereas the 50 year event was generated during the 
winter period.  The predicted 10 year baseline peak flow was 69m3/s, the 50 year baseline peak flow 
was 126m3/s and the 100 year baseline peak flow was 138 m3/s.  The predicted 50 year and 100 
year flood peaks were therefore quite similar in their magnitude.  These design events were then run 
through the PDM models for all the scenarios.   

A graphical summary of Scenarios A-D and Scenarios E-G for the three design events is shown in 
Figure 5-3 and Figure 5-4 respectively.  The hydrographs for the scenario design events at Alma 
Weir in Ripon are given in Figure 5-5. 

Some of the results for the 10 year event were counter intuitive in that the timing of the peak flow 
for the degradation scenarios A, B, C and D was slightly delayed from the baseline case.  In all the 
other design events, as expected, the degradation scenarios advanced the flood peak.  The reason 
for this inconsistency could be due to a slight instability in the ISIS routing model at this low flow, 
which does not occur at the 50 year and 100 year flow magnitudes. 

In terms of the degradation scenarios A, B, C, D, E there is generally the same sequence in terms of 
the comparison of the peak flood magnitude for each design event whereby Scenario D > Scenario 
C > Scenario B > Scenario E > Scenario A > baseline.  Also, the percentage increase in the 
downstream peak flow as a consequence of a degradation scenario was greater for the smaller 
design event (10 year) than for the large design event (100 year), with the 50 year event in between. 

Scenario D increased the flood peaks by about 10-20% for the three design events, whereas 
Scenario A only increased the flood peaks by 3-10%.  There is one deviation from this general 
pattern for the 50 year design event, which as mentioned above is derived for the winter period 
unlike the other two design events which were summer events.  In the 50 year design event the 
peak for Scenario E became the second largest peak and not the fourth largest peak as in the other 
two design events.  Scenario E (moorland grip maintenance) altered the response timing 
parameters in the PDM.  However, indirectly, this also affected the soil moisture storage parameter 
which has led to an elevated peak for this winter event. 

As expected, the two degradation scenarios that directly altered the hydrograph timing and its 
peakiness (i.e. Scenarios D and E) produced a recession limb of the hydrograph that was generally 
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steeper than the other scenarios indicating that the overall flood event would pass through Alma 
Weir faster.  

Scenario F, the moorland improvement scenario (grip blocking) had little effect on the magnitude of 
the 10 year peak but reduced the peak of the 50 year and 100 year events by 5-7%.  Scenario F 
also produced a less steep recession limb on the hydrograph compared to the other scenarios, 
indicating a longer flood duration at Alma Weir. 

Unexpectedly Scenario G (conversion of moorland to deciduous woodland) increased the peak flow 
for the 10 year design event by 3%, where it decreased the peak flow for the 50 year and 100 year 
events by 1-2%.   

Figure 5-3  Impact of scenarios (A-D) on the magnitude and timing of the flood peak 
simulated at Alma Weir compared to the baseline condition for the design events 
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Figure 5-4  Impact of scenarios (E-G) on the magnitude and timing of the flood peak 
simulated at Alma Weir compared to the baseline condition for the design events 

 
 

Figure 5-5  Scenario hydrographs for the 10 year, 50 year and 100 year design events at Alma 
Weir 
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5.5 Summary of scenario results 

5.5.1 Winter and Summer events 

 

Scenario Description Alma Weir 

Peak Flow 

Alma Weir 

Peak Timing 

A Soil structural degradation applied to 50% 
degradable soils area 

1-6% increase ≤0.25 hrs advance 

B Soil structural degradation (all PDMs) 1-9% increase ≤ 0.25 hrs advance 

C Grassland degradation (conversion to maize), 
in addition to general soil structural 
degradation in all PDMs  

1-10% increase ≤0.25 hrs advance 

D Combined degradation (soil structural 
degradation and moorland gripping) 

4-20% increase ≤1.25 hrs advance 

E Moorland degradation (grip maintenance) 3-11% increase ≤0.5 hrs advance 

F Moorland improvement (grip blocking) 1-8% decrease ≤0.5 hrs delay 

G Moorland conversion (to deciduous woodland) 0-3% decrease ≤0.25rs delay 

 

5.5.2 Design Events 

 

10 year 
Scenario 

Description Alma Weir 

Peak Flow 

Alma Weir 

Peak Timing 

A Soil structural degradation applied to 50% 
degradable soils area 

10% increase 0.25 hrs delay 

B Soil structural degradation (all PDMs) 14% increase 0.5 hrs delay 

C Grassland degradation (conversion to maize), 
in addition to general soil structural 
degradation in all PDMs  

15% increase 0.5 hrs delay 

D Combined degradation (soil structural 
degradation and moorland gripping) 

21% increase 0.25 hrs delay 

E Moorland degradation (grip maintenance) 12% increase 0 hrs 

F Moorland improvement (grip blocking) 1% decrease 0 hrs 

G Moorland conversion (to deciduous woodland) 3% increase 0 hrs 

 

50 year 
Scenario 

Description Alma Weir 

Peak Flow 

Alma Weir 

Peak Timing 

A Soil structural degradation applied to 50% 
degradable soils area 

3% increase 0.25 hrs advance 

B Soil structural degradation (all PDMs) 6% increase 0.25 hrs advance 

C Grassland degradation (conversion to maize), 
in addition to general soil structural 
degradation in all PDMs  

7% increase 0.5 hrs advance 

D Combined degradation (soil structural 
degradation and moorland gripping) 

16% increase 1 hrs advance 

E Moorland degradation (grip maintenance) 9% increase 0.5 hrs advance 

F Moorland improvement (grip blocking) 7% decrease 0.5 hrs delay 

G Moorland conversion (to deciduous woodland) 1% decrease 0 hrs 
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100 year 
Scenario 

Description Alma Weir 

Peak Flow 

Alma Weir 

Peak Timing 

A Soil structural degradation applied to 50% 
degradable soils area 

3% increase 0.25 hrs advance 

B Soil structural degradation (all PDMs) 6% increase 0.5 hrs advance 

C Grassland degradation (conversion to maize), 
in addition to general soil structural 
degradation in all PDMs 

6% increase 0.5 hrs advance 

D Combined degradation (soil structural 
degradation and moorland gripping) 

10% increase 1 hrs advance 

E Moorland degradation (grip maintenance) 5% increase 0.5 hrs advance 

F Moorland improvement (grip blocking) 5% decrease 0.25 hrs delay 

G Moorland conversion (to deciduous woodland) 2% decrease 0 hrs 

 

5.6 Hydrograph routing effects 

The combining and routing of the various individual PDM hydrographs down through the drainage 
network within the catchment will influence the magnitude and shape of the hydrographs in the 
three main watercourses, culminating in the generation of the single catchment outflow hydrograph 
at Alma Weir in Ripon.  The channel and floodplain characteristics in the ISIS routing model will act 
to attenuate or accentuate the flood hydrograph characteristics.  Also, the relative timing of the 
flood peaks from the three main watercourses and how they combine at the confluences will 
determine the overall peak magnitude in Ripon. 

The Laver sub-catchment is known to contain floodplain areas (e.g. around Laverton) which should, 
during out-of bank events, lead to an attenuation effect on the flood peaks.  The ISIS model was set 
up in order that hydrograph data could be extracted from individual nodes throughout the drainage 
network. 

An assessment of this attenuation effect was made on the Laver sub-catchment for the Winter 2000 
events on Scenario B (soil degradation in all PDMs) and Scenario E (moorland grip maintenance). 
Data were extracted from the models at the outlet of sub-catchment PDM2 (the headwater area 
upstream of Laverton), the outlet of sub-catchment PDM7 (just upstream of the confluence with 
Kex Beck) and Alma Weir in Ripon.  The results are given in Table 5-2. 

Under Scenario B the percentage increase in the flood peak increases in a downstream direction as 
the soil runoff characteristics was degraded (i.e. SPR increased) in a consistent way throughout all 
the PDM sub-catchments draining through the Laver and onto Alma Weir.   

