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Executive Technical Summary  

The River Hull Integrated Catchment Strategy (RHICS) aimed to provide a long-term, multi-

agency plan to manage flood risk from multiple sources within the River Hull catchment. 

RHICS identified upland attenuation as a potential flood risk management technique to reduce 

flood risk in the River Hull catchment. This project has sought to understand the impact of 

implementing NFM measures in the upper sub-catchments of the River Hull catchment in order 

to reduce the peak flow and/ or increase time delay to peak flows along the River Hull, and 

consequently measure the potential benefits NFM could have on reducing flooding within the 

city boundary of Kingston upon Hull.  

The River Hull area is a unique catchment based on a chalk aquifer, which is used to supply 

drinking water to the city of Kingston upon Hull. The River Hull catchment is susceptible to 

flooding from a range of sources including tidal, fluvial, surface water, sewer and groundwater, 

which means that a holistic approach to flood risk management is required. The River Hull 

catchment is formed of a high and low level system; this two-level system is highly reliant on a 

number of pumping stations to manage flows due to the lack of gravity flow to maintain water 

levels. From the Humber Estuary up to Hempholme Pumping Station the River Hull is tidally 

dominated.  

NFM measures can help alleviate flood risk by increasing storage in the upper catchment and 

thus reducing flood risk downstream. The following NFM measures were considered 

appropriate for the River Hull upper and middle catchment typologies: 

- Leaky Dams 

- Large Woody Debris 

- Contour Ploughing 

- Tree Planting 

- Wet Woodland 

- Floodplain storage 

- Buffer Strips 

CAESAR-Lisflood modelling was used to identify the best performing upland sub-catchments, 

in terms of peak flow reduction, based on land use changes. This, in combination with a desk 

study and site visits, enabled the selection of the Arram and Watton sub-catchments and Leven 

Carrs for detailed modelling.  

Bespoke NFM opportunity maps have been created for the Arram and Watton sub-catchments 

using criteria for the placement of the chosen interventions and the unique character of the 

River Hull catchment.  

The mapped opportunities were represented in the CAESAR-Lisflood model to determine the 

impact at the sub-catchment scale (see Section 4.2), and these mitigated flows were used as 

input in the RHICS model to determine changes to flow peaks and timing further downstream. 

Further CAESAR-Lisflood modelling was undertaken to determine the effectiveness of the 

shortlisted NFM measures on these sub-catchments. The results were compared to reveal that 

the most effective measures were Leaky Dams and ‘all NFM’ measures applied together, with 
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between 4 and 13% peak flow reduction and 120 minutes delay measured at the sub-catchment 

level.   

The fluvial only River Hull Integrated Catchment Strategy (RHICS) model was selected to 

represent the River Hull to understand the changes in flood risk associated with the NFM 

measures. The inflows for the Arram and Watton sub-catchments were replaced within the 

model by the hydrographs generated by the CAESAR-Lisflood modelling. The model was run 

for the 1%, 2% and 10% Annual Exceedance Probability event for both a 3-day rainfall (long) 

and 1-day rainfall (short) event. 

The results indicate that whilst there is a reduction in peak flow for the upper catchment 

typology, where the NFM measures have been applied, this improvement has been lost once 

the flows reach the city centre. This is because of the proportional volume of the mitigated sub-

catchment flows, compared to the wider catchment flows and the tidal and pumping regimes of 

the River Hull.  

Funding of NFM implementation is likely to be achieved through partnership working and 

funding, which would likely also optimise the wider ecosystem benefits of NFM schemes. 

Wider ecosystem services can be attributed to the NFM measures including: air quality, health 

access, low flows, climate regulation, habitat, water quality, cultural activity and aesthetic 

quality.  

A novel evaluation matrix has been developed through partnership working to enable 

weighting of a number of factors, including ecosystem services, costs and maintenance of 

NFM and impacts to existing land cover, for assessing the overall benefits of NFM. The 

application of the evaluation matrix to the River Hull catchment has identified additional 

benefactors of installing NFM measures and the most suitable measure to deliver desired 

outputs, for example wet woodland delivers more ecosystem services and delays the time to 

reach a flood peak, and leaky dams deliver the highest reduction in peak flows. It is thought 

this evaluation matrix, with minor alterations, could be applied to other schemes in the future.  

The modelling has concluded that NFM has the potential to reduce the flood peak and delay the 

hydrograph at a sub-catchment scale. This study recommends that field leaky dams are the 

most suitable intervention for reducing peak flows and delaying the timing of peaks in the 

Watton and Arram sub-catchments before they reach the tributaries that feed into the River 

Hull. However, the evaluation matrix, in combination with the modelling and mapping, 

concluded that other interventions, such as wet woodland and tree planting should be 

prioritised due to the multiple benefits delivered. To be able to achieve maximum 

environmental and flood risk benefits in the River Hull catchment, therefore, the opportunity 

maps presented in this study should be consulted alongside the NFM evaluation matrix.  

Modelling catchment-scale responses downstream of NFM measures in the upper sub-

catchments using the RHICS model has identified that a reduction of up to 1-4% can be 

achieved. The River Hull hydrological system is dominated by tidal influence and pumping 

regimes. Furthermore, the modelling showed that the River Hull responds more to long 

duration events rather than short events, which NFM is designed to help mitigate. As a result, 

the identification of benefits downstream is limited. However, the results do show that NFM 

measures can complement existing large hard engineering flood alleviation schemes. 
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Executive Non-Technical Summary 

    

Natural flood management 

measures 

Flood risk benefits Ecosystem service benefits Decision making process 

The most suitable NFM measures for 

the River Hull catchment include: 

 

1. Leaky dams 

2. Large woody debris 

3. Floodplain reconnection 

4. Wet woodland 

5. Buffer strips 

6. Contour ploughing 

7. Tree planting 

Modelled using the 1 in 10-year 

rainfall event:  

 

✓ Leaky dams could reduce 

peak flows by 7% 

✓ Floodplain reconnection and 

wet woodland could increase 

time delay up to 1 hour 

and 45 minutes 

✓ All NFM interventions 

(working together) could 

reduce peak flows by 

10.6% and increase time 

delay up to 3 hours and 

45 minutes 

Environment Agency ‘working 

with natural processes evidence 

directory’ identified the following 

benefits: 

 

➢ Water quality 

➢ Habitat 

➢ Climate regulation  

➢ Health access 

➢ Aesthetic quality 

➢ Air quality 

➢ Cultural activity 

This new NFM evaluation matrix enables weighing 

up of options and recommends the best NFM 

measure by considering: 

 

➢ Flood risk benefits 

➢ Ecosystem services benefits 

➢ Existing land use 

➢ Cost 

➢ Funding opportunities 

➢ Maintenance 

➢ Life expectancy 
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1 Introduction 

1.1 Study objectives 

This study seeks to provide an evidence base to demonstrate the extent to which 

Natural Flood Management (NFM) measures could reduce and attenuate peak 

flows along the River Hull and, in particular, at the point where the River Hull 

crosses the Hull City Council (HCC) boundary to the north of the city. 

 

Figure 1: Overview of the River Hull catchment 

1.2 Objectives of this report  

This report summarises the method and results for Tasks 1, 2 and 3a of this 

project. The report is deliverable 3b as outlined in the project scope. The report 

will summarise the outputs from the modelling and risk mapping to inform the 

most suitable NFM interventions to be implemented across the catchment. The 

report will also include information regarding the delivery mechanisms for NFM 
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in the River Hull catchment along with landowner engagement from HCC and 

wider project partners.  

We have revised and updated the initial methodology and deliverable outputs for 

this project through consultation with our client, HCC, the Energy and 

Environment Institute, University of Hull (EEI), and the wider project team.  

1.3 Catchment location 

The River Hull is fed by a number of springs and becks within the Yorkshire 

Wolds, which join together south of the town of Driffield in the East Riding of 

Yorkshire. The river flows through open countryside before it skirts past the 

eastern edge of the town of Beverley and reaches Kingston upon Hull. It flows 

through the centre of the heavily populated and industrial area of the city, before 

discharging into the Humber Estuary at the Tidal Surge Barrier. 

In general, the River Hull catchment system can be split into two main sections - 

the River Hull headwaters where the catchment generally drains into the river; and 

the (two level) Lower River Hull system where the “high level system” is the 

main river into which the headwaters flow and are carried across the coastal flood 

plain within an embanked channel, whilst the “low level system” is formed 

predominantly by the artificial agricultural drainage network. Flows are 

transferred from the low level system to the high level system via Wilfholme, 

Waterside and Hempholme pumping stations. This managed pumping regime 

regulates water levels in the drains, whilst also influencing flow in the River Hull 

itself. The Hull Tidal Surge Barrier, located at the mouth of the River Hull, was 

designed to stop storm tides from the Humber Estuary entering into the river 

system and overtopping defences along the River Hull. It is currently (2018) 

operated on average 6 times per year, and this frequency is expected to increase 

with the impacts of climate change and predicted sea level rise. 

The headwaters of the River Hull form the most northerly chalk streams in the 

UK, with springs from the chalk aquifer under the Yorkshire Wolds feeding the 

River Hull. This Chalk aquifer is a principle aquifer used for drinking water 

supply and is a Drinking Water Protected Area. These characteristics result in 

providing a unique environment and habitat.    
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Figure 2: Catchment typologies and river network in the River Hull catchment 
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2 Task 1 – desktop study  

2.1 Initial identification of suitable NFM measures 

The initial identification of potentially suitable NFM options was described in the 

Task 1 report. A copy of the Task 1 report is included in Appendix A. A summary 

of the main findings is provided herein. 

The initial assessment of available information and the desk study highlighted the 

uniqueness of the River Hull catchment in terms of its flat topography and 

underlying chalk geology which covers most of the catchment. In chalk soils, a 

high proportion of rainfall will infiltrate, due to their permeable nature. The time 

for upstream catchment tributaries fed by groundwater to return to normal levels 

after a major recharge event is longer than typical headwaters. The slow recession 

of channel flows across the catchment means flooding in response to very long 

duration rainfall events is characteristic of the catchment. 

The River Hull catchment is susceptible to flooding from a range of sources (tidal, 

fluvial, surface water, sewer and groundwater) and the interactions between the 

different sources and the bodies who govern them are complex.  

The River Hull network is formed of a high and low level system. In the upper 

catchment, the land is naturally draining. In the lowlands, the levels are artificially 

maintained by a number of pumps and low lying drains aimed at protecting 

properties and farmland. Furthermore, from the Humber Estuary up to 

Hempholme Pumping Station (PS), the River Hull is tidally dominated.  There are 

multiple flood defences and flood structures e.g. raised flood banks and walls in 

different states of repair which prevent tidal ingress on an almost daily basis. 

Land use in the River Hull catchment is mostly arable with pockets of pastures 

and urbanised areas. The land is high value farmland predominated by winter 

wheat, oilseed, spring field beans, spring barley and potatoes. These unique 

characteristics create pressures between the need for agricultural drainage and 

management of multiple downstream flood sources.  

NFM measures can help alleviate the flood risk by increasing water storage in the 

catchment and reduce flood risk downstream. However, any intervention would 

need to be tailored and take into account the complexities of the River Hull 

catchment. An extensive tidal influence in conjunction with both a system of 

pumping stations across a flat catchment and the impacts of field drainage coupled 

with the slow percolation through the chalk groundwater leads to extended times 

of high flows in the River Hull, often measured in days rather than hours. This 

prolonged catchment response has the tendency to produce greatest peak flows in 

very long duration rainfall events. To achieve peak flow reduction over longer 

events, the River Hull catchment is likely to require a multitude of catchment-

wide interventions, spatially located to create cumulative reductions to flow. 

Four broad areas have been identified, and are defined as typologies, in the River 

Hull catchment, which influence the type of NFM measures that could be 

implemented (further details in Appendix A, section 2.3):  
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• the upper catchment typology in North, West and South-West with 

naturally draining river network though still influenced by the underlying 

chalk bedrock; 

• middle catchment typology in North, West and South-West where the 

gradient drops; tributaries’ headwaters drain towards the River Hull, 

influenced by the chalk bedrock; 

• lowland catchment typology occupying the centre and East area, which is 

very flat and has been extensively drained, mostly pumped, with 

floodplains disconnected from the River Hull; area underlain by 

impermeable clay on chalk bedrock; and 

• urbanised area mostly in the southern section of the catchment. 

Task 1 assessment highlighted that implementation of NFM schemes in the low 

system could provide localised benefit. Providing additional storage that can be 

accessed during high events would reduce the volume of water that needs to be 

pumped and reduce the pressure on the River Hull levels. In addition, there are 

important wider benefits for biodiversity, recreation and carbon sequestration. It is 

expected that providing additional storage through NFM measures would have 

less tangible benefits for flood alleviation in the lower catchment typology which 

is heavily engineered. The River Hull is tidal influenced up to Hempholme PS, 

therefore additional storage may not be fully accessible during extreme events.  

The Working with Natural Processes (WwNP) spatial datasets were consulted to 

assess whether proposed solutions fit well with site specific issues e.g. 

groundwater, pumping and abstraction regimes, or constraints of land ownership 

and designation of land. The assessment indicates that the underlying 

characteristics of the River Hull catchment are poorly considered in the WwNP 

national opportunity mapping. Whilst the recommended runoff attenuation 

features (RAF) and riparian woodland are considered viable options, extensive 

afforestation in the middle and lowland catchment typologies is highly likely to be 

an unpopular option. Therefore, bespoke NFM measures which consider the 

uniqueness of the River Hull catchment are recommended.  

To gain a better understanding of the River Hull catchment, a desk-based 

assessment was undertaken of available datasets including contemporary maps, 

topographic information, the National Receptor Dataset (NRD), modelled flood 

outlines, flood zone maps, open-source land cover data (Corine, 2012) and other 

datasets provided by the client.  

The desk-based assessment has enabled a better, qualitative understanding of the 

catchment system and how it may respond to different forms and scales of NFM 

interventions. The assessment identified types of NFM interventions that could be 

located based on the characteristics of each catchment typology. A summary of 

the feasible options identified is provided in Table 1. It is worth noting that all 

NFM interventions would require close consultation with landowners and land 

managers. The table highlights the type of feature suitable in the relevant 

catchment typology purely from a hydrological perspective.  
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Table 1: Summary of feasible options based on River Hull catchment typologies 

Possible NFM 

intervention 

Upper Middle Lower Urbanised 

Large Woody Debris 

(LWD) 

Y N N N 

Riparian woodland Y Y N N 

Runoff Attenuation 

Features (RAFs) 

Y Y N N 

Buffer strips Y Y N N 

Contour planting Y Y N N 

Changes to land use 

management  

N Y N N 

Large ponds N Y N N 

Floodplain storage N Y Y N 

Wetland creation N Y Y N 

SuDS N N N Y 

 

3 Task 2a - Refinement of appropriate NFM 

measures  

3.1 Shortlisted NFM measures 

Based on the desk-based assessment from Task 1, potential for implementing a 

number of NFM options was identified throughout the River Hull catchment. This 

includes: 

• Leaky Dams 

• Large Woody Debris 

• Contour Ploughing 

• Tree Planting 

• Wet Woodland 

• Floodplain storage 

• Buffer Strips 

An overview of the different NFM options is presented below. 
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3.1.1  Leaky Dams 

Overland flow over bare soil, either from recently ploughed/drilled arable land or 

heavily poached livestock fields, can be slowed to reduce peak flows entering the 

watercourses. If the field slopes in such a way that overland flow is channelled 

through a narrow section or corner a leaky dam can be built to trap it and form a 

pond or pool behind. Simple practices, such as moving access locations away 

from runoff routes, may make it possible to better capture flows and avoid 

exacerbating soil erosion and diffuse pollution transport (Figure 3).  

  

Figure 3: Conceptual sketch of a leaky dam placement 

This surface water can be slowed or diverted which will prevent the rapid 

transference of rainwater into the streams. This can be done by building low 

bunds or other ground reprofiling to disconnect the pathways and divert them into 

low points, ponds, buffer zones or woodlands. 

Environmental benefits: 

Managing surface water 

and fluvial flood risk, 

improving water quality, 

providing ephemeral 

habitat and regulating 

climate and low flows. 

 

Ecosystem service values 

modified from WwNP 

one-page summaries1 

 

 
1 Environment Agency (2017). Working with Natural Processes – Evidence Directory (one-page 

summaries) 



  

Hull City Council River Hull Natural Flood Management Study 
Synthesis Report 

 

  | Final | 8 June 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\REP-002 - SYNTHESIS REPORT\2020-06-08 - UPDATE\REP-002 - SYNTHESIS 

REPORT - ISSUE 08-06-2020.DOCX 

Page 12 

 

 

 

©Newcastle University 

 

©Newcastle University 

Figure 4: Leaky dams for capturing overland flow 

 

3.1.2 Large Woody Debris 

Large woody debris (LWD) are pieces of wood, occasionally combined with some 

living vegetation, that accumulate in river channels as well as on river banks and 

floodplains. LWD can occur naturally along rivers as a result of trees falling 

locally into watercourses through snagging of natural wood or occasionally due to 

beaver activity. Similar structures can also be engineered by humans to restore 

rivers and floodplains to slow and store flood waters.  

Environmental benefits: 

Managing fluvial flood 

risk, improving water 

quality, providing in-

channel habitat and 

regulating climate and low 

flows. 

 

Ecosystem service values 

modified from WwNP one-

page summaries1 
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Figure 5: Examples of LWD from Belford, ©Newcastle University, (left); and Pickering 

(right). 

 

3.1.3 Contour Ploughing 

Contour ploughing is a farming practice which involves ploughing and/or planting 

across a slope following its natural contour lines. This helps conserve rainwater 

and reduce soil losses from surface erosion.  

Environmental benefits: 

Improving water quality, 

reducing sediment erosion, 

managing surface water 

and regulating climate and 

low flows. 

 

Ecosystem service values 

modified from WwNP one-

page summaries1 
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Figure 6: Contour ploughing to reduce runoff and reduce soil erosion (© USDA-NRCS) 

 

3.1.4 Tree planting 

Increasing tree cover has the potential to reduce flood risk by promoting soil 

infiltration, intercepting water on the canopy and increasing soil roughness thus 

slowing down the flow of surface runoff. The degree of benefit provided by tree 

planting can vary depending on the woodland, with coniferous generally more 

efficient compared to broadleaved woodland. However, a mixed native woodland 

would provide the greatest benefits for biodiversity, providing a variety of food 

sources all-year-round. A woodland filled solely with scots pine (pinus sylvestris), 

Britain’s only true native pine, would not provide the multitude of ecosystem 

services benefits identified below.  

Environmental benefits: 

Providing habitat, managing 

fluvial flood risk, improving air 

and water quality, regulating 

climate and low flows, 

managing surface water flood 

risk and improving aesthetics. 

 

Ecosystem service values 

modified from WwNP one-page 

summaries1 
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Figure 7: Tree planting for flood reduction (© Environment Agency) 

 

3.1.5 Wet woodland 

Wet woodland is woodland located in the floodplain subject to intermittent, 

regular planned or natural flooding regime. It has the capacity to slow down and 

hold back flood flows within the floodplain and enhances sediment deposition and 

thereby reduces downstream siltation. It typically comprises broadleaved 

woodland and can range from productive woodland on drier, intermittently 

flooded areas to unmanaged, native, mixed wet woodland in wetter areas.  

Environmental benefits: 

Improving air and water 

quality, regulating climate 

and low flows, managing 

surface water flood risk, 

improving aesthetics and 

enabling improved health 

access. 

 

Ecosystem service values 

modified from WwNP one-

page summaries1 
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Figure 8: Wet woodland (© London Wildlife Trust) 

 

3.1.6 Floodplain reconnection 

Floodplains can be restored or optimised to store large volumes of water for flood 

risk and ecological benefits. Floodplain areas would typically be flooded during 

high intensity events.  

Floodplain reconnection aims to restore the hydrological connection between 

rivers and floodplains so that floodwaters inundate the floodplains and store water 

during times of high flows. This can involve removing flood embankments and 

other barriers to floodplain connectivity.  

Environmental benefits: 

Managing fluvial and 

surface water flood risk, 

regulating climate and low 

flows, and providing 

improvements to habitat 

(in-particular, wading 

birds).  

 

Ecosystem service values 

modified from WwNP one-

page summaries1 
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Figure 9: Floodplain reconnection at Holnicote Source to Sea project ©National Trust 

 

3.1.7 Buffer strips 

Buffer strips are areas adjacent to rivers, which are also referred to as ditches, 

dykes, becks, watercourses, where woody planting or grass buffers can be created 

to increase roughness and slow runoff. Due to their permanent vegetation, buffer 

strips promote effective water infiltration and slow surface flow.  

Environmental benefits: 

Improving water quality, 

managing surface water 

flood risk and providing 

improvements to habitat 

and aesthetics.  

 

 

Ecosystem service values 

modified from WwNP one-

page summaries1 
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Figure 10: Buffer strip (©The James Hutton Institute) 

 

3.1.8 NFM opportunities located in chalk catchments  

The range of effectiveness of some NFM measures to store and slow water and to 

mitigate downstream flood events will be influenced by the soils and geology 

upon which they are placed2.  

The first factor when considering the permeability of the underlying soils and 

geology is the influence on the duration and magnitude of the surface water 

hydrograph and the amount of storage required to reduce the flood peak. For 

example, small impermeable catchments are likely to produce short peaky 

hydrographs and a relatively small amount of storage should be able to reduce the 

flood peak. A Chalk catchment will produce a much longer surface water 

hydrograph and a substantial amount of storage. The design hydrograph for the 

River Hull catchment is a 3-day duration 1 in 100-year storm.  For NFM to be 

effective at reducing flood risk it needs to be located in the right topographical 

setting and with the right type(s) measure2.  

Secondly, NFM storage features not only hold surface water run-off, they also 

provide the opportunity for infiltration and recharge to reduce the volume of water 

held within the NFM storage feature over time. This time-period is significantly 

influenced by the permeability of the underlying soils and geology. More 

information can be found in Appendix A, Section 2, and ‘Working with Natural 

 
2 Environment Agency (2017). Working with Natural Processes – Using the evidence base to make 

the case for Natural Flood Management (SC150005) 
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Processes – Using the evidence base to make the case for Natural Flood 

Management.’2 

3.1.9 Summary of NFM opportunities 

Several shortlisted opportunities have been identified for the River Hull catchment 

typologies. The options have been described alongside the ecosystem services 

they each have the potential of providing. These ecosystem services are aligned 

with and guided by the Working with Natural Processes evidence base for 

consistency among EA schemes.  

3.2 Selection of sub-catchments 

3.2.1 Strategic modelling and opportunity mapping 

A general approach to modelling NFM features was outlined in the Stage 1 

Report, provided in Appendix A.  

The River Hull Integrated Catchment Strategy (RHICS) aims to provide a long-

term, multi-agency plan to manage flood risk from multiple sources within the 

River Hull catchment. This is available in both a fluvial only and an integrated 

fluvial-surface water version to understand flood risk in the catchment.  

Following consultation with EEI, the project client staff at HCC, and the wider 

project team it was agreed that the study would proceed using the fluvial only 

model, excluding NFM options in the artificially drained and pumped catchments. 

Hull CC’s preferred option is to go with fluvial only model RHICS model. It is 

recognised that this will limit the ability to apply NFM interventions to the 

catchment terrain within the RHICS model boundary as overland flow will not be 

represented. Additionally, the significant surface flooding within Hull is not 

captured in the fluvial only model and thus there will be limited scope to show 

any benefits for improving flood risk here via NFM. The decision was based on 

the complexities of the integrated fluvial-surface model. The limitations of this 

approach have been highlighted in Task 1 report, section 3.1, found in Appendix 

A. The team acknowledged that the modelling is unlikely to produce results that 

give a robust case for investment based on current Flood Defence Grant in Aid 

(FDGiA) funding rules. However, the study report will highlight the wider 

benefits of any NFM interventions to help make the case for investment. 