Scenario E involved an adjustment to the hydrograph timing characteristics in PDM2 only within the 
Laver sub-catchment.  This timing adjustment advanced the hydrograph leaving PDM2 by 0.75-
1.25 hours when compared to the baseline hydrograph at this location and increased the peak flow 
by 7-19%.  By the time this hydrograph had been routed down through PDM7, with some local 
natural floodplain storage areas around Laverton, to a point just upstream of the confluence with 
Kex Beck this flood peak advance had reduced to 0-0.5 hours and the percentage increase in the 
peak flow was reduced to 4-13%.  Finally, by the time this Laver hydrograph reached Alma Weir, 
having been combined with the Kex Beck and the Skell hydrographs the advance of the flood peak 
was non-existent and the percentage increase in the flood peak had been further reduced down to 
just 3-9%. 

This result indicates that a significant change in the moorland headwater area of the Laver 
catchment, in terms of the runoff response characteristics, did not affect the timing of the flood 
peak in Ripon, but did produce a discernible increase to the magnitude of the flood peak in Ripon 
even though the magnitude of this increase had been considerably reduced by attenuation effects 
along the main drainage network between the moorland area and Ripon. 
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Table 5-2  Scenario B and E - Hydrograph characteristics for Winter 2000 events along the 
Laver tributary 

Date Scen B 

PDM2 peak 
time 

advance 
(hrs) 

Scen B 

PDM2 peak 
increase 

(m3/s) 

Scen B 

PDM2 % 
peak 

increase 

Scen E 

PDM2 peak 
time 

advance 
(hrs) 

Scen E 

PDM2 peak 
increase 

(m3/s) 

Scen E 

PDM2 % 
peak 

increase 

31/10/00 0.25 0.6 3 0.75 3.6 17 

01/11/00 0 0.2 2 0.75 1.7 19 

03/11/00 0 0.6 2 0.75 5.6 21 

06/11/00 0 0.1 1 1.25 0.6 7 

       

Date Scen B 

PDM7 peak 
time 

advance 
(hrs) 

Scen B 

PDM7 peak 
increase 

(m3/s) 

Scen B 

PDM7 % 
peak 

increase 

Scen E 

PDM7 peak 
time 

advance 
(hrs) 

Scen E 

PDM7 peak 
increase 

(m3/s) 

Scen E 

PDM7 % 
peak 

increase 

31/10/00 0 1.3 4 0.5 3.3 10 

01/11/00 0 0.3 2 0.25 1.6 11 

03/11/00 0 1.3 3 0.25 5.4 13 

06/11/00 0 0.3 2 0 0.6 4 

       

Date Scen B 

Alma Weir 
peak time 

advance 
(hrs) 

Scen B 

Alma Weir 
peak 

increase 
(m3/s) 

Scen B 

Alma Weir 
% peak 

increase 

Scen E 

Alma Weir 
peak time 

advance 
(hrs) 

Scen E 

Alma Weir 
peak 

increase 
(m3/s) 

Scen E 

Alma Weir 
% peak 

increase 

31/10/00 0 3.6 6 0 5.0 8 

01/11/00 0 0.9 3 0 2.3 8 

03/11/00 0.25 3.7 4 0 7.3 9 

06/11/00 0 0.9 3 0 1.1 3 

       

 

5.7 Modelling confidence and uncertainty 

There has not been enough time available in this project to carry out a formal uncertainty analysis of 
the results.  This should be considered as an important additional step to help with judging whether 
the changes predicted here are significant with respect to inevitable uncertainties in the modelling.  
These uncertainties stem from errors in the rainfall and flow data combined with the "structural" 
error inherent in any model.  Whilst the data measurement authorities strive to eliminate systematic 
bias in the field data, there is almost certain to be some random noise remaining that can contribute 
to uncertainty in model calibration.  Perhaps more important are the approximations introduced by 
the areal averaging of rainfall and the simplification of physical processes within the hydrological 
and river models.   
But in this study, it may that the greatest uncertainty is attached to the land management scenario 
specification.  This has involved assessing areas that my change in terms of soil type, applying 
highly generalised parameters to represent the changes and then calculating corresponding 
hydrological model parameter changes using a very generalised set of regression equations.  The 
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results should therefore be treated more as an envelope of possible changes than as a firm 
prediction for the Ripon (or other) catchment.   
 Viewed in this light, an envelope of up to 20% change in peak flow is comparable to the climate 
change sensitivity adjustment adopted in Defra flood risk management guidance.  In terms of policy 
development, it should be understood that this figure, while incorporating individually plausible 
scenarios for land management change at the Ripon catchment, nevertheless reflects a very strong 
assumption of consistent, synchronous changes from hydrologically 'good' management to 
hydrologically 'worst case' management over a large proportion of the catchment.  The likelihood of 
such powerful changes being realised in practice should be considered when interpreting the 
results.  For the scenarios that represent more gradual changes, the simulated impacts on flood 
flows are within 5 to 10% and are more likely fall within the bounds of uncertainty in data, model 
and scenario definition. 
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6 DISCUSSION AND CONCLUSIONS 
 
 

6.1 Approach adopted 

This short project has been undertaken to demonstrate, using hydrologic modelling techniques, the 
sensitivity of flood flows to simulated changes in rural land management in the River Skell 
catchment draining through Ripon in North Yorkshire.  The modelling approach has a particular 
advantage in seeking to understand the effects of land management change. All the variables 
potentially affecting historic data analysis, such as rainfall variations, poor quality or unavailable 
data can be eliminated.  Theoretical land management changes can be applied to an area and their 
effect on flood flows tested under identical rainfall and soil moisture conditions. This enables results 
before and after change to be compared and even small differences can be directly attributed to 
the changes made. The ability of existing hydrological runoff and routing models, as used in this 
project, to adequately represent the processes taking place at both sub-catchment and catchment 
scales is one of the major assumptions of this project. 

In order to quantify the impact of such changes, a continuous simulation approach was chosen in 
which changes to specific PDM model parameters representing the routing of rainwater over and 
through the soil profile were used to simulate the effect of land management and/or land use 
changes in the catchment.  An ISIS routing model was also developed to link the PDM models 
together and simulate the propagation of the flood hydrographs downstream to the catchment 
outlet at Alma Weir in Ripon. 

This work complements more detailed modelling being done elsewhere. It suggests a generic 
framework for scenario testing, using the Ripon catchment as a prototype to help in interpreting the 
relevance of the scenarios and results.  However, there could be alternative results produced for 
other locations.  This has been reported in the emerging findings of more recent small scale studies 
that show how difficult it is to generalise runoff production as a function of land use. 
The approach taken used a single hydrological model structure and a single method for adjusting 
the model to represent scenarios, based on a number of assumptions.  Other models and 
approaches might give different results. However, currently there are few studies available to 
explore this aspect. 
 The particular scenarios that have been defined and the schematisation of the catchment are 
'grounded' in the Ripon catchment area, hence they may not be universally suitable for all 
catchments. However, the generic concepts are transferable. These are: 
1. Using the present or historical land management methods to define plausible changes that 

could affect runoff through changes in soil structural condition or drainage systems. 
2. Specifying scales of change based on the distribution of land cover and soil types within the 

catchment. 
3. Inferring quantitative changes in catchment descriptors based on these changes. 
4. Using empirical relationships between model parameters and catchment descriptors to perturb 

a calibrated baseline hydrological model based on the specified changes. 

6.2 Findings and conclusions 

The findings presented below give an indication of the scale and distribution of potential land 
management change that would be required to produce a detectable impact on flood flows 
reaching Ripon, which has a historical flood risk problem that has been the subject of a recent flood 
alleviation scheme feasibility study.  The results give some indication of the scope for land 
management change in flood management in context with other mitigation measures. 

6.2.1 Susceptibility of the Ripon catchment to land management change 

Initial work in the study has revealed the susceptibility of the Ripon catchment to land management 
effects which could result in increased flood flows. A simple examination of land cover information 
and soil types demonstrates this.  About 50% of the catchment is under improved grassland or 
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arable production and therefore could be affected by farm management operations.  Around 70% 
of the catchment is covered with soils that are considered to be degradable by management 
practices; however 40% of this lies under land which is not currently in arable production or 
improved grassland and therefore less susceptible to these farm management effects.  A further 
22% of the catchment is peaty moorland and susceptible to the practice of gripping – a form of 
land drainage designed to promote conditions for heather growth, game management and upland 
livestock production.  