To deliver the study using the fluvial only RHICS model, EEI modelled the NFM 

interventions in the upland sub-catchments using the CAESAR-Lisflood model 

(C-L) and then provided revised inflow hydrographs to apply to the RHICS 

Infoworks model inflows. The RHICS model extent is shown in yellow in Figure 

11, with the upland sub-catchments shown outside of this. 
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Figure 11: RHICS model extent (yellow), the River Hull catchment boundary (red) and 

upland sub-catchments shown outside the RHICS model extent 

The modelling undertaken by EEI using C-L model comprised of 2 stages: 

1. Initial modelling exercise to identify the best performing upland sub-

catchments of the River Hull catchment in terms of peak flow reduction 

and time delay to peak as a result of implementing NFM measures 

compared with no NFM.  

2. Modelling of NFM interventions in selected sub-catchments of the River 

Hull catchment to feed into RHICS model and assess impacts of NFM 

downstream in the River Hull. This stage of modelling is discussed in 

detail in Section 4 of this report. 

The initial modelling exercise undertaken by EEI aimed to rapidly assess the 

potential effectiveness for NFM interventions in sub-catchments of the River Hull 

catchment that were identified as upland areas (as shown in Figure 2). The results 

were used to shortlist potential sub-catchments for in-depth assessment of NFM 

benefits locally within the individual sub-catchments and also downstream in the 

River Hull.  

An indicator of NFM in the upland sub-catchments was represented through the 

assumption that agricultural land would be changed to forested land. This was 

done by reclassifying 20% of the land cover classified as Code 3 – Arable and 

Horticultural (Manning’s n of 0.035) with 1 – Broadleaf Woodland (Manning’s n 

of 0.16) and recalculating the mean roughness for the sub-catchments. This was 

repeated with 40, 60, 80 and 100% reclassification. The coefficient ‘Manning’s n’ 
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represents the roughness of a surface; a low coefficient represents a smooth 

surface, whereas a high coefficient indicates a rough or heavily vegetated surface. 

The values used for each sub-catchment are included in Appendix B, EEI 

Modelling Reports. The incremental reforestation was applied for a 1 in 100-year 

and 1 in 50-year events.  

For this study, the modelling in C-L only considered implications of reforestation 

on the roughness of the flood plain is considered. It is likely that widespread 

conversion of agricultural land to forest would have other impacts, such as on 

evapotranspiration and infiltration rates, which could also impact the shape of the 

hydrograph. 

There are 14 upland sub-catchments of the wider River Hull catchment that were 

modelled, each lying beyond the boundary of the RHICS model – hence why 

another model was required to test the effect of NFM in the upper sub-catchments 

of the River Hull catchment. Where possible, each sub-catchment directly 

corresponds to a single input point for the RHICS model to enable compatibility 

of results generated from C-L to be input into RHICS; and sub-catchment extents, 

which are outside RHICS boundary, are derived from a WFD sub-catchment map. 

In some cases, the WFD boundaries encompassed more than one RHICS input 

point, specifically in the Arram sub-catchment, which was chosen for detailed 

modelling, so they were modelled together by summing the RHICS input 

hydrographs. Figure 12 and Figure 13 show the locations of the catchments 

modelled. 
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Figure 12: Location of the upper sub-catchments in relation to the RHICS model extent 
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Figure 13: Location of Arram and Watton Catchment with their Input Points 

For each sub-catchment the model was altered to represent the impact of 

reforestation of agricultural land as a proxy for natural flood management. Each 

sub-catchment was then ranked based on its effectiveness of the reforesting to 

reduce and delay peak discharges. The assessment was undertaken for the 1 in 50-

year (2% Annual Exceedance Probability (AEP)) and 1 in 100-year (1% AEP) 

year return periods.  

The result showed that reforestation does not reduce peak discharge significantly 

but can delay the timing of the peaks. The sub-catchments to the west ranked 

highest, these sub-catchments are less groundwater driven and less heavily 

managed. The response seen in the 50-year event results is similar to that seen in 

the 100-year event results.  

The modelling concluded that different forms of flood management should be 

applied to those sub-catchments which were receptive to reforestation, to 

determine what other NFM measures may benefit these sub-catchments.  
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3.2.2 GIS analysis of runoff pathways 

A series of contemporary maps, topographic information, property data, flood 

mapping outlines and other useful spatial data have been used to undertake the 

opportunity mapping and feasibility study for NFM in the River Hull catchment. 

The following data have been obtained for use in the study: 

• OS Mapping (10k and 25k scales) 

• EA LiDAR 2m grid cell 

• Flood mapping layers from RHICS model 

• National Receptor Dataset 

• Detailed River Network  

• Geological Mapping 

• WFD Waterbodies 

• CLAD (Rural land register) 

• Countryside Stewardship schemes 

• Working with Natural Processes spatial datasets 

• Corine Land Cover Maps 

• Aerial Imagery / Google Earth 

• Flood maps (Fluvial and Surface Water) 

A GIS analysis of the topographic data (LIDAR) identified areas with the 

potential for surface runoff generation.  A package called ‘Hydro-Tools’ within 

the ArcGIS toolkit was used.  This analysed the topographic data to determine 

flow direction and areas of possible water accumulation within the sub-

catchments.  The process of analysing the sub-catchments is described in Section 

2.3.5 of Report 1 found in Appendix A.   

The purpose of mapping these stream orders and runoff routes was to use them, in 

combination with other mapping layers, to determine feasible locations for NFM.  

The output from the ArcGIS analysis was combined with background mapping, 

fluvial and surface water flood risk layers, and satellite imagery to determine 

feasible locations for NFM interventions.   

Utilising these different layers and datasets made it possible to position NFM 

features in the landscape. Feasibility and practicality was considered when 

positioning NFM features in the catchment.   For agricultural land it is best 

practice to consider corners of fields (or field boundaries) rather than the middle 

of a field. This is particularly relevant on arable fields. Fields used for pasture and 

livestock are less critical, but fields are often rotated between land uses over time. 

For this reason, it is beneficial to always position overland flow ponds at field 

boundaries or corners. Floodplain features must also consider land ownership, 
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ensuring that features are located in individual fields until more is known about 

specific sites.  

The NFM opportunity mapping for the River Hull catchment is explained in 

greater detail in Section 4.1.   

3.2.3 Site visits 

A number of site visits were undertaken in order to aide sub catchment selection, 

the findings of these site visits are written up in Appendix C.  

3.2.4 Summary of selection of sub-catchments  

• Task 1 desktop study identified four typologies across the River Hull 

catchment: upper, middle, lowland catchment and urbanised area (as 

shown in Figure 2). The upper catchment has a slight gradient (average 

slope angle of 3.55°) and it is generally formed of freely draining stream 

networks. The middle catchment has a gentler gradient (average slope 

angle of 1.45°) and the lower catchment is very flat, relying on highly 

engineered pumping systems to maintain water levels and protect land 

from flooding.  

• The sub-catchments modelled by EEI spanned across upper and middle 

typologies. Results showed that the sub-catchments to the west ranked 

highest for delaying the timing of the discharge when a sub-catchment had 

been reforested. The top 3 scoring sub-catchments in Task 2a were Old 

Howe, Arram and Watton (see Appendix B for more details). Although 

Old Howe ranked the highest in terms of discharge and time delays, the 

reliability of the results for Old Howe were questionable, this is most 

likely because of the influence of groundwater and the high levels of water 

level management in this sub-catchment. Considering the availability and 

limitations of available models, Old Howe was excluded from further 

analysis. 

• The site visits sought to understand where the deliverability of NFM was 

practical, the potential for additional ecosystem benefits, and the 

opportunity for collaboration with relevant stakeholders/landowners in 

ongoing and future work. The site visits highlighted that ongoing 

emergency repairs to a section of bank along Old Howe would make 

modelling even more difficult and most likely unrepresentative but Watton 

and Arram showed potential (as discussed in Appendix C). Therefore, 

Arram 1 to 4 (combined area 101.5 km2) and Watton (catchment area 32 

km2) (Figure 14 and Figure 13) were taken forward to the next stage of 

modelling. 

• HCC and the project team recognised that the selection of the two upper 

sub-catchments does not incorporate the complexity of the River Hull 

catchment, specifically the lowland, pumped and heavily modified 

environment. Therefore, following engagement with landowners, a site at 

Leven Carrs was chosen to hydrologically model in isolation from the 
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wider catchment in order to incorporate pumping in a lowland 

environment (see Appendix B for full modelling report). 

 

Figure 14: Location of Arram and Watton sub-catchments, and Leven Carrs site, in 

relation to the River Hull catchment (red line) 
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4 Task 2b – NFM opportunity & risk 

mapping 

4.1 Selection of NFM measures, mapping and 

typologies 

4.1.1 Background 

As part of task 1, the River Hull catchment was categorised into four types: upper, 

middle, lower and urbanised. Task 2a identified Arram and Watton sub-

catchments, which include upper and middle catchment typologies, and Leven 

Carrs, which is in the lowland typology, to model and map in detail.  

The upper catchment is defined as mostly arable with small areas of woodland 

and pastures. The aquifer is predominantly chalk and includes chalk streams 

draining into downstream main river reaches. Feasible NFM measures include 

RAFs, woodland, buffer strips and contour planting.  

The middle catchment has similar land use, is dominated by arable land with 

pastures and pockets of urbanised areas and the gradient is much gentler. The 

tributaries drain from the upper reaches into this flatter area and then into the 

River Hull. Feasible NFM opportunities in this area include floodplain storage, 

wetlands, changes in land management, woodland, buffer strips and contour 

planting.   

The lowland catchment, occupying the centre and east area of the River Hull 

catchment, is very flat and has been extensively drained, with floodplains 

disconnected from the River Hull by means of flood embankments. The 

floodplain, underlain by impermeable clay on chalk bedrock is now divided by 

engineered channels historically created for navigation. This network of drains is 

assisted by artificial pumping in high tides, limiting discharge during high tidal 

levels. Feasible NFM measures are limited to bespoke sites due to these complex 

pumping operations and river levels influenced by tide.  

The national opportunity maps from the WwNP evidence-base were reviewed 

prior to undertaking bespoke NFM opportunity mapping. Due to the complex 

nature of the River Hull catchment, its underlying geology and valuable 

agricultural land, the national maps have been found to be unrealistic. Many of the 

opportunities suggested by the national maps involved altered land cover, such as 

tree planting. Much of the River Hull catchment has an agricultural land 

classification between 1 and 3, and the crop map of England shows that the clear 

majority of the agricultural land is arable crop rotation. For the Watton sub-

catchment the WwNP maps indicate the potential to change existing land cover 

from arable land to tree planting for more than half of the catchment area ( 

Figure 15). 
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Figure 15: WwNP national opportunity mapping for the Watton sub-catchment
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4.1.2 Opportunity mapping 

After reviewing the WwNP opportunity maps and taking into account the 

practicality of the suggested land use changes, it was decided to create a more 

bespoke set of opportunities specifically for the River Hull catchment. This 

decision was taken in the hopes that this report will lead on the support the 

implementation of suitable and practical NFM measures that deliver multiple 

benefits in the River Hull catchment. Prior to mapping interventions, a GIS 

analysis of the topographic data identified and mapped the spatial variation of 

potential surface runoff generation. A package called ‘Hydro-Tools’ within the 

ArcGIS toolkit was used. This analysed the topographic data to determine flow 

direction and areas of possible water accumulation within the sub-catchments.  

Once the relevant information was prepared, a manual exercise of mapping the 

opportunities was undertaken (see Figure 17, Figure 18, Figure 19 and Appendix 

F).  

The NFM interventions were chosen following the conclusions made from tasks 1 

and 2a and through discussions with HCC, and were mapped in the following 

way:  

• Leaky Dam: a constant size and form of leaky dam was applied (1m high, 1m 

wide and tied into the elevation either side of the runoff pathway) positioned 

using the flow accumulation assessment on the LiDAR data, the surface water 

flood risk layers (as this shows potential ponding of water in the landscape), 

OS Mapping – particularly 1:10K as these include field boundaries, and 

fluvial flood maps (as these layers show where fluvial flooding could occur; 

• Large Woody Debris (LWD): Positioned based on the detailed river network 

(DRN) (0.5m high (above the riverbed), the width of the channel, and situated 

approximately every 50m). Preferably in wooded areas (to have access to 

locally-sourced materials). Positioning of LWD also requires awareness of 

‘stream power’, as should LWD be situated too far downstream it has 

potential to be washed away; 

• Contour Ploughing: A slope assessment of the LiDAR data has been 

undertaken and the symbology of the layer has been altered to show slope 

ranges from 0-2%, 2-5%, 5-10% and >10% slope (Figure 16). Contour 

ploughing has been prioritised on fields with the majority of pixels being in 

the range 5-10% slope, as these will benefit most, but also identified on some 

fields in the 2-5% slope range. For slopes greater than 10% the plough is at 

risk of toppling. For slopes less than 2% there is not much benefit; 
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Figure 16:  Slope percentages in the Watton sub-catchment (highest priority areas for 

contour ploughing are the 5-10% slope range) 

 

• Tree planting: Suggested in fields already surrounded by trees (so as not to 

interfere with ground nesting bird populations) – this option will be limited to 

very bespoke locations given the value of agricultural fields in this area; 

• Wet Woodland: Suggested in fields with excessive fluvial flood extents 

(identified by the fluvial flood maps). Judgement on suitability using OS 

mapping and satellite imagery;  

• Floodplain reconnection: Identified using fluvial flood maps, OS mapping 

and satellite imagery – looking to add additional storage through strategic 

placement of bunds on floodplain; 

• Buffer Strips: Identified using flow accumulation, slope, OS mapping and 

DRN. A 10m buffer strip has been situated at the boundary of fields where 

runoff routes flow into the established river network (identified using the 

DRN).  
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Figure 17: Example bespoke opportunity mapping for the Watton sub-catchment (see Appendix F2 for larger map) 
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Figure 18: Zoomed-view of Watton sub-catchment NFM opportunities 
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Figure 19: Example bespoke opportunity mapping for the Arran sub-catchment (see 

Appendix Error! Reference source not found. for larger map)
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Once reviewed by HCC, the mapped opportunities were represented in the C-L 

model to determine the impact at the sub-catchment scale by modelling the 

potential benefit NFM measures could have on peak flows and how NFM 

measures could affect the timing of peak flows,  and these mitigated flows were 

used as input in the RHICS model to determine changes to flow peaks and timing 

further downstream. 

4.2 CAESAR-Lisflood modelling 

4.2.1 Overview  

The EEI carried out C-L modelling to represent the impact of the NFM measures 

on the inflow hydrographs to be applied to the RHICS fluvial model. The full 

details of the modelling work undertaken can be found in Appendix B. 

The C-L modelling results for the 1 in 100-year 3-day duration storm event 

demonstrates that all types of NFM intervention showed some benefit at the sub-

catchment scale, however, much of these were marginal. For the Arram 

catchment, applying all of the interventions together is effective and reduces the 

peak discharge by nearly 5.5 % and delaying it 105 minutes for the 100-year 

event. For the Watton catchment, applying all interventions is successful in 

delaying the peak discharge yet less effective at reducing the peak discharge than 

leaky dams alone. Leaky dams were shown to be the most effective intervention 

in both sub-catchments. 

A shorter duration 1 in 10-year 24-hour storm event was also simulated in the 

Watton and Arram sub-catchments. Simulating a shorter duration event of lower 

magnitude demonstrates a larger percentage reduction on flood flows through the 

NFM interventions, ranging from 7.55 % to 10.56 % flow reduction for the ‘all 

NFM’ simulation.  

4.2.2 Modelling of upper sub-catchments overview 

A different modelling approach was taken within C-L to model the potential 

impacts of NFM in the two sub-catchments compared with the Leven Carrs site to 

account for pumping. Both methods are explained in detail in Appendix B. 

Using the opportunity mapping described in section 4.1, the following NFM 

scenarios were simulated for each of the sub-catchments: 

- Leaky Dams (20% flow) in the upper catchment typology 

- Leaky Dams (20% flow) in middle catchment typology 

- Leaky Dams (20% flow) in upper and middle catchment typologies 

together 

- Large wooded debris – (50% flow) in middle catchment typology 

- Contour Ploughing in upper catchment typology  

- Contour Ploughing in middle catchment typology 
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- Contour Ploughing in upper and middle catchment typologies together 

- Tree Planting in the upper catchment typology 

- Tree Planting in middle catchment typology Tree Planting in upper and 

middle catchment typologies together 

- Buffer Strips in middle catchment typology  

- Floodplain Reconnection in middle catchment typology 

- Wet Woodland in middle catchment typology 

- All NFM interventions together 

Little guidance is available to represent NFM in a hydraulic model, other than 

altering Manning’s n roughness co-efficient, therefore a strategy for model 

adaptation had to be created for each NFM technique. Full details of the adaptions 

made to the model in order to represent each NFM technique can be found in 

Appendix B.  

Each intervention was assessed in terms of reduction of the hydrograph peak flow 

and delay in the timing of the hydrograph peak. The hydrographs were created for 

a 1 in 100-year (1% AEP) 3-day rainfall event in line with the rainfall event 

modelled as part of the RHICS model.  

A shorter duration event was also modelled using the same NFM opportunity 

scenarios as the 3-day rainfall event in order to understand the implications of a 

shorter rainfall duration on the inflow hydrographs at a local scale in order to 

define flood extents. This was completed for a 1-day 1 in 10-year (10% AEP) 

rainfall event.  

The results can be found in Appendix B.  

4.2.3 Modelling of lowland catchment overview 

Leven Carrs was identified as an area which would benefit from detailed 

modelling to understand the flood benefits of altering the current pumping regime. 

Three pumps are present at Leven Carrs, a smaller pump acts to remove water 

drained from fields and redistribute it within the site to a created wetland. Two 

additional larger pumps redistribute water to the adjacent River Hull. Modelling 

was undertaken in C-L to understand any flood risk benefits associated with 

changes to these pumping regimes. Full details of the modelling can be found in 

Appendix B.  

This site was modelled and tested for observed rainfall obtained for the June 2007 

rainfall event, where over 100mm of heavy sustained rainfall fell on top of an 

already saturated catchment. Application of rainfall directly to the Leven Carrs 

catchment surface was assumed without any losses from interception or 

groundwater infiltration to replicate worst case antecedent conditions in the 

lowland floodplain. 

Analysis suggests that through numerical modelling, the inclusion of the small 

pump to redistribute collected ditch flows across Leven Carr wetland reduces the 
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load and the pumping frequency of the larger pump operation returning water to 

the River Hull. This is thought to have limited implications on flood risk 

immediately after the event, but a discharge philosophy could be optimised to 

maximise floodplain volume attenuation and reduce pumping of floodplain 

volumes at flood peaks and to complement delays made by other NFM attenuation 

interventions. 

Given the prolonged rainfall duration characteristic of the 2007 floods, the 

extended time of high River Hull water elevations may mean the control and 

attenuation of moderately low intensity rainfall within the Leven Carr system over 

very prolonged periods has little influence on volumetric contributions in 

isolation. 

It is recognised that this site, along with our other conclusions in this study, would 

be more beneficial in attenuation of shorter duration, higher intensity rainfall on 

the catchment, giving the small pump more time to redistribute water into the 

wetland, permitted by a bigger time gap before the large pumps become active.  

Any formal offline storage areas upstream of pumped flow regimes that can be 

identified are worth testing if the rate or level of pumping activation can be 

flexibly adjusted with minimal new infrastructure. Attenuation of the low level 

drainage will ultimately offset the timing with which volumes transferred to the 

River Hull and may benefit from a catchment level strategy for management of 

pumping in short, high intensity or low intensity prolonged rainfall. 

4.3 RHICS Modelling 

4.3.1 Overview 

The RHICS fluvial defended model was used for this modelling. The defended 

model means that all low level pumps are working correctly, and all the defence 

walls are in place. The fluvial only model contains no representation of the 

Yorkshire Water urban drainage system, considering only the Main River flows, 

dykes and becks within the catchment, this information is contained in the 

integrated model. A full summary of the RHICS modelling can be found in 

Appendix D.  

The model used the provided 72-hour warm up file, which enables a storm to fill 

up the channels with water before an event in order to provide a more realistic 

representation of what is occurring. The 1%, 2% and 10% (AEP) were modelled 

as part of this study.  

The RHICS model has 2 inflow points for the Watton sub-catchment and 4 inflow 

points for the Arram sub-catchment (as shown in Figure 11). The C-L modelling 

provided one inflow for each sub-catchment, therefore the baseline inflow files 

have been altered with the flows combined for each sub-catchment. Ergo, one 

inflow point per sub-catchment. 

The C-L hydrographs were provided for each NFM option as listed in Section 4.2. 

These hydrographs were compared to the baseline hydrographs to determine 

which would provide benefits downstream in the River Hull, the following 
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hydrographs were selected as those considered to provide most benefits and hence 

were modelled in in RHICS to provide downstream potential benefits: 

- ‘all NFM’ interventions together 

- leaky dams in upper and middle catchment typologies modelled together  

4.3.2 Catchment 3-day event results 

Full details of the modelling can be found in the modelling report in Appendix D.  

The RHICS model was set up to run for a 3-day rainfall event with 3-day warm up 

time.   

All results were assessed for alteration in flow values, volumes and flood extents.  

For the ‘all NFM’ scenario, it was observed that there was a peak flow reduction 

of up to 3% in the hydrograph for the upper catchment, however the reduction in 

the peak flow is limited to the upper catchments.  

The flood extents are broadly similar to the baseline model prior to the 

implementation of NFM measures. Flood extent maps can be found in Appendix 

B of the Modelling Report which is found in Appendix D.   

4.3.3 Localised 1-day results 

A shorter duration rainfall event of 1 day of rainfall for a 10% AEP event was 

simulated. This again used a 3-day warm up to allow the system to be full.  

Again, there is a reduction in the peak flow seen in the upper sub-catchments, this 

is greater than can be seen in the longer duration results. This is in the region of 

10-13% for the ‘all NFM’ scenario and 4-10% for Leaky Dams in upper and 

middle catchment typologies. However, this reduction diminishes once it reaches 

the city centre.  

The flood extents are broadly similar to the baseline model prior to the 

implementation of NFM measures.  Flood extent maps can be found in Appendix 

B of the Modelling Report which is found in Appendix D. 

4.3.4 Aike and Arram ‘D’s 

The Aike and Arram ‘D’s refers to two areas of floodplain situated between the 

River Hull and Beverley and Barmston Drain near the Watton and Arram sub-

catchments. As part of the site visits it was identified that there was potential to 

provide additional storage in this location. This site was also recognised in the 

long list of options considered in the RHICS report. 

Inspection of the RHICS model suggests some benefit could be achieved by 

retaining more water in the Arram D’s from Beverley and Bramston Drain or 

River Hull flows during extreme events. However, due to limited topographical 

information of the region, and modelling uncertainty through model calibration 

around Wilfholme Pumping Station this option was not tested in the RHICS 

model. Further details can be found in Appendix D.  