Given this information it appears that flood flows in the Ripon catchment could be highly sensitive 
to the effects of land management practices.  It also indicates that the Ripon catchment is a good 
candidate for demonstrating the potential scale of impacts of land management on flood flows.  
This relatively easily obtained data perhaps supplemented by other factors may also have the 
potential to act as a screening tool for catchment susceptibility to land management change 
effects. 

6.2.2 Scale of impacts of soil degradation on flood flows 

Results from modelling scenarios A and B indicate that land management induced soil degradation 
would need to take place over significant areas (35%-70%) of the catchment to produce a 
detectable increase in flood flows at the catchment scale.  Scenario A represents degradation of 
50% of the susceptible soils (equivalent to 35% of the catchment area) and indicated increased 
flood flows of between 1-6%.  Scenario B represents degradation of 100% of all the susceptible 
soils (equivalent to 70% of catchment area, including areas such as woodland which in reality are 
unlikely to be subject to degradation) and indicated increased flood flows of between 1-9%.  The 
plausibility of this degree of degradation might be questioned but the testing of it to indicate the 
scale of potential effect is considered valid.  The higher effects on peak flows of 6-9% as indicated 
above might be detectable in historic flow records and these are more likely to occur in smaller 
scale floods (see Section 6.2.8 below). 

6.2.3 Possible effects of further degradation by conversion of grassland to maize production 

Scenario C indicates that smaller effects such as the conversion of proportions of improved 
grassland to maize (in this case equivalent to 15% of the catchment area), with an assumption that 
this could cause additional soil degradation, resulted in an additional 1% increase in flows above 
the results of Scenario B.  This indicates that on its own changes of this order are unlikely to be 
detectable in historic records due to natural variability and noise in data but do exist.  

6.2.4 Scale of impacts of upland land management practices 

Scenario E indicates the effects that the particular land drainage management practices undertaken 
in the upland moors (covering 22% of the catchment area) known as “gripping” could be having on 
flood flows at the lower end of the catchment.  Taking a more severe case of extending the possible 
effects of gripping and grip maintenance to 40% of the catchment increases flood flows by 3-11%. 
Given that the gripping is already happening over 22% of the catchment it has to be assumed that 
flood flows are currently already higher due to this effect. 

6.2.5 Scale of impacts from wholesale land management change 

Scenario D represents the most extreme case of potential land management change applied in the 
sensitivity tests and combines the effect of the upland gripping and lowland soil degradation 
(covering virtually all of the catchment area). The scenario has the effect of increasing peak flows by 
4-20% and could be considered to be the maximum effect of plausible land management change. 
It is considered likely that effects on flood flows of 20% might be detectable in historic flood 
records, although as demonstrated here the extent of degradation would have to be wholesale 
across the catchment and the higher (20%) figure is more likely to occur in smaller scale floods.   

6.2.6 Effect of reversing upland gripping impacts 

Scenario F represents the opposite case to scenario E with the theoretical effects of gripping 
reversed (represented by delaying the response from two moorland sub catchments by 1 hour) 
assuming that the grips are artificially blocked.  This is regarded as a beneficial land management 
change.  This had the effect of reducing the flood peak by 1-8%, although this should be 
considered in the light of a reversal of a manmade effect rather than a reduction in the natural flood 
peak.  
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6.2.7 Effect of reducing runoff from upland areas 

Scenario G represents a hypothetical case used to explore how natural runoff originating in the 
uplands might be reduced, given that upland areas contribute to flood peaks disproportionately to 
their area due to the higher rainfall that they receive. This was included purely for the sake of 
sensitivity testing and the plausibility of the scenario is questionable.  It assumes that the runoff of 
upland moorland peat areas (representing 25% of the catchment area) could be reduced by its 
conversion to a deciduous woodland land cover, with the associated development of a well 
structured soil profile.  This had the effect of reducing the natural baseline peak flow by 0-3%.  

6.2.8 Effect of land management change on different types of flood event 

The scenario results above give a range of effects on the peak flow.  The range represents the 
differences that might occur due to summer and winter events and large and small flood peaks. The 
sensitivity testing also examined the specific effect of design events with different probabilities, i.e. 
the 10 year event, 50 year event and 100 year event. The results indicated that the degradation 
scenarios had a smaller effect on the more extreme flood events than the less extreme.  For 
example, scenario D increased the flood peaks by between 10-20% for the design events with 10% 
for the 100 year event and 20% for the 10 year event.  

For the degradation scenarios A-E there is generally the same sequence in terms of the comparison 
of the peak flood magnitude for each design event, whereby Scenario D > C > B > E > A > baseline.  

6.2.9 Effect on timing of the flood peaks 

The variation in the effect on timing of flood peaks in all the scenarios was generally quite small. 
Where soil degradation resulted in increased peak flows the timing of the peak flow in Ripon 
typically came forward by about quarter of an hour.  For the peat gripping scenarios the 
advancement of the peak flow also reflected the one hour used to represent the changed drainage 
effects.  For the improvement scenario G the timing of the peak flow was delayed by a quarter of an 
hour. 

6.2.10 Hydrograph routing effects 

The location of land management effects applied had some impact on the outflow peak at Ripon. 
Under scenario B where effects were applied throughout most of the catchment the % change in 
peak increased and accumulated along the channel length.  Under scenario E where upland only 
land management effects were applied the % change in peak flow decreased along the channel 
length.  These results were broadly as expected because the ISIS routing model will act to 
attenuate or accentuate the flood hydrograph depending on where flood flow changes originate 
from.  

6.2.11 Findings that may help find evidence of land management changes in historic flood data sets 

The results indicate that wholesale land management change reflecting degradational practices 
may be required in catchments to cause flood peak increases of 10-20%. The likelihood of such 
powerful changes being realised in practice across many catchments is considered low.  Smaller 
proportions of change result in proportionately smaller effects on flood flows, say averaging less 
than 5% may be more typical.  The results did however indicate that there may be a significantly 
greater effect on smaller floods than larger ones and this feature may help focus other work.  It is 
questionable whether effects of 5% or less will be generally detectable in historic records, although 
other research is currently looking at this issue.  

6.2.12 Other changes that could affect flood flows not considered in this work 

The modelling approach taken in this project was specifically to look at land management induced 
soil degradation effects on flood flows.  Certain other features or practices in the catchment that 
might have an effect to reduce runoff/peaks have not been directly tested as part of this project. 
For example, the effect of online farm storage ponds is already known to have a quantitative effect 
in reducing flows in proportion to the amount of water they can store and existing modelling 
techniques can determine the effect on flood flows.  Floodplain roughness and the effects of in-field 
underdrainage systems on certain soil types are less well understood or quantified and would 
benefit from more investigation. 
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7 RECOMMENDATIONS 
 
 

7.1 Future work 

One of the outcomes from this project has been to identify a number of ways in which the general 
modelling methodology could be further developed and improved.   

Recommended future work areas include: 

 

1. Application of the scenario definition and modelling methodology to other test catchments 
with different physical characteristics (e.g. topography, soils, land use, drainage network, 
climate) and associated appropriate datasets to test its robustness in other situations and 
compare the extent to which the land management changes can potentially change flood 
flows. 

 

2. Test the approach using other existing modelling approaches (e.g. FSR/FEH rainfall-runoff 
model or the Revitalised Flood Hydrograph (ReFH) model as an alternative to PDM) or new 
modelling techniques to test the repeatability of the results of this study. 

 

3. Extending the methodology to assess in-field underdrainage effects on downstream flood 
dynamics, as previous research has indicated that the presence and condition of 
underdrainage systems in different soil types can affect the runoff response in different 
ways. 

 

4. Application of a similar modelling methodology to assess sub-catchment sensitivity to land 
management change as this might affect, in particular, tributary synchronisation during 
flood events. 

 

5. Development of a method to evaluate catchment susceptibility to land management effects 
using readily available data such as soil type, land cover and other possible factors. 
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A-1 PROBABILITY DISTRIBUTED MOISTURE MODEL 
 
 

Rainfall Synthesis 

Introduction to stochastic rainfall models 

In this study we have used a “point” rainfall model, which produces a single sequence of rainfall at 
a representative point in a catchment.   