  

Hull City Council River Hull Natural Flood Management Study 
Synthesis Report 

 

  | Final | 8 June 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\REP-002 - SYNTHESIS REPORT\2020-06-08 - UPDATE\REP-002 - SYNTHESIS 

REPORT - ISSUE 08-06-2020.DOCX 

Page 38 

 

4.3.5 Modelling Limitations 

4.3.5.1 Model 

The RHICS model was designed to provide a long-term, multi-agency plan to 

manage flood risk from multiple sources within the River Hull catchment and to 

provide a short-list of recommendations for flood risk management. For this 

study, the fluvial only model was used as opposed to the integrated model. The 

model therefore does not consider the interaction with the urban sewer system in 

Hull. The limitations of this model are highlighted in Task 1 report, section 3.1 

found in Appendix A. It was acknowledged as part of task 1 that the modelling 

was unlikely to produce results that would give a robust case for investment based 

on current FDGiA funding rules, see Section 3.2.1.  

4.3.5.2 Tidal 

The baseline RHICS model was supplied with tide varying boundary to represent 

the tidal nature of the River Hull. The occurrence of a variable tidal level was 

making the changes caused by NFM difficult to quantify. If an NFM intervention 

peak flow reduction coincided with a rising tide the RHICS model results would 

mask any improvement in peak flow reduction. Therefore, it was decided to 

replace the tide varying file in the RHICS baseline model with a static tidal 

boundary. It was agreed that the tide will be set at the mean level, representing a 

tide on the turn but reporting similar flood volume spills in high return period 

events. The mean level of the tide was calculated based on the supplied RHICS 

model to be 0.34 meters above ordnance datum (mAOD) at the point of the 

Humber Estuary. 

4.3.5.3 Pumps 

The River Hull system is heavily reliant on pumps which transfer the water 

between the low level system and River Hull high system to the Humber Estuary.   

The complex arrangement of pumping between the low level drainage system and 

the defended River Hull meant both baseline and NFM results did not follow a 

typical drain down pattern. Instead the switch-on and switch-off arrangement of 

some pumping stations such as Wilfholme and Waterside made reporting of 

downstream improvements difficult. High frequency oscillation of flows at 

pumping stations were present in the RHICS output graphs during pump 

operation. 

Flow improvements downstream within the River Hull beyond low-level drainage 

pumping stations are quickly masked by pumping regimes and tidal interaction 

within the River Hull catchment. The contribution of the remainder of the lowland 

catchment typology with unchanged flow regimes acts to dilute peak flow 

improvements made by NFM in the upper catchment before the River Hull enters 

the urbanised centre of Hull. 

Nevertheless, large scale NFM opportunities within lowland pumped catchments 

are possible through rationalisation of existing pump station regimes and upper 
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catchment storage. Introduction of flood meadows and modification of pump rules 

based on detailed integrated modelling could bring improvements to peak water 

elevations within the River Hull across different storm events. The re-connection 

of flood plains through land purchase or stakeholder engagement upstream of 

pumping stations have the potential to further improve local downstream flood 

extents. 

4.3.5.4 Climate change 

No adaptions have been made to reflect climate change in the modelling; the 

provided RHICS model did not include hydrology covering climate change. 

However, modelling covered a range of different return periods and therefore it 

was thought to demonstrate the reaction of the model for different events.      

4.3.5.5 Event duration 

The RHICS model is based on a 3 day rainfall event with a 3 day warm up time 

and 3 day draining period. This long event duration within the model is intended 

to produce critical duration peak flows and volumes at the downstream reaches of 

the River Hull, therefore is not ideal for representing maximum storage of upland 

NFM solutions. Typically, NFM features would be used to offset and disrupt peak 

flows for short flashy storms of up to a few hours. 

The work done to the catchment inflows was limited to the selected sub 

catchments and therefore the rest of the model inflows are based on the 3-day 

rainfall event duration. Therefore, when the shorter 1-day rainfall event 

hydrographs are run for the selected catchments they are being run in comparison 

to a 3-day event on the rest of the network, thus making comparisons difficult to 

see.  

4.3.5.6 Annual exceedance probability (AEP) 

The selected return periods were 1%, 2% and 10% AEP. These probabilities were 

selected in conjunction with HCC and the EEI. The magnitudes were selected in 

line with the FDGiA funding rules which require benefits to be shown for the 1% 

Annual Event Probability.    

4.3.5.7 Hydrology 

The use of single event lumped hydrology is a major limitation of the RHICS 

model for representation of upper catchment attenuation. The reliance on C-L 

model calibration to replicate the lumped hydrological losses of RHICS within 

floodplain routing of 2D C-L was too simplistic to give confidence in calibration 

across all event magnitudes. The 10m 2D analysis grid resolution of C-L did not 

adequately replicate minor flow path interruption. Water caught within sinks of 

the 10m analysis DTM of C-L became trapped and unable to flow quickly through 

the ground model. 
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4.4 Results Discussion 

4.4.1 Flow 

The results indicate that whilst there is a reduction in peak flow for the upper 

catchment, where the NFM measures have been applied, this improvement has 

been lost once the flows reach the city centre. The benefits of the NFM measures 

are therefore limited to the local catchments.  

The inflows from Watton and Arram sub-catchments are small compared to the 

quantity of water in the full River Hull system, therefore the percentage change in 

the sub catchment becomes negligible when it is taken as a percentage of the full 

system once it has reached Hull city centre.  

The tidal influence of the River Hull means that the water level differences in the 

city centre for different return periods are very limited, this means that any 

changes in peak flows are masked once the river is tidally impacted. 

When the results are considered in further detail there is some difference in the 

pumping frequency and duration, which suggest that the NFM measures may have 

an impact on the quantity and timing of the flow, however these are not realised 

beyond the pumps.  

The shorter duration storm event is showing greater reduction in peak flow rates 

for the local catchments. However, the rest of the RHICS model can only be run 

for the longer duration storm event, therefore making it difficult to fully quantify 

the full benefits to the downstream network for the short duration storm event.  

4.4.2 Flood extent 

The flood extents were assessed for the baseline situation and the scenarios with 

NFM measures.  Flood extent maps can be found in Appendix B of the Modelling 

Report which is found in Appendix D.  

Flood outlines were created in the CAESAR-Lisflood software for the upstream 

catchments and in RHICS for the main Hull catchment. Both of these compared 

the baseline scenario with the proposals including the NFM measures.  

The results show limited difference between the baseline and NFM proposals. The 

change in the flood extent is marginally improved between baseline and the 

scenarios in the upper catchment, however the low density of properties in this 

location meant the improvements to property flood risk were negligible.   

4.5 NFM Evaluation Matrix 

4.5.1 Overview  

The results produced in task 2b showed that modelling using the 1-day rainfall 

event in C-L showed that reductions in peak flow and time delay could be 

achieved in the Arram and Watton sub-catchments at a local scale, but the benefits 

are not realised further downstream in the River Hull. Based on these findings and 
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the knowledge from task 1 that NFM can deliver multiple benefits as well as flood 

risk, an evaluation matrix was created to weight modelling results, spatial factors, 

costs, maintenance responsibilities and numerous ecosystem services. The full list 

of factors included in the matrix is explained below. Considering other factors in 

the ranking of opportunities has the potential to reduce the impact of modelling 

uncertainty. It also allows for the inclusion of other important factors into the 

analysis.  

The evaluation criteria shown in Table 2 were developed alongside HCC and 

project partners and have been designed to cover the most influential factors of 

successful NFM projects. The purpose of the criteria is to identify the highest 

ranking NFM opportunities with, theoretically, the greatest potential to yield 

success in an NFM project and identify relevant funding sources based on the 

biggest benefits likely to be achieved. The default weightings are intended to 

cover schemes with a good balance of criteria supporting NFM. Should a 

scheme’s potential for receiving funding highly depend on the reduction in flood 

risk, more emphasis can be put on the modelling weightings. The scoring 

mechanism is explained in Appendix E.  
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Table 2: NFM evaluation criteria and sub-criteria descriptions 

Evaluation 

Criteria 

Sub-criteria Description Sub-criteria 

weighting 

(initial) (%) 

Modelling 

Reduction in 

peak flows 

Based on grouped NFM category performance 

in short-duration CL modelling 
11.67 

Time delay 
Based on grouped NFM category performance 

in short-duration CL modelling 
11.67 

Site / 

Location 

Storage 

capacity 

Calculated using GIS and mapped location of 

specific features 
11.67 

Existing land 

cover/use 

CROME utilised to report the existing crop-type 

in the location of the mapped NFM features 
5.00 

Funding & 

Future 

Cost 
Based on literature review, SPONs3 estimates 

and YDRT guide for farmers in lowland area. 
7.50 

Funding 

Based on literature review of Countryside 

Stewardship funding, Woodland Grants and 

other environmental schemes 

7.50 

Maintenance 
Based on literature review (particularly WwNP 

Evidence Base) 
7.50 

Life expectancy 
Based on literature review (particularly WwNP 

Evidence Base) 
7.50 

Ecosystem 

Services 

(based on 

WwNP) 

Flood (Fluvial) 
Feature yields positive impact on fluvial flood 

peaks 
3.00 

Flood (Surface 

water or 

groundwater) 

Feature yields positive impact on surface or 

groundwater flooding 3.00 

Air Quality Feature leads to improvements to air quality 3.00 

Health Access 

Feature creates greater amenity for the public, 

thus generating improvements in terms of health 

of local population 

3.00 

Low Flows 
Intervention regulates low flows through capture 

and infiltration  
3.00 

Climate 

Regulation 

Intervention contributes to regulation of climate 

change 
3.00 

Habitat 
The feature provides amenity to locally 

important species 
3.00 

Water Quality 
Intervention has potential to capture and/or filter 

polluted flow from farm land or other sources 
3.00 

Cultural 

Activity 

Intervention has potential to bring recreational 

benefit to the public and/or a ‘sense of home’ 

from the natural environment 

3.00 

Aesthetic 

Quality 

Feature enables improvements to the local 

landscape.  
3.00 

 

 
3 SPON's Civil Engineering and Highway Works Price Book 2019. AECOM. CRC Press (2019) 
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Modelling scores are translated directly from the performance of the groups of 

NFM opportunities in each sub-catchment. Site-specific elements (i.e. the storage 

potential of the feature and the existing land cover/use) are scored depending on 

the positioning of each individual NFM feature. The scores for ‘Funding & 

Future’ and ‘Ecosystem Services’ are constant for the individual groups of NFM 

opportunities (Table 3).  

Table 3: Score for ‘Funding & Future’ and ‘Ecosystem Services’ (1 – 5: 1 being the 

worst, 5 being the best for each category) 
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Leaky Dams 3 1 5 3 4 5 1 1 2 2 3 4 1 1 

LWD 3 3 3 1 4 3 1 1 3 4 4 5 2 1 

Floodplain 

reconnection 
1 1 3 3 5 4 1 2 3 1 3 2 2 2 

Wet 

Woodland 
1 3 3 5 4 3 3 2 4 5 5 4 3 4 

Buffer Strips 5 5 5 5 2 3 2 2 1 2 2 5 2 2 

Contour 

ploughing 
5 5 4 5 1 3 2 1 1 2 2 5 2 2 

Tree 

planting 
5 5 5 3 2.5 4 4 4 3 5 5 4 4 4 

 

The NFM Evaluation Matrix uses these criteria to weight the mapped NFM 

features and their modelled results. Any criteria can be excluded from the matrix, 

depending on site specific requirements / opportunities and/or the funding sources 

being used to finance the scheme (see user interface in Figure 20). The sub-

criteria weighting can also be adjusted to give greater influence on certain criteria 

where desired. Figure 21 shows the top-five ranked interventions (by group) in the 

Watton sub-catchment, using the default weighting values in the NFM evaluation 

matrix. Where a group of interventions is shown e.g. leaky dams in Figure 21, the 

group of interventions have the same score once passed through the NFM 

Evaluation matrix.  
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Figure 20: NFM Evaluation Matrix user interface 

4.5.2 Results 

The default weightings used in the NFM evaluation matrix (shown in Table 2) 

result in a spread of NFM opportunities including tree planting, wet woodland and 

leaky dams (Figure 21).  

  

  

Figure 21: Top five interventions ranked by NFM Evaluation Matrix (Top: Watton. 