There are many examples of stochastic rainfall models in the hydrological literature, including 
several that have been designed or calibrated specifically to generate realistic extreme rainfalls: 
refer to Cameron Éí=~äK (2000)18.  A few studies have used such models in conjunction with a rainfall-
runoff model to produce flood estimates.  However, this area is still largely a matter for research, 
and nearly all UK flood studies continue to be based either on statistical analysis of flow or on 
rainfall-runoff models that simulate discrete design rainfall events. 

To be useful in flood estimation, a rainfall model must be capable of reproducing extreme rainfall 
depths aggregated over a range of durations.  It must also represent typical storm durations and 
storm profiles.   

We have used a version of the Bartlett-Lewis Rectangular Pulse Model, an example of a “pulse-
based” rainfall model.  It generates storms composed of a cluster of rain cells.  Each cell has a 
random duration and a random constant intensity.  Several cells can be active at once.  The total 
storm intensity at a certain time is found by adding the intensities of all active cells.  Rainfall depths 
can be aggregated over any time interval: we have used 1 hour as the time step. 

Description of modified Bartlett-Lewis model 

Various versions of the Bartlett-Lewis model have been developed in recent years, partly to improve 
its representation of extreme rainfalls.  Three successive versions are described by Onof and 
Wheater (199319, 199420) and Cameron et al (2001)21.  The versions have 6, 7 and 8 parameters 
respectively. 

JBA has developed a modified version of the rainfall model22.  The modification concerns the way in 
which the cell intensity is selected.  Various previous versions of the model have selected the cell 
intensity from different types of statistical distributions.  In brief, the model is a hybrid of the 
“gamma” model of Onof & Wheater (1994) and the “Generalised Pareto” model of Cameron (2001).  
It selects an initial cell intensity from a gamma distribution with shape parameter ρ and scale 
parameter 1/δ.  If the intensity exceeds a threshold u then the intensity (which is constrained to be 
greater than u) is re-sampled from a Generalised Pareto distribution with scale parameter σ and 
shape parameter ξ. 

Using the threshold improves the representation of extreme short-duration rainfalls: the threshold 
can be loosely regarded as the division between low-intensity rainfall processes (e.g. frontal rain) 
and high-intensity processes (e.g. convective rainfall).  It was found necessary to reduce the 

                                                     
 
18 Cameron, D., Beven, K. and Tawn, J. (2000)  An evaluation of three stochastic rainfall models.  gK=eóÇêçäK 228, 130-149. 
19 Onof, C.J. and Wheater, H.S. (1993) Modelling of British rainfall using a random parameter Bartlett-Lewis Rectangular 
Pulse Model.  gK=eóÇêçäK 149, 67-95. 
20 Onof, C.J. and Wheater, H.S. (1994) Improvements to the modelling of British rainfall using a modified random parameter 
Bartlett-Lewis Rectangular Pulse Model.  gK=eóÇêçäK 157, 177-195. 
21 Cameron, D., Beven, K. and Tawn, J. (2001)  Modelling extreme rainfalls using a modified random pulse Bartlett-Lewis 
stochastic rainfall model (with uncertainty).  ^ÇîK=t~íÉê=oÉëçìê. 24, 203-211. 

22 Faulkner, D. and Wass, P. (2005)  Flood estimation by continuous simulation in the Don catchment, South Yorkshire, UK.  
tbg=Egçìêå~ä=çÑ=`ftbjFI 19 (2), 78-84. 
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threshold from 10mm/hr, used by Cameron Éí=~äK (2001), to 5mm/hr.  This was because the gamma 
distribution was set to reproduce long-duration extreme rainfalls, and individual cell intensities were 
therefore very rarely greater than 10mm/hr. 

The modelling of extreme rainfalls can be improved by introducing a minimum threshold value for η, 
the parameter of the exponential distribution of cell duration23.  If η is too small for a particular 
storm, the model produces very long cells that result in unrealistically extreme rainfall depths.  After 
some trial and error, the threshold was set to 0.5.  Values of η below the threshold were reset to 
0.5.   

The modified version of the rainfall model has nine parameters, not including u.  The model is 
programmed in Fortran with a user interface written in Visual Basic. 

Strategy for calibrating the model 

In calibrating the model the objective is to reproduce the features of rainfall in the Laver and Skell 
catchments that are important for producing high flows.  It is not possible (at least within the scope 
of this project) to find a model than can accurately reproduce all characteristics of observed rainfall.  
The main aims in calibration were to reproduce extreme rainfall depths, principally for a duration 
around 24 hours and to introduce a seasonal variation by calibrating separately for summer and 
winter seasons (defined as April to September and October to March). 

Average rainfall depths and statistics such as lengths of dry spells can be obtained from relatively 
short periods of observed rainfall data.  However, extreme rainfall depths for return periods up to 
hundreds of years cannot be reliably estimated from single rainfall records.  Instead, they are 
obtained using the statistics given in the Flood Estimation Handbook24 (FEH), which are derived by 
fitting growth curves to local and regional rainfall data.  The strategy for calibrating the model 
involved an initial calibration to observed rainfall data, then adjustment of the parameters to 
reproduce some of the FEH rainfall statistics for the Laver and Skell catchments. 

Calibration to local rainfall data 

There is a recording raingauge at Lumley Moor, where digital data are available from 1989 to date.  
The rainfall model has been calibrated using these data.  There are some gaps in the record which 
have been ignored for the present work, which will result in overestimation of the proportion of dry 
spells.  Any further work should concentrate on filling in these gaps, for example by regression with 
nearby raingauges.  For example, a clearly erroneous rainfall event of 1024mm in 12 hours on 19 
March 2004 was removed from the data. 

The model is fitted by choosing a set of characteristic variables describing the rainfall data and 
solving equations that define these variables in terms of the model parameters.  The equations, 
which have been determined analytically from the structure of the model, are given in the papers 
listed above under “Description of modified Bartlett-Lewis model”. 

The variables, chosen to emphasise the properties of rainfall totals and dry spells over a wide range 
of durations, are given in Table A.1-1, along with their values calculated from the Lumley Moor data.  

                                                     
 
23 Based on ongoing research at CEH Wallingford.  Personal communication from Christel Prudhomme. 
24 Faulkner, D.S. (1999)  Rainfall Frequency Estimation.  Volume 2, Flood Estimation Handbook.  Institute of Hydrology, 
Wallingford. 
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Table A.1-1 : Variables characterising rainfall at Lumley Moor 

Description Value - summer Value - winter 

Mean of 1-hour rainfall depths (mm) 0.0735 0.0882 

Variance of 1-hour rainfall depths (mm2) 0.1810 0.1570 

Lag-1 covariance of 1-hour rainfall depths (mm2) 0.0891 0.1020 

Proportion of 1-hour spells that are dry 0.9270 0.8680 

Variance of 24-hour rainfall depths (mm2) 20.00 21.30 

Proportion of 24-hour spells that are dry 0.5790 0.4870 

Variance of 72-hour rainfall depths (mm2) 82.50 94.74 

Proportion of 72-hour spells that are dry 0.3440 0.2640 

Proportion of 2-week spells that are dry 0.1090 0.1230 

Note – the equivalent annual average rainfall (AAR) depths can be found by multiplying the mean 1-hour depth by the 
number of hours in a year.  This gives an AAR of 644mm for the summer and 773mm for the winter season.  The average 
of the two values gives the actual AAR, 709mm.  For comparison, the standard annual average rainfall across the Laver 
and Skell catchments (SAAR) is 899mm. 

 

It can be seen from the above results that, as expected, the summer season has less rainfall and 
more dry spells for durations of 24 and 72 hours.  Surprisingly, the winter season has more 2-week 
dry spells, but this may be due to the gaps in the record noted earlier. 

To find the model parameters, the equations have to be solved simultaneously.  They are highly 
non-linear, and a unique solution may not exist.  They were solved using an approach suggested by 
Wheater Éí=~äK (2000)25 of minimising the sum of weighted squared differences between observed 
variables (Table A.1-1) and model variables (given by the equations mentioned above).   

Each term in the summation was normalised, converting the differences into proportional 
differences, to avoid bias due to the different orders of magnitude of the various statistics.  Equal 
weight was given to each statistic.  The minimisation was carried out by the Simplex method.  This 
gave two initial sets of parameters for the modified Bartlett-Lewis model.   

Calibration to FEH rainfall statistics for Laver and Skell catchments 

The Flood Estimation Handbook (FEH) provides extreme rainfall statistics in the form of a model 
relating rainfall depths, durations and frequencies (a DDF model).  There are few examples in the 
literature of stochastic rainfall models that have been fitted to DDF models rather than observed 
rainfall records.  Onof Éí=~äK (1996)26 fitted a Bartlett-Lewis model to Flood Studies Report rainfall 
statistics, although this was used to produce discrete events rather than a continuous sequence of 
rainfall. 

The DDF model described in the FEH can be represented as a set of log-Gumbel distributions for 
different rainfall durations because the log of the rainfall depth is proportional to the Gumbel 
reduced variate.   Note that the DDF model has three segments, divided at 6 and 48 hours.  The 
formula for the equivalent log Gumbel distribution for a given duration depends on which segment 
the duration occupies.  The log-Gumbel distribution is equivalent to an Extreme Value Type 2 (EV2) 
distribution constrained so that u = -a/k where u, a and k are the location, scale and shape 
                                                     
 
25 Wheater, H.S., Isham, V., Cox, D.R., Chandler, R.E., Kakou, A., Northrop, P.J., Oh, L., Onof, C. and Rodrigeuz-Iturbe, I. 
(2000)  Spatial-temporal rainfall fields: modelling and statistical aspects.  eóÇêçäK=~åÇ=b~êíÜ=póëíÉã=pÅáK 4, 581-601. 
26 Onof, C., Faulkner, D. and Wheater, H.S. (1996)  Design rainfall modelling in the Thames catchment.  eóÇêçäK=pÅáK=gK 41, 
715-733. 
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parameters respectively of the EV2 distribution.  The relationship between the two distributions is 
described in the Flood Studies Report (FSR)27, Volume 1, Section 1.2.5.  If U and A are the Gumbel 
location and scale parameters in the log-Gumbel distribution then: 

 U = -ln(-k/a) and A = -k. 

The moments of the EV2 distribution are also given in the FSR.  These enable the calculation of the 
mean, variance and skewness of the FEH rainfall statistics for any location.  This is a useful way of 
summarising the FEH statistics.   

The mean, variance and skewness of the FEH rainfall statistics for a typical location in the Laver 
and Skell catchments are given in Table A.1-2.  The statistics in Table A.1-2 are moments of the 
annual maximum rainfalls, as opposed to those in Table A.1-1 which are moments of all rainfall.  
The next step in the calibration was to adjust the model parameters so that the model reproduced 
these moments. 

 

Table A.1-2: Moments of FEH rainfall statistics for the Laver and Skell catchments 

Rainfall duration 
(hours) 

Mean annual 
maximum (mm) 

Variance of annual 
maxima (mm2) 

Skewness of 
annual maxima 

1 15.0 66 11.46 
24 47.7 292 4.20 
72 66.4 413 3.43 

 

The FEH rainfall statistics do not allow for any seasonal variation.  However, more recent work28 has 
shown that summer design rainfalls are similar to annual design rainfalls and winter design rainfalls 
are around 70% of annual rainfalls (for a duration of 1 day and an annual average rainfall similar to 
that over the study area).  This is because annual maximum rainfalls (for short to moderate 
durations) tend to occur in the summer season, when intense convective rainfall is more likely.  The 
next step in calibration of the stochastic rainfall model was therefore to adjust the summer season 
parameters so that the modelled extreme rainfalls matched the above FEH statistics, for a duration 
of 24 hours. 

Unfortunately, there are no analytical expressions for the moments of extreme rainfall simulated by 
the Bartlett-Lewis model.  It is therefore not possible to fit the model directly to FEH statistics as 
can be done for the statistics of observed rainfall.  Instead, a ‘trial-and-error’ approach is usually 
adopted.  This employs a mixture of judgement and knowledge of the model’s structure.   

The initial set of summer parameters fitted to the Lumley Moor data was used in a 1000-year run of 
the stochastic model.  The annual maximum rainfalls were abstracted from the results, the mean 
and variance were calculated and compared with the above FEH statistics.  Both the mean and 
variance were found to be reproduced remarkably well without any need for adjustments. The 
model gave a 24-hour mean and variance of 44.2mm and 298mm2 respectively.  The skewness 
coefficients were found to be less useful for calibration. 

The winter parameters required some adjustment and also application of a scaling factor, set to 1.4.  
The modelled 24-hour mean and variance were 47.5mm and 402mm2 respectively.  The variance is 
rather high, particularly given that winter extreme rainfalls should be lower than summer rainfalls, so 
there is potential to improve the performance of the model for the winter season. 

The parameters that gave the results described above are given in Table A.1-3.   

 

                                                     
 
27 Natural Environment Research Council (1975)  Flood Studies Report.  NERC, London. 
28 Kjeldsen, T.R.,  Prudhomme, C., Svensson, C., Stewart, E.J. (2006).  A shortcut to seasonal design rainfall estimates in the 
UK.  Water and Environment J., Online Early doi:10.1111/j.1747-6593.2006.00028.x. 
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Table A.1-3: Parameter values for the rainfall model 

Parameter Symbol Value - 
summer 

Value - 
winter 

Rate of storm arrival (hr-1) λ 0.0151 0.011 

Rate of cell arrival divided by cell duration κ 0.288 0.114 

Mean storm duration divided by cell duration φ 0.0572 0.0168 

Shape parameter of gamma distribution for cell duration α 4.79 3.22 

Inverse of scale parameter of above gamma distribution υ 1.77 2.22 

Shape parameter of the gamma distribution of initial cell 
depth 

ρ 1.82 1.89 

Inverse of scale parameter of above gamma distribution δ 0.957 1.55 

Threshold of initial cell depth above which GPD is used u 5 5 

Scale parameter of Generalised Pareto distribution of 
high-intensity cell depth 

σ 2.00 2.00 

Shape parameter of above GPD. ξ 0.10 0.10 

 

Table A.1-4 summarises the performance of the above parameter sets by comparing selected 
model results with both observed and FEH rainfall statistics.  The model results were evaluated 
from a 1000-year long run of the model.  The modelled 100-year return period design rainfalls were 
calculated by ranking the 1000 simulated annual maxima and using the Gringorten equation to 
calculate plotting positions. 

 

Table A.1-4: Performance of the rainfall model 

Summer season Winter season Statistic 

Observed/FEH Model Observed/FEH Model 

Annual average rainfall (mm) 644 699 773 855 

Proportion of dry 24-hour spells 0.579 0.624 0.487 0.493 

Mean 24-hour AMAX (mm) 47.7 44.2 n/a 47.5 

Variance of 24-hr AMAX (mm2) 292 298 n/a 402 

100-year return period rainfall for 
a duration of 24 hrs (mm) 111 103 Approx. 78 122 

Notes: 
1. The annual average rainfall is an equivalent value, i.e. hourly average rainfall for the season multiplied by the 

number of hours in a year. 
2. AMAX is annual maximum. 
3. The first two statistics are derived from observed data at Lumley Moor and the remaining three from the FEH 

rainfall statistics. 

4. FEH rainfall statistics are assumed to be representative of summer conditions, as explained earlier.  Winter 
statistics are taken as 70% of summer values, but these are approximate. 

 

The model reproduces the proportion of dry spells well, because it is fitted directly to those 
statistics, and they are largely unaffected by the subsequent modifications to parameters made to 
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improve the extreme values.  It is more difficult to reproduce both the annual average rainfall and 
the extreme values.  The model overestimates the annual average based on observed data at 
Lumley Moor (which includes some gaps), but underestimates the mean annual average (SAAR) for 
the study catchments, which is 899mm.  It reproduces extreme rainfalls well for the summer season 
but overestimates in the winter season. This is very unlikely to be the ideal parameter set, and 
further work would probably yield a better result.   

Using the modelled rainfall series 

The sets of parameters in Table A.1-3 have been used to generate a 1000-year series of hourly 
rainfall depths, combining winter and summer rainfalls.  The simulated data have similar 
characteristics to the observed data at Lumley Moor, as well as extreme values that are reasonably 
consistent with the FEH rainfall statistics for the Laver and Skell catchments. 

The modelled rainfall series has been taken as characteristic of a typical location in the Laver/Skell 
catchment.  Rainfall for individual sub-catchments has been scaled to match the observed annual 
average totals.  The modelled rainfall has been used as an input to rainfall-runoff models, as 
described below. 