Bottom: Arram) using the default weightings in Table 2 
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Increasing the weighting focus of the modelling results (from 11.67 to 13.33%) 

and dropping the weighting for ecosystem services (from 3.00 to 2.50%) alters the 

top-five ranked opportunities to those shown in Figure 22. For the Watton sub-

catchment, leaky dams have a greater impact from a modelling perspective. This 

means that the wet woodland opportunities fall lower down in the ranks, and tree 

planting falls even further due to its much lower flood risk benefit.  

 

  

  

Figure 22: Top five interventions based on a higher weighting for modelling results and a 

lower weighting on ecosystem services (Top: Watton. Bottom: Arram) 

 

Decreasing the weighting focus of the modelling results (from 11.67 to 8.33%) 

and increasing the weighting for ecosystem services (from 3.00 to 4.00%) alters 

the top-five ranked opportunities to those shown in Figure 23. Leaky dams remain 

in the top five (by group) but move to the bottom of this ranking.  
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Figure 23: Top five interventions based on a lower weighting for modelling results and a 

higher weighting on ecosystem services (Top: Watton. Bottom: Arram) 

 

Increasing the weighting focus of the modelling results (from 11.67 to 16.67%) 

and dropping the weighting for ecosystem services (from 3.00 to 1.50%) alters the 

top-five ranked opportunities to those shown in Figure 24. This time, the only 

opportunities shown in the rankings are leaky dams due to the heavy emphasis 

placed on the modelling results compared to ecosystem services.  
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Figure 24: Top five interventions based on a higher weighting for modelling results and a 

lower weighting on ecosystem services (Top: Watton. Bottom: Arram) 

4.5.3 Benefits and limitations 

Benefits: 

• Local knowledge about catchments and specific locations are utilised to 

determine the most suitable location for NFM and the most suitable NFM 

measure by having the ability to alter variables within the matrix to 

represent results relative to the catchment/ area being studied, such as 

storage capacity. For the Watton sub-catchment, a tree planting 

opportunity is ranked as high but in a different catchment in another area, 

this value may be ranked as low. 

• Each location is unique and the effect of one NFM measure in one area 

could result in very different benefits or limitations compared to another; 

so, this evaluation matrix allows sites to be looked at in a unique and 

bespoke way to prioritise features based on the desired outcomes of a 

project; 

• The bar charts create an easy-to-understand visual representation of the 

results of the evaluation matrix without needing to understand the statistics 

behind it; 

• The evaluation matrix criteria weightings are easy and fast to change to 

efficiently test the potential effects of various different NFM measures; 
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• The reliability of modelling the impact of NFM is poorly understood so 

although modelling can provide potential scenarios, more or less weight 

can be attributed to the modelling results based on confidence in the 

modelling capabilities; 

• Despite the name of ‘natural flood management,’ flood benefits can 

sometimes only be one factor behind the selection of an intervention. The 

ability to include wider ecosystem services enables a broader assessment 

of NFM in catchment areas. 

Limitations: 

• Data inputs are limited to a pre-defined and rigid structure requiring 

careful copying and pasting of information from geographic information 

systems (GIS) attribute tables. It is recommended either an easier / more 

efficient method of transferring data from GIS is established, or the NFM 

evaluation matrix is entirely transferred to GIS; 

• The results of the evaluation matrix could present a biased justification for 

specific NFM measures that may deliver one benefit over another, for 

example air quality over flood risk, but in practicality, flood risk may be 

needed to be prioritised. 

• There are lots of different variables that make up the evaluation matrix that 

could be changed, for example reduction in peak flows and time delay, and 

for the evaluation matrix to achieve a practical representation, localised 

knowledge is required so that values can be ranked relative to a specific 

location. This could be time and resource heavy. 

4.5.4 Summary of NFM evaluation matrix  

The NFM evaluation matrix has been developed to allow those working on NFM 

projects to prioritise interventions throughout large catchment areas. Each 

intervention is weighted based on several criteria, to identify the highest ranking 

NFM opportunities with, theoretically, the greatest potential to yield success in an 

NFM project. It is also designed to help identify relevant funding sources based 

on the greatest benefits likely to be achieved. For the River Hull catchment, it has 

been useful to help determine other factors worth considering aside from flood 

risk benefits alone, raising the profile of wet woodland and tree planting 

opportunities due to the ecosystem services provided by these forms of 

intervention.  
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5 Task 3 - Costs and benefits 

5.1 FDGiA 

FDGiA is a fund that can be accessed by risk management authorities to reduce 

the risk of flooding to properties and businesses in the UK. The distribution of 

FDGiA is based on a 6-year capital programme and the current programme is 

from 2015 – 2021. After 2021, new funding guidelines will be published and it is 

worth noting that in the refresh of the current capital programme, extra 

environmental outcome measures were added and with the publication of the 

Government’s 25 year environmental plan, there could be more financial benefits 

for environmental measures achieved. This is particularly relevant to get funding 

for NFM projects that often do not achieve OM2 benefits. See Table 4 for 

definitions.  

Defra’s Flood and Coastal Resilience Partnership Funding document outlines the 

policy for ‘outcome-focused partnership approach to funding flood and coastal 

erosion risk management (May 2011)’. This sets out the basis for Flood Defence 

Grant in Aid (FDGiA) funding for flood and coastal erosion risk management 

projects.  

The approach considers the ‘performance’ of a scheme based on ‘outcome 

measures’, namely: 

- All monetised benefits arising as a result of the investment, less those 

valued under the other outcome measures (Outcome Measure 1).  

- Households moved to a lower category of flood risk (Outcome Measure 2)  

- Households better protected against coastal erosion (Outcome Measure 3) 

- Statutory environmental obligations met through flood and coastal erosion 

risk management (Outcome Measure 4). These outcome measures (OM4a-

c) and new environmental indicators (OM4d-h) have recently been 

updated in the ‘FCRM environmental performance indicators: Guidance 

for the 2018/19 capital programme refresh’  

 

Table 4: Defra outcome measures and environmental indicators. Data combined from 

‘outcome-focused partnership approach to funding flood and coastal erosion risk 

management (May 2011)’ and ‘FCRM environmental performance indicators: Guidance 

for the 2018/19 capital programme refresh’ 

Headline 

measure 

Environmental 

Performance 

Specification 

(indicator) 

Outcome 

Measure 

(OM) 

Description 

Whole life 

benefits 
- OM1 

The ratio of the whole life present value 

benefits (Pvb) to the whole life present 

value costs (Pvc) from projects in the 

FDGiA capital investment programme 
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River & Sea 

Flooding 

- OM2 

Number of households moved out of any 

flood probability category to a lower 

probability category 

- OM2b 

Of the above, households moved out of the 

very significant and significant flood risk 

categories to moderate or low 

- OM2c 

Of the above, households in the 20% most 

deprived areas moved out of the very 

significant and significant flood risk 

categories 

Coastal 

Erosion 

- OM3 
Households with reduced risk of coastal 

erosion 

- OM3b 
Of the above, those protected from loss 

within 20 years 

 OM3c 

Of the above, those in the 20% most 

deprived areas protected from loss within 

20 years 

Water 

Framework 

Directive 

Hectares of water 

dependent habitat 

created or 

improved to help 

meet the objectives 

of WFD 

OM4a 

Still reported but now covered by OM4g 

and OM4h  

Hectares of 

intertidal habitat 

created to help 

meet the objectives 

of WFD for areas 

protected under the 

EU Habitats/Birds 

Directive 

OM4b 

Still reported but now covered by OM4h  

km of river 

protected under the 

EU Habitats or 

Birds Directive 

improved to help 

meet the objectives 

of WFD 

OM4c 

Still reported but now covered by OM4f  

Kilometres of 

water body 

enhanced 

through 

FCRM 

km of WFD water 

body enhanced 

through FCRM 

OM4d 

A measure or action implemented as part 

of an FCRM scheme that helps a WFD 

water body improving towards Good 

Ecological Status (GES) or Good 

Ecological Potential (GEP)  

km water body 

opened-up to fish / 

eel passage through 

FCRM 

OM4e 

A measure or action that addresses an 

obstruction or abstraction that currently 

prevents fish and/or eel passage along a 

water body so that fish and/or eels can 

migrate beyond the obstruction/abstraction 

km of river habitat 

(including SSSI) 

enhanced through 

FCRM 

OM4f 

A measure or action implemented as part 

of a FCRM scheme that either:  

(a) Implements an identified ‘remedy’ 

agreed with Natural England as being 

FCRM’s responsibility, for a 
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component SSSI unit of a designated 

SAC, SPA and/or SSSI (as recorded in 

Natural England’s CMSi database) 

(b) Restores, improves or enhances 

(undesignated) priority habitat as a 

‘Habitat of Principal Importance’ 

under §41 of the Natural Environment 

& Rural Communities Act 2006 

Hectares of 

habitat 

enhanced 

through 

FCRM 

Ha of habitat 

(including SSSI) 

enhanced 

OM4g 

A measure or action implemented as part 

of a FCRM scheme that either:  

(a) Implements an identified ‘remedy’ 

agreed with Natural England as being 

FCRM’s responsibility, for a 

component SSSI unit of a designated 

SAC, SPA and/or SSSI (as recorded in 

Natural England’s CMSi database) 

(b) Restores, improves or enhances 

(undesignated) priority habitat as a 

‘Habitat of Principal Importance’ 

under §41 of the Natural Environment 

& Rural Communities Act 2006 

Hectares of 

habitat created 

through 

FCRM 

Creation of any 

new freshwater / 

intertidal / other 

habitat 

OM4h 

A measure or action that creates any new 

Habitats of Principal Importance (§41 of 

the Natural Environment & Rural 

Communities Act 2006) – freshwater, 

intertidal or other  

 

Whole-life benefits are compared to whole-life costs to justify whether a scheme 

is worthwhile investing, through cost-benefit analysis (CBA). Whole-life costs 

include maintenance of features, which, in the case of NFM, will be distributed 

throughout a large area. CBA has a dominant role in the prioritisation of structural 

projects and the determination of the level of protection in the UK, in contrast for 

example to the design-level approach taken in Germany (Johnson et al., 2007; 

Krieger, 2013; Turner, 2007). 

5.1.1 Estimation of benefits 

5.1.1.1 OM1 benefits  

Flood and coastal erosion risk management provides many benefits for the wider 

economy and society and it is important that risk management authorities continue 

to ensure these impacts are properly valued in accordance with HM Treasury and 

Defra appraisal policy. All such benefits arising, where not valued and paid for 

under OMs 2, 3 and 4, will be rewarded under OM1. Such benefits might include 

protection for businesses and in terms of enhancing agricultural productivity, 

ecosystem services, and avoided damages to public and private infrastructure. 

Avoided damage results from the reduced likely frequency of flooding to 

property, infrastructure or agriculture.  
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For example, farming and food production should be considered through the 

economic appraisal of damages avoided to agricultural land and productivity 

together with impacts on infrastructure and other assets which play a role in 

growing food and making it available to consumers. Similarly, the value of 

damages avoided to other business premises, impacts on community infrastructure 

and ecosystems should continue to be assessed and valued through project 

appraisal. Payments under OM1 recognise the value of these benefits to the wider 

community as well as to the individual parties concerned. 

5.1.1.2 OM3 benefits 

OM3 benefits are not considered by this study.  

5.1.1.3 OM2 – Properties benefiting from river and sea flooding 

Based on the FDGiA guidance above, outcome measure 1 and 2 require an 

assessment of the number of properties removed/moved from one flood risk band 

to a lower band as a result of a flood risk management project. Therefore, an 

assessment has been made of the number of properties benefitting from the NFM 

by comparing the flood extent for the defended fluvial model with no NFM 

measures (baseline case), compared to the flood extents for the same area using 

modelling of NFM measures. The modelling showed that there is potential for 2 

properties to be removed from flood risk for the 2% AEP event from 

implementing NFM measures. The property count was done across the entire 

River Hull catchment, including Watton and Arram catchments. The changes to 

the flood extent in the urbanised areas in the centre of Hull were negligible. The 

flood extent changes can be seen in the upper catchments where there are limited 

numbers of properties. Flood extents can be seen in the modelling report in 

Appendix D.  