Rainfall-Runoff modelling (PDM) 

The PDM background theory 

The Probability Distributed Moisture (PDM) Model uses rainfall and potential evapotranspiration as 
inputs and transforms these into a flow that represents the discharge from a catchment.  The PDM 
is a conceptual rainfall-runoff model.  Many of the components of the PDM are shared with other 
conceptual and transfer function models and are therefore well described in the literature.  Shared 
concepts include the schematisation of the hydrological cycle as a series of stores, through which 
water travels as it falls as rain before finally emerging as river flow.   

The version of the PDM used in this study specifies a surface store, through which direct runoff is 
routed, a soil store and a ground water store.  These are illustrated graphically below. 

Figure A.1-1  Schematic of PDM rainfall runoff model (after Moore, 200029) 
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The important distinction of the PDM model compared to other, more general, conceptual rainfall 
runoff models is the way it apportions rainfall into that which enters the soil store and that which 
runs off the surface directly.  The rainfall routed directly to the surface store forms the ‘quick flow’ 
component to the flow output, while that which passes through the soil to the groundwater store 
makes up the baseflow component. 

                                                     
 
29 Moore (2000).  A Guide to the PDM.  Forming part of the documentation for the Environment Agency’s RFFS system. 
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The concept of the probability distributed element to the PDM is relatively straightforward and 
mirrors the effect of the runoff production mechanism sometimes described as ‘varying contributing 
areas’.  This process has been observed in temperate climates30.  In catchments where there is 
semi-permanently saturated soil close to a water course, direct runoff may be generated as rain 
falls on the surface.  During a rainfall event, the soil become more saturated forcing the water table 
to intersect with the ground higher up the slope, effectively increasing the area of catchment that 
can contribute directly to runoff.  This process is modelled by the PDM by apportioning rainfall 
according to the content of the soil store.  The exact amount of rainfall that is routed as quick flow 
is therefore a function of how full the soil store is and two parameters that may be adjusted to give 
a good calibration. 

   
The equation (Equation A.1) relating direct runoff to the capacity of the soil store is shown below: 

 














×








−−= Rain

C
C

11Q
b

max

i
s        Equation A.1 

 

Where : 

Qs is the rainfall that is apportioned to the surface routing store 

Ci is the content of the soil moisture store at this time step 

Cmax is the maximum capacity of the soil store 

Rain is the rainfall 

b is a parameter 

By adjusting the values of b and Cmax, it is possible to manipulate the response of the model to 
rainfall.  This flexibility can be put to use in catchments that do not necessarily exhibit varying zones 
of soil saturation, but which do exhibit a non linear response to rainfall.   

bî~éçíê~åëéáê~íáçå 

The model requires potential evapotranspiration as an input, but the rate of evapotranspiration is 
made dependent on the content of the store by relating actual evapotranspiration to the store 
contents (Equation A.2). 

PE
C

CC
1E

Be

max

imax
t ×






















 −
−=        Equation A.2 

Where : 

Et is the actual evapotranspiration at time t 

Be is a parameter 

PE is the potential evapotranspiration (also known as PET) 

MORECS (The Meteorological Office Rainfall & Evaporation Calculation System) data were obtained 
from Defra to provide potential evapotranspiration input data to the models for the calibration 
period.  The Met Office data were provided at a weekly time step, which meant that 15 minute data 
points had to be derived by interpolation. 

                                                     
 
30 Dunne T. and Black R.D. (1970).  An experimental investigation of runoff production from permeable soils.  Water 
Resources Research. 6: 478-790 
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pìêÑ~ÅÉ=oìåçÑÑ 

Direct rainfall runoff is routed through a series of two linear reservoirs which are modelled using the 
transfer function equations described in Moore (2000).  The individual reservoirs behave in the 
manner descried by Equation A.3 below. 

ë
ë

plrq p
h

n ×







=

1
        Equation A.3 

Where: 

QSOUT is the outflow from a reservoir 

Ks is the calibrated parameter 

Ss if the content of the surface store 

Varying the constant Ks (also called K1 and K2 in linear cascade option for the surface store within 
the PDM) controls the ‘peakiness’ of the runoff being routed through the surface stores.  Increasing 
the constant has the effect of damping response, while a small constant exaggerates the response. 

dêçìåÇï~íÉê=fåÑáäíê~íáçå=~åÇ=êçìíáåÖ 

The final component of the PDM is that which controls the baseflow component of the hydrograph.  
A groundwater store accepts flow from the soil store at a rate which depends on the content of the 
soil store and two constants, Kg and Bg (Equation A.4).  These parameters are adjusted during 
calibration until the baseflow response of the model matches that observed for the catchment.  The 
effect of varying these parameters on the rate of infiltration is illustrated in Figure 4.3. 

Bg
i

g
s C

K
I ×










=

1
        Equation A.4 

Where : 

Is is the infiltration to the groundwater store 

Kg and Bg are parameters 

Once water has made its way into the groundwater store via the infiltration mechanism, it is 
released to river flow at a rate that is controlled by the contents of the store and two parameters, 
Kb and m (Equation A.4).  m is the exponent applied to the store contents and is normally set to 3, 
Kb inversely proportional to the rate of outflow from the store at a given content. 

m
i

b
g GW

K
1

Q ×







=          Equation 4.5 

Where : 

Qg is the outflow from the groundwater store 

Kb and m are parameters 

The simple schematisation of the model and the relatively few parameters reduce the complexity of 
the calibration task, while the probability distributed component gives sufficient flexibility for a good 
model fit on a large number of catchments.  The description of the PDM given here has been 
deliberately brief and for a more detailed discussion of the model structure the reader is referred to 
Moore (2000) and Beven (2000)31. 

                                                     
 
31 Keith Beven (2000).  Rainfall Runoff Modelling, The Primer. (Wiley) 
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A-2 PDM MODEL VALIDATION 
 
 

Comparison with Forest Research datasets 

Forest Research (FR) have supplied this project with the data from a number of water level 
recorders that they installed in the Laver sub-catchment in 2005 as part of their on-going 
investigations in the effect of floodplain woodland on flood dynamics.  The dataset from the FR 
water level recorder at Becksmeeting (SE 2133 7317) near Swetton was compared with the 
modelled outflow hydrograph from PDM2, which is at a point about 300m upstream.  The 
comparison of the simulated flow dataset and the observed water level dataset are given below for 
both winter and summer periods. 

The timing of the modelled response of PDM2 to runoff events in this predominantly moorland and 
grassland sub-catchment matches the observed data very well for both the winter and summer 
periods. 

Figure A.2-1  Comparision of PDM2 modelled outflow flow and Forest Research recorder at 
Becksmeeting – Winter (5/12/06 – 4/1/07) 
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Figure A.2-2  Comparision of PDM2 modelled outflow flow and Forest Research recorder at 
Becksmeeting – Summer (17/5/06 – 2/6/06) 
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A-3 PDM MODELLING KEY PARAMETER DATASETS & RESULTS 
 

 

Adjustment of PDM model parameters for scenarios 

The following tables indicate how the four specific PDM parameters Cmax, K1, K2 and Kb were 
adjusted for the various scenarios to represent land management changes within the individual 
PDM model sub-catchments.  A description of the PDM parameters is given in Table 4-1. 

Scenario A - Soil structural degradation to 50% land area in all PDM sub-catchments 

Table A.3- 1  Scenario A adjusted parameters - Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 75.6 78.7 78.6 77.6 131.4 74.7 76.1 124.9 131.4 119.9
K1 4.8 3.9 4.9 3.9 3.9 4.8 4.9 3.8 4.8 2.8
K2 4.8 3.9 4.9 3.9 3.9 4.8 4.9 3.8 4.8 2.8
Kb 10 10 10 10 100 10 10 100 100 100
Parameters in bold were changed as a result of the Scenario. 

Table A.3- 2  Scenario A adjusted parameters - Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 122.8 127.9 127.7 126.1 169.0 121.5 123.7 160.7 168.9 154.3
K1 4.8 3.9 4.9 3.9 3.9 4.8 4.9 3.8 4.8 2.8
K2 4.8 3.9 4.9 3.9 3.9 4.8 4.9 3.8 4.8 2.8
Kb 10 10 10 10 10 10 10 10 10 10
Parameters in bold were changed as a result of the Scenario. 

 

Scenario B - Soil structural degradation in all PDM sub-catchments 

Table A.3-3  Scenario B adjusted parameters – Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 71.1 77.9 77.3 75.3 122.9 69.6 72.3 110.2 122.8 100.2
K1 4.7 3.9 4.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
K2 4.7 3.9 4.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
Kb 10 10 10 10 100 10 10 100 100 100

Table A.3-4  Scenario B adjusted parameters – Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 115.6 126.5 125.6 122.4 158.0 113.1 117.5 141.7 157.8 128.8
K1 4.7 3.9 4.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
K2 4.7 3.9 4.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
Kb 10 10 10 10 10 10 10 10 10 10
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Scenario C – Grassland degradation (Scenario B + conversion of 20% improved grassland in 
PDM1 to maize and 50% improved grassland in PDM7 to maize) 

Table A.3- 5  Scenario C adjusted parameters - Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 69.9 77.9 77.3 75.3 122.9 69.6 69.0 110.2 122.8 100.2
K1 4.6 3.9 4.8 3.8 3.7 4.7 4.7 3.7 4.7 2.7
K2 4.6 3.9 4.8 3.8 3.7 4.7 4.7 3.7 4.7 2.7
Kb 10 10 10 10 100 10 10 100 100 100
Parameters in bold were changed as a result of the Scenario. 

Table A.3- 6  Scenario C adjusted parameters - Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 113.6 126.5 125.6 122.4 158.0 113.1 112.1 141.7 157.8 128.8
K1 4.6 3.9 4.8 3.8 3.7 4.7 4.7 3.7 4.7 2.7
K2 4.6 3.9 4.8 3.8 3.7 4.7 4.7 3.7 4.7 2.7
Kb 10 10 10 10 10 10 10 10 10 10
Parameters in bold were changed as a result of the Scenario. 

 

Scenario D – Combined soil structural degradation and moorland degradation 

Table A.3-7  Scenario D adjusted parameters - Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 71.1 77.9 77.3 75.3 122.9 69.6 72.3 110.2 122.8 100.2
K1 4.7 2.9 3.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
K2 4.7 2.9 3.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
Kb 10 9 9 10 100 10 10 100 100 100
Parameters in bold were changed as a result of the Scenario. 

 

Table A.3- 8  Scenario D adjusted parameters - Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 115.6 126.5 125.6 122.4 158.0 113.1 117.5 141.7 157.8 128.8
K1 4.7 2.9 3.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
K2 4.7 2.9 3.8 3.8 3.7 4.7 4.8 3.7 4.7 2.7
Kb 10 9 9 10 10 10 10 10 10 10
Parameters in bold were changed as a result of the Scenario. 
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Scenario E - Moorland degradation (grip maintenance) in PDM2 and PDM3 only 

Table A.3-9  Scenario E adjusted parameters - Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 80 80 80 80 140 80 80 140 140 140
K1 5 3 4 4 4 5 5 4 5 3
K2 5 3 4 4 4 5 5 4 5 3
Kb 10 9 9 10 100 10 10 100 100 100
Parameters in bold were changed as a result of the Scenario. 

Table A.3-10  Scenario E adjusted parameters - Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 130 130 130 130 180 130 130 180 180 180
K1 5 3 4 4 4 5 5 4 5 3
K2 5 3 4 4 4 5 5 4 5 3
Kb 10 9 9 10 10 10 10 10 10 10
Parameters in bold were changed as a result of the Scenario. 

 

Scenario F - Moorland improvement (grip blocking) in PDM2 and PDM3 only 

Table A.3-11  Scenario F adjusted parameters- Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 80 80 80 80 140 80 80 140 140 140
K1 5 5 6 4 4 5 5 4 5 3
K2 5 5 6 4 4 5 5 4 5 3
Kb 10 11 11 10 100 10 10 100 100 100
Parameters in bold were changed as a result of the Scenario. 

Table A.3- 12  Scenario F adjusted parameters- Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 130 130 130 130 180 130 130 180 180 180
K1 5 5 6 4 4 5 5 4 5 3
K2 5 5 6 4 4 5 5 4 5 3
Kb 10 11 11 10 10 10 10 10 10 10
Parameters in bold were changed as a result of the Scenario. 

 

Scenario G – Conversion of moorland to deciduous woodland 

Table A.3- 13  Scenario G adjusted parameters - Winter 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 80.7 81.4 84.4 82.5 140 80 80 140 140 140
K1 5.0 4.1 5.2 4.1 4 5 5 4 5 3
K2 5.0 4.1 5.2 4.1 4 5 5 4 5 3
Kb 10 10 10 10 100 10 10 100 100 100
Parameters in bold were changed as a result of the Scenario. 
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Table A.3- 14  Scenario G adjusted parameters - Summer 

PDM models PDM 
parameters PDM 

1 
PDM 

2 
PDM 

3 
PDM 

4 
PDM 

5 
PDM 

6 
PDM 

7 
PDM 

8 
PDM 

9 
PDM 

Urban 
cmax 131.1 132.3 137.2 134.1 180 130 130 180 180 180
K1 5.0 4.1 5.2 4.1 4 5 5 4 5 3
K2 5.0 4.1 5.2 4.1 4 5 5 4 5 3
Kb 10 10 10 10 100 10 10 10 10 10
Parameters in bold were changed as a result of the Scenario. 

 

Summary of winter scenario runs 

The following tables and figures indicate how the magnitude and timing of modelled flood peaks at 
Alma Weir for specific winter flood events for the various scenarios compared to the ‘baseline 
condition’. 

Soil structural degradation scenarios A, B & C 

Table A.3- 15  Summary of soil degradation scenarios (A, B & C) – Winter 2000 

Date of 
flood event 

Advance 
of peak 
(Scen A) 
(hours) 

Peak 
increase 
(Scen A) 
(m3/s) 

Scen A 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen B) 
(hours) 

Peak 
increase 
(Scen B) 
(m3/s) 

Scen B 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen C) 
(hours) 

Peak 
increase 
(Scen C) 
(m3/s) 

Scen C % 
increase 
in peak 
flow from 
baseline 

31/10/2000 0 2.04 3.1 0 3.58 5.49 0 3.99 6.1 
01/11/2000 0 0.55 1.9 0 0.92 3.10 0 1.03 3.5 
03/11/2000 0.25 2.26 2.7 0.25 3.73 4.47 0 4.14 5.0 
06/11/2000  0.51 1.6 0 0.93 2.94 0 1.04 3.3 
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Scenario A - Soil structural degrdation to 50% land area in all PDMs (Winter 2000)
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Scenario B (soil degradation) Winter 2000
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Scenario C - Conversion of improved grassland to maize (PDM1 & PDM7) (Winter 2000)
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Table A.3- 16  Summary of soil degradation scenarios (A, B & C) – Winter 2002 

Date of 
flood event 

Advance 
of peak 
(Scen A) 
(hours) 

Peak 
increase 
(Scen A) 
(m3/s) 

Scen A 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen B) 
(hours) 

Peak 
increase 
(Scen B) 
(m3/s) 

Scen B 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen C) 
(hours) 

Peak 
increase 
(Scen C) 
(m3/s) 

Scen C % 
increase 
in peak 
flow from 
baseline 

20/11/2002 0.25 0.29 3.6 0.25 0.42 5.18 0.25 0.47 5.7 
21/11/2002 0 0.28 2.9 0.25 0.42 4.39 0.25 0.47 4.9 
01/12/2002 0.25 0.22 3.7 0.25 0.31 5.19 0.25 0.34 5.7 
02/12/2002 0 0.41 4.1 0.25 0.63 6.27 0.25 0.69 6.9 
04/12/2002 0 0.09 1.8 0.25 0.14 2.63 0.25 0.16 3.0 
06/12/2002 0 0.04 1.0 0.25 0.05 1.21 0.25 0.06 1.4 
16/12/2002 0.25 0.3 3.6 0.25 0.46 5.49 0.25 0.50 6.0 
22/12/2002 0.25 0.89 5.5 0.25 1.36 8.42 0.25 1.51 9.3 
24/12/2002 0.25 0.67 3.8 0.25 1.13 6.40 0.25 1.27 7.2 
26/12/2002 0.25 0.42 3.2 0.25 0.67 5.15 0.25 0.75 5.8 
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Scenario A - Soil structural degradation to 50% land in all PDMs (Winter 2002)
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Scenario B (soil degradation) Winter 2002
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Scenario C - Conversion of improved grassland to maize (PDM1 & PDM7) (Winter 2002)
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Soil structural degradation scenarios (D & E) 