5.1.1.4 OM4 – Water Framework Directive 

Based on the results from this study, the OM4’s that would be most likely to be 

achieved by implementing NFM in the River Hull catchment include:  

Table 5: OM’s likely to be achieved by implementing NFM based on modelling of River 

Hull sub-catchments 

NFM measure OM4 addressed 

a b c d e f g h 

Leaky dams    x  x x x 

LWD x     x  x 

Wet woodland x   x  x x x 

Tree planting       x x 

Contour ploughing    x     

Buffer strips x   x  x x x 

Floodplain reconnection x   x  x x x 
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Based on the current criteria of FDGiA funding; wet woodland, buffer strips and 

floodplain reconnection show the greatest potential to gain funding. This is 

consistent with the modelling, which showed leaky dams to provide the biggest 

reduction to peak flows and the longest time delays. It should be highlighted that 

for the modelling in the River Hull catchment, leaky dams were constructed 

across fields rather than within watercourses, which explains why floodplain 

reconnection opportunities exhibit more OM4 benefits than leaky dams (Table 5).  

• OM4a could be achieved through the installation of all modelled NFM 

measures except for leaky dams, tree planting and contour ploughing. The 

extent of hectare coverage would depend on specific sites. 

• OM4b would not be achieved because the NFM interventions being studies 

are out of the tidal range influence of the Humber Estuary.  

• OM4c would also not be achieved because the study area does not contain 

protected rivers under the EU habitats and Birds Directive. 

• OM4d could be achieved if the section of watercourse affected by NFM 

implementation requires improvement according to WFD water body status, 

and the NFM measure would need to specifically address the reason for 

improvement required. For instance, if a WFD reason for failure was due to 

high sediment and pollutant load from surrounding agriculture, it could be 

argued that leaky dams can store a certain percentage of sediment depending 

on placement throughout a catchment.  

• OM4e is unlikely to be achieved as the NFM interventions modelled in this 

study do not address the removal of barriers or the installation of fish/ eel 

passes. 

• OM4f and OM4g could be achieved if the NFM interventions benefit SSSIs in 

the catchment, including Leven Canal, River Hull Headwaters and Pulfin Bog, 

or the chalk streams, for example in the River Hull Headwaters or tributaries 

of Watton Beck.  

• OM4h could be achieved by consulting the catchment biodiversity action plan 

and identifying ‘habitats of principal importance’, which include several types 

of woodland, hedgerows, and arable field margins. 

The benefits of implementing NFM in the River Hull catchment are not limited to 

the OM’s defined above. There are also wider benefits especially related to 

improving soil health of agricultural land, which increases water storage capacity 

and carbon capture and storage, which could be achieved through measures, such 

as contour ploughing, buffer strips and tree planting. Furthermore, the chalk 

landscape also presents opportunities as well limitations. For instance, the 

preservation of chalk streams could be achieved through implementing NFM 

measures, such as leaky dams designed to hold water for recharging aquifers. 

Taking these OMs into account highlights the need to look at implementing NFM 

holistically while considering more than just flood risk. Based on this information, 

it is a fair determination that NFM is unlikely to be funded using FDGiA based 

solely on delivering OM2 outputs, but that NFM will be delivered through OM1, 

OM4 and partnership funding from other organisations or through alternative 

funding sources. 
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5.2 Alternative funding routes 

Arguably, it is easier to perform a CBA for a structural than a NFM intervention; 

engineering hydrology is well established and has been successfully applied over 

many decades and the performance of the intervention must be assessed over 

typically a short reach. However, it has been questioned as to whether the CBA 

approach is fair, as it does not target those that are most vulnerable to flooding or 

provide assistance  to small settlements, that will never justify large capital 

investment (Johnson et al., 2007).  

Whole-life benefits also need to account for wider ecosystem services provided 

through NFM measures. Creation of habitat, settlement of sediment, 

improvements to water quality and sequestration of carbon, all contribute to a 

more resilient landscape and have the potential to unlock funding from 

downstream beneficiaries (Green Alliance, 2017). Recent publications from the 

Green Alliance on ‘New Markets for Land and Nature’ and ‘Natural Infrastructure 

Schemes in Practice’ as well as Defra publications on Payments for Ecosystem 

Services, and the Future Flood Prevention report (EFRA, 2016), all reference new 

mechanisms of funding land management and land use change for the delivery of 

benefits to receptors.  

Given that the scheme is unlikely to derive significant benefits based on the 

FDGiA assessment of benefit assessment, alternative funding sources need to be 

considered which take into account the wider ecosystem services which can be 

attributed to the NFM measures considered. The non-FCRM benefits of each 

NFM measure were discussed in Section 3.1 and are summarised below: 

▪ Air quality; 

▪ Health access; 

▪ Low flows; 

▪ Climate regulation; 

▪ Habitat; 

▪ Water quality;  

▪ Cultural activity;  

▪ Aesthetic quality.  

The benefits associated with the NFM measures outlined for the River Hull 

catchment are in line with the recently released HM Government 25 Year 

Environment Plan 2018, where we are encouraged to ‘replenish depleted soil, 

plant trees, support wetlands and peatlands, rid seas and rivers of rubbish, reduce 

greenhouse gas emissions, cleanse the air of pollutants, develop cleaner, 

sustainable energy and protect threatened species and habitats.’ Therefore, 

alternative funding streams must be sought to help comply with the Government’s 

forward vision.  

Existing alternative funding routes include: 

• Countryside stewardship and/or the future Environmental Land Management 

Scheme (ELMs): These initiatives focuses on providing “public money for 

public goods”. Countryside Stewardship facilitates specific payments for land-

based interventions meeting pre-defined criteria. This includes ‘making space 
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for water’ which areas “where removal of bank protection, flood banks and 

other structures that limit river movement, will result in the river being able to 

move freely across the floodplain and enable low energy, natural temporary 

flooding” paying £640 per hectare over 20 years. Capital grants are also 

available for ‘small leaky wooden dams’ (LWD) funding £461.39 per 

structure. While these directly link with measures identified in this report, 

unfortunately, most options supporting NFM are limited to higher tier 

stewardship (see Figure 21 in Appendix A for the spread of current 

stewardship schemes in the River Hull catchment).  

• Woodlands trust grants: The Woodland Trust provides funding for large-scale 

tree planting through, for example, the ‘MOREwoods’ scheme. This scheme 

will help design the most appropriate species mix, based on the location of the 

proposed woodland, and will contribute up to 75% (85% in the Northern 

Forest area) of the cost if the landowner themselves plants the trees or 60% 

(70% in the Northern Forest area) if a contractor is used. The minimum size of 

land is 0.5 hectares and a minimum of 500 trees is required to receive funding.  

• Woodland carbon code: The woodland carbon code sets out robust 

requirements for voluntary carbon sequestration projects that incorporate core 

principles of good carbon management as part of sustainable forest 

management4. Landowners and their successors in title must commit to a 

permanent change of land use to woodland, meeting national forestry 

standards. Once the woodland scheme is accredited, the landowner receives 

payment through Carbon credits from private investors.  

• Local levy: As well as the central government funding there are a number of 

other funding sources for FCERM. These include a levy on local authorities 

(local levy) raised by the EA5. EA levies are subject to approval of the 

relevant Regional Flood and Coastal Committee (RFCC). RFCCs are 

composed of a chair appointed by the Secretary of State, a majority of 

members appointed by LLFAs and independent members with relevant 

experience appointed by the EA. Their roles are to ensure that there are 

coherent plans for managing flood and coastal erosion risks across catchments 

and shorelines; encourage efficient, targeted and risk-based investment; and to 

provide a link between the EA, LLFAs, and other relevant bodies to build 

understanding of flood and coastal erosion risks in their regions. Local levy 

funding can be accessed through application to the RFCC.  

• Local Enterprise Partnership funding: Local Enterprise Partnerships are 

business-led partnerships between the private and public sector, designed to 

support and promote growth in economic areas defined by local business 

interests and local government, and agreed with central Government. 

• Rural development programme: The Rural Development Programme for 

England provides money for projects to increase agricultural productivity 

(farming and forestry), improve the environment and grow the rural economy.  

 
4 Woodland Carbon Code (2018). Woodland Carbon Code: Requirements for voluntary carbon 

sequestration projects Version 2.0, March 2018. Crown Copyright 2018. 
5 Defra (2018). Central Government Funding for Flood and Coastal Erosion Risk Management in 

England, October 2018. Department for Environment Food & Rural Affairs 



  

Hull City Council River Hull Natural Flood Management Study 
Synthesis Report 

 

  | Final | 8 June 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\REP-002 - SYNTHESIS REPORT\2020-06-08 - UPDATE\REP-002 - SYNTHESIS 

REPORT - ISSUE 08-06-2020.DOCX 

Page 56 

 

• National Lottery Heritage Fund: Funding a broad range of projects that 

connect people to the national, regional and local heritage of the UK. This 

includes works to improve habitats or conserve species, as well as helping 

people to connect to nature in their daily lives, and large-scale rural projects 

that help improve landscapes for people and nature, by for example, restoring 

habitats and celebrating the cultural traditions of the land. 

• Endangered Landscapes Programme funding: This funding “aims to restore 

natural ecological processes, populations and habitats for a better and more 

sustainable future.” These grants fund teams implementing projects in Europe 

where the aim is to create areas that are rich in biodiversity and resilient to 

environmental change (such as flooding). Grants mainly support projects 

where teams are already established, plans developed and agreements have 

been reached among stakeholders, but where an injection of funding is needed 

to allow the project to proceed6. Grants are typically in the range of $1- $5M 

and have a maximum duration of five years. Application is by invitation only. 

• Section 106 biodiversity offsetting funding: Biodiversity offsets are 

conservation activities designed to deliver biodiversity benefits in 

compensation for losses, in a measurable way.  Where the accounting exercise 

for a new development shows there is an unavoidable residual loss of habitat 

this can be compensated for off-site at a nearby location (ideally within 1km 

of the habitat loss site) via a conservation credit purchase, which is a 

necessary requirement of receiving planning permission.  

Taking a wider perspective, there are issues of governance, specifically regarding 

promoting farmer uptake and the continued upkeep of the features, including the 

removal of sedimentation – though this could also be an opportunity; helping 

reduce fine sediment and nutrient transport in water bodies with WFD reasons for 

failure associated with these issues. With regard to large woody debris, the 

lifespan of the features is estimated to be in the range of 5 to 15 years, barring 

failure (Frissell and Nawa, 1992). In the UK grants are available for works to 

reduce agricultural diffuse pollution to achieve the aims of the Water Framework 

Directive, which have the potential to be tied to the wider benefits of RAFs 

(Barber & Quinn, 2012; POST, 2014). In England, there has been movement, 

through Countryside Stewardship, to enable funding of measures that inundate 

fields, store small amounts of water in temporary storage ponds and even the 

creation of large woody debris dams (Natural England, 2017). However, the 

funding is associated with Higher Level Stewardship (HLS), the priority of which 

does not always align with NFM in catchment headwaters. Legislation in 

England, published in April 2018, sets out new rules for farmers and land 

managers to prevent water pollution, which may provide a mechanism for 

targeting flood risk and water quality in a more mutually beneficial way. 

Uncertainty shrouds the future of agri-environment schemes, however at the time 

of writing, the government has committed to commencement of the tests and trials 

for the new Environmental Land Management system (ELMs), with pilots 

planned to run from 2021. Defra’s ambition is for 1,250 businesses to enter the 

ELMs pilot scheme in 2021, building to 15,000 by the end of the pilots in 2024. 

 
6 Endangered Landscapes Programme (2017). Vision: “Restoring landscapes for Life”, September 

2017.  
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The ELMs will replace the Basic Payment Scheme and Countryside Stewardship 

funding and its rollout is planned from 2025-2027. The implementation of the 

River Hull NFM report recommendations could potentially be combined with 

other land management restoration proposals locally, to create an ELMs pilot 

scheme. 