Table A.3-17  Summary of soil degradation scenarios (D & E) – Winter 2000 

Date of 
flood event 

Advance 
of peak 
(Scen D) 
(hours) 

Peak 
increase 
(Scen D) 
(m3/s) 

Scen D 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen E) 
(hours) 

Peak 
increase 
(Scen E) 
(m3/s) 

Scen E 
% 
increase 
in peak 
flow 
from 
baseline 

31/10/2000 0 8.93 13.71 0 5.04 7.75 
01/11/2000 0.25 3.35 11.32 0 2.31 7.79 
03/11/2000 0 11.40 13.67 0 7.33 8.80 
06/11/2000 0.25 2.02 6.39 0 1.07 3.38 

 



 
Department for Environment, Food and Rural Affairs 
Ripon Land Management Project 
Draft Final Report 

 

  
JBA Consulting 
ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2273 - Defra - Land Management Study\Reports\Project\Draft report\Ripon draft final report17 (20 June 07).doc:   20/06/2007 A-19 

 

Scenarios D (soil degradation and grip maintenance) Winter 2000
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Scenario E (grip maintenance) Winter 2000
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Table A.3-18  Summary of soil degradation scenarios (D & E) – Winter 2002 

Date of 
flood event 

Advance 
of peak 
(Scen D) 
(hours) 

Peak 
increase 
(Scen D) 
(m3/s) 

Scen D % 
increase 
in peak 
flow from 
baseline 

Advance 
of peak 
(Scen E) 
(hours) 

Peak 
increase 
(Scen E) 
(m3/s) 

Scen E % 
increase 
in peak 
flow from 
baseline 

20/11/2002 1 1.20 14.80 0.75 0.79 9.68 
21/11/2002 0.5 0.89 9.19 0.25 0.51 5.26 
01/12/2002 1 0.78 13.00 0.75 0.49 8.18 
02/12/2002 0.75 1.39 13.92 0.5 0.80 8.05 
04/12/2002 0.75 0.49 9.40 0.5 0.34 6.41 
06/12/2002 1.25 0.19 4.74 0.75 0.14 3.46 
16/12/2002 0.75 0.77 9.28 0.5 0.38 4.53 
22/12/2002 1 2.81 17.36 0.75 1.55 9.57 
24/12/2002 0.75 2.44 13.80 0.5 1.31 7.40 
26/12/2002 0.75 1.64 12.64 0.5 0.97 7.48 

 

Scenario D (soil degradation & grip maintenance) Winter 2002
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Scenario E (grip maintenance) Winter 2002
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Soil structural improvement scenarios (F & G) 

Table A.3-19  Summary of soil structural improvement scenarios (F & G) – Winter 2000 

Date of 
flood event 

Delay of 
peak 
(Scen F) 
(hours) 

Peak 
decrease 
(Scen F) 
(m3/s) 

Scen F % 
decrease 
in peak 
flow from 
baseline 

Delay of 
peak 
(Scen G) 
(hours) 

Peak 
decrease 
(Scen G) 
(m3/s) 

Scen G % 
decrease 
in peak 
flow from 
baseline 

31/10/2000 0.25 3.51 5.39 0 1.17 1.8 
01/11/2000 0.25 1.74 5.87 0.25 0.29 1.0 
03/11/2000 0 6.33 7.59 0 1.22 1.5 
06/11/2000 0.25 1.12 3.55 0 0.26 0.8 
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Scenario F (grip blocking) Winter 2000
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Scenario G - Conversion of moorland to deciduous woodland (Winter 2000)
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Table A.3-20  Summary of soil improvement scenarios (F & G) – Winter 2002 

Date of 
flood event 

Delay of 
peak 
(Scen F) 
(hours) 

Peak 
decrease 
(Scen F) 
(m3/s) 

Scen F % 
decrease 
in peak 
flow from 
baseline 

Delay of 
peak 
(Scen G) 
(hours) 

Peak 
decrease 
(Scen G) 
(m3/s) 

Scen G % 
increase 
in peak 
flow from 
baseline 

20/11/2002 0.5 0.43 5.34 0 0.11 1.3 
21/11/2002 0.25 0.30 3.09 0 0.10 1.1 
01/12/2002 0.5 0.22 3.61 0 0.07 1.1 
02/12/2002 0.25 0.39 3.87 0 0.15 1.5 
04/12/2002 0.5 0.21 3.98 0 0.05 0.9 
06/12/2002 0.25 0.10 2.52 0 0.02 0.4 
16/12/2002 0.5 0.13 3.74 0 0.06 1.2 
22/12/2002 0.5 0.87 1.60 0 0.10 1.2 
24/12/2002 0.25 0.88 5.40 0 0.33 2.0 
26/12/2002 0.25 0.66 4.97 0 0.32 1.8 

 

Scenario F (grip blocking) Winter 2002
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Scenario G - Conversion of moorland to deciduous woodland (Winter 2002)
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Summary of summer scenario runs 

The following tables and figures indicate how the magnitude and timing of modelled flood peaks at 
Alma Weir for specific summer flood events for the various scenarios compared to the ‘baseline 
condition’. 

 
Soil structural degradation scenarios (A, B & C) 
 

Table A.3- 21  Summary of soil degradation scenarios (A, B & C) – Summer 2002 

Date of 
flood event 

Advance 
of peak 
(Scen A) 
(hours) 

Peak 
increase 
(Scen A) 
(m3/s) 

Scen A 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen B) 
(hours) 

Peak 
increase 
(Scen B) 
(m3/s) 

Scen B 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen C) 
(hours) 

Peak 
increase 
(Scen C) 
(m3/s) 

Scen C 
% 
increase 
in peak 
flow 
from 
baseline 

31/07/2002 0 0.95 4.3 0 1.74 8.0 0.25 2.27 10.4 
02/08/2002 0.25 1.82 3.9 0.25 3.48 7.5 0.25 4.26 9.2 
10/08/2002 0.25 0.26 1.8 0.25 0.46 3.1 0.25 0.54 3.6 
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Scenario A  - Soil structural degradation to 50% land in all PDMs (Summer 2002)
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Scenario B (soil degradation) Summer 2002
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Scenario C - Conversion of improved grass to maize (PDM1 & PDM7) (Summer 2002)
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Soil structural degradation scenarios (D & E) 

Table A.3- 22  Summary of soil degradation scenarios (D & E) – Summer 2002 

Date of 
flood event 

Advance 
of peak 
(Scen D) 
(hours) 

Peak 
increase 
(Scen D) 
(m3/s) 

Scen D 
% 
increase 
in peak 
flow 
from 
baseline 

Advance 
of peak 
(Scen E) 
(hours) 

Peak 
increase 
(Scen E) 
(m3/s) 

Scen E % 
increase 
in peak 
flow from 
baseline 

31/07/2002 0.75 4.29 19.7 0.5 2.32 10.7 
02/08/2002 0.25 6.47 14.0 0.25 3.04 6.6 
10/08/2002 0.5 1.09 7.3 0.25 0.61 4.1 
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Scenario D (soil degradation & grip maintenance) Summer 2002
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Scenario E (grip maintenance) Summer 2002
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Soil structural improvement scenarios (F & G) 

Table A.3- 23  Summary of soil improvement scenarios (F & G) – Summer 2002 

Date of 
flood event 

Delay of 
peak 
(Scen F) 
(hours) 

Peak 
decrease 
(Scen F) 
(m3/s) 

Scen F % 
decrease 
in peak 
flow from 
baseline 

Delay of 
peak 
(Scen G) 
(hours) 

Peak 
decrease 
(Scen G) 
(m3/s) 

Scen G % 
decrease 
in peak 
flow from 
baseline 

31/07/2002 0.5 1.79 8.2 0.25 0.54 2.5 
02/08/2002 0 2.48 5.4 0 1.02 2.2 
10/08/2002 0.25 0.63 4.2 0 0.16 1.1 

 

Scenario F (grip blocking) Summer 2002
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Scenario G - Conversion of moorland to deciduous woodland
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