For maximum benefit a whole catchment approach would be necessary, with 

issues need addressing with regards to either the sacrifice of land to non-

productive use, or use it in ways that are non-flood-critical, especially in more 

productive lowland areas (Hendry, 2008).  For progress to be possible in NFM, 

there needs to be a mechanism of paying farmers and landowners to deliver and 

maintain features on their own land.  

 

5.2.1 Estimation of costs 

Cost estimates were produced as part of the economic assessment using relevant 

information from the Environment Agency’s ‘Cost estimation for land use and 

run-off – summary of evidence,’7 other literature and SPON’s Civil Engineering 

and Highways Pricing Book 20178.  The mapped opportunities for the Arram and 

Watton sub-catchments were considered in this analysis. It is assumed that Leaky 

Dam features have the potential to be constructed using either a soil bund (a 

cheaper structure) or a timber leaky dam (a more expensive structure, which uses 

a negligible footprint and requires no soil for construction) (Figure 25). The 

derivation of the costs for construction and maintenance are detailed below.  

 

©Newcastle University 

 

©Newcastle University 

Figure 25: Soil leaky dam (left); timber leaky dam (right) 

 

Table 6 shows the typical cost per unit based on the interventions considered. As 

discussed above, the Leaky Dams were assumed to be either a soil bund 

construction with a 30m long, 1.5m high embankment with 1:3 side slopes (1m 

vertical to 3m horizontal) and a crest width of 1m (lower estimate in Table 6), or a 

timber leaky structure constructed of 30m of hard wood beams (1500 x 150 x 75 

mm) buried 0.5m into the earth, and reaching a height of 1m above ground level 

 
7 Environment Agency (2015) Cost estimation for land use and run-off – summary of evidence 
8 SPON Press (2017) Civil Engineering and Highway Works Price Book, edited by AECOM. 
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(upper estimate in Table 6). The unit costs of Leaky Dam structures were 

estimated using SPON’s Civil Engineering and Highways Pricing Book 20178. 

All other costs were derived and adapted using the Environment Agency’s ‘Cost 

estimation for land use and run-off – summary of evidence’7.  

Table 6: Interventions and cost ranges per unit  

Intervention Lower estimate Upper Estimate 

Leaky Dam £5,050 each (based on soil 

embankment) 

£7,240 each (based on timber 

leaky dam) 

Large woody debris £400 each £750 each 

Contour ploughing £3 per ha £5 per ha 

Tree planting £2,300 per ha £3,805 per ha 

Wet woodland £2,300 per ha £3,805 per ha 

Floodplain reconnection £10,000 per ha £15,000 per ha 

Buffer strips £32 per ha £50 per ha 

 

Table 7 shows the lower and upper cost estimates by intervention for the Watton 

sub-catchment. To derive the lower and upper totals for each intervention, the 

lower and upper estimates from Table 6 are simply multiplied by the amount of 

mapped interventions. For Leaky Dams, however, the upper total cost assumes 

half of the interventions are made of soil embankments and half from timber (see 

Figure 25). This means the upper total for Leaky Dams is actually based on the 

average of the lower and upper estimates from Table 6.  

Table 7: Cost estimates based on mapped interventions in the Watton sub-catchment 

Intervention Quantity Lower estimate Upper estimate 

Leaky Dam 143 interventions £722,300 £878,717 

Large woody debris 69 interventions £27,600 £51,750 

Contour ploughing 448 ha £1,344 £2,240 

Tree planting 16.5 ha £37,950 £62,783 

Wet woodland 8 ha £18,630 £30,821 

Floodplain reconnection 18 ha £179,880 £269,820 

Buffer strips 17.5 ha £560 £875 

TOTAL - £988,264 £1,297,005 

 

Table 8 shows the lower and upper cost estimates by intervention for the Arram 

sub-catchment. 

Table 8: Cost estimates based on mapped interventions in the Arram sub-catchment 

Intervention Quantity Lower estimate Upper estimate 

Leaky Dam 503 interventions £2,540,678 £3,090,872 
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Large woody debris 322 interventions £128,800 £241,500 

Contour ploughing 1,072 ha £3,216 £5,360 

Tree planting 69 ha £158,700 £262,545 

Wet woodland 39 ha £89,700 £148,395 

Floodplain reconnection 47 ha £469,687 £704,530 

Buffer strips 41 ha £1,312 £2,050 

TOTAL - £3,392,093 £4,455,252 

 

The cost estimates assume that civil engineering and agricultural contractors will 

deliver the works. Theoretically, a proportion of these interventions could be 

delivered using a volunteer workforce, or by landowners/farmers through the 

provision of some technical information. No allowance has been made for 

mobilisation costs, present value maintenance costs or optimism bias. These 

additional costs could be significant, depending on ‘ownership’ of the NFM assets 

and the desired design-life of the scheme. For instance, some features may need to 

be replaced periodically (e.g. LWD dams (assumed every 7-years) and hard wood 

timber leaky dams (assumed every 33-years)) and a yearly maintenance fee for 

checking features aren’t blocked or silted-up (assumed as £2,500 per 10km2, 

based on a trial performed by the Environment Agency North East Region in 

Belford, Northumberland). With these additional elements included in the cost 

estimate, assuming a 30-year design-life, the total costs are essentially doubled.  

 

5.3 Delivery mechanisms for NFM 

5.3.1 Planned work in the River Hull catchment 

There are a number of partnership schemes are ongoing and planned in the River 

Hull catchment that consider the chalk nature of the catchment (Chalkshire); this 

includes the historic nature, habitat restoration and groundwater, which all have 

flood risk in common either directly or indirectly. This is not an exhaustive list 

but some examples of projects within the River Hull catchment that are / could 

incorporate NFM measures into the catchment: 

• Frodingham Beck (Old Howe sub-catchment) – habitat restoration and 

chalk stream works, re-meanders, weir removal, bank re-profiling, which 

will deliver catchment sensitive farming (CSF) and biodiversity gain; 

• Driffield Trout Stream (DTS sub-catchment) – CSF, habitat connectivity 

and re-establishment of historic feature, such as meanders and ponds; 

• Elmswell Beck (Driffield Beck sub-catchment) – habitat restoration 

programme; 

• West Beck (River Hull Headwaters SSSI Main River) – habitat restoration 

and creation at Skerne wetlands site. 
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These projects involve partnership working between East Yorkshire Rivers Trust, 

YWT, NE, EA, CSF, landowners and a local fishing club. 

5.3.2 Next steps 

The modelling presented in this study has demonstrated that NFM has the 

potential to have local benefits in terms of flood peak reduction, increased time 

delay to reach flood peak, and ecological and social benefits. It is therefore 

recommended to consider the use of NFM in order to achieve these other benefits. 

Collaborative working could be considered to achieve these NFM features to 

unlock additional sources of funding and to deliver projects using volunteers for 

example the Yorkshire Water sustainable futures programme; involving students 

from local schools.  

Whilst hydraulic modelling has not been able to demonstrate that there are 

significant benefits from NFM downstream in the River Hull catchment, the 

approach utilised has given useful results. It is therefore suggested that the 

modelling approach could be transferable to other catchments in other areas, 

which could be useful given the uncertainties with ‘upscaling’ NFM models9. C-L 

has shown to be effective at modelling low frequency events and providing 

localised benefits.  

Within the River Hull catchment rationalisation of existing pump station regimes 

and upper catchment storage through the introduction of flood meadows and 

modification of pump rules may further improve downstream peak water 

elevations across both short and long duration events. By harnessing smart water 

infrastructure, a series of predetermined pumping regimes could reference active 

depth gauges within the River Hull, responding by reducing or stopping pumping 

at observed trigger levels. Further investigation of floodplain-reconnection 

upstream of pumping stations should be investigated within the RHICS model 

pump operation rules though engagement with the EA, landowners and the 

internal drainage board.  

5.3.3 Recommendations  

This study makes the following recommendations: 

• before any works are planned in the Watton or Arram sub-catchments, the 

opportunity maps presented in this study are consulted to achieve maximum 

environmental and flood risk benefits; 

• field leaky dams be prioritised in the Watton and Arram sub-catchments to 

deliver localised flood risk benefits and other ecosystem benefits, and the 

installation of corner field leaky dams be explored in more detail to minimise 

disruption to current land use practices; 

• as the Chalkshire initiative developments, WwNP/ NFM are considered to be 

implemented to complement environmental projects; 

 
9 Dadson et al., 2017. A restatement of the natural science concerning catchment-based ‘natural’ 

flood management in the UK. The Royal Society Publishing. February 2017.  
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• a new NFM project officer role to work specifically in the River Hull 

catchment could greatly aid the development and delivery of multi-benefit 

environmental schemes in the area by using the opportunity maps and the 

NFM evaluation matrix presented in this study; 

• the NFM evaluation matrix be explored in more detail to make it user friendly 

and to be open source for wide use;  

• the Living with Water (www.livingwithwater.co.uk) partnership is engaged 

and utilised to spread the message of the benefits of NFM to landowners, for 

example using the recently awarded Pathfinder funding from the EA to build a 

flood resilience community hub and to deliver learning workshops; 

• Include sites in the River Hull catchment in the Yorkshire Water Sustainable 

Landscapes Scheme to promote responsible and sustainable land management 

practices that indirectly benefit the environment and help mitigate flooding 

and climate change; 

• Links between NFM interventions and future ELMs pilot funding 

opportunities should be pro-actively explored with Natural England. 

 

http://www.livingwithwater.co.uk/
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6 Conclusions 

This project has sought to understand the impact of implementing NFM measures 

in the upper sub-catchments of the River Hull catchment in order to reduce the 

peak flow and/or increase time delay to peak flows along the River Hull, and 

consequently measure the potential benefits NFM could have on reducing 

flooding in Hull City Centre.  

The project selected two sub-catchments, Arram and Watton, which were 

considered appropriate for implementation of NFM measures based on overland 

flow modelling, site visits and desk study. Appropriate NFM measures were 

selected for each of these catchments and these were modelled in a C-L model to 

produce hydrographs for input into the RHICS model.  

The RHICS model was run for the interventions which were considered to provide 

the greatest benefits: ‘all NFM’ scenario and Leaky Dams upper and middle 

catchment typologies. These were modelled for long (3-day) and short (1-day) 

rainfall events to determine the benefits in terms of reduction in peak flow rate, 

delay in hydrograph peak and reduction in flood extents.  

The modelling showed that there were benefits for both the ‘all NFM’ and the 

Leaky Dams upper and middle catchment typologies scenarios in the local 

catchment where they were placed, however this benefit had diminished by the 

time the flow reached the centre of Hull. This is considered to be a result of the 

nature of the system itself which is reliant on a number of pumps and tidally 

influenced.  

Additional benefits to NFM have been noted including ecological and social 

benefits, however at the present time given the constraints of the current 

modelling it is not possible to demonstrate benefits based on the FDGiA funding 

path to secure funding, so partnership finding using alternative funding sources 

will be essential to be able to deliver NFM projects.  

It may be possible to demonstrate further benefits from NFM in shorter duration 

events; however extensive work would be required to the RHICS model in order 

to adjust all of the flows to match the shorter duration event.  

An evaluation matrix has been developed to assist the user in weighting the 

importance of a number of factors when assessing the benefits of NFM, it is 

thought this evaluation matrix, with minor alterations, could be applied to other 

schemes in the future.  

The modelling has concluded that NFM has the potential to reduce the flood peak 

and delay the hydrograph at a local scale (sub-catchment level) rather that 

downstream in the River Hull. Given that the main River Hull catchment is 

heavily modified, pumped and in a lowland typology, it is unlikely that NFM 

would be able to deliver flood risk benefits to the city of Hull.     
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1 Introduction 

1.1 Study objectives 
This study seeks to provide an evidence base to demonstrate the extent to which 
Natural Flood Management (NFM) measures could reduce and attenuate peak 
flows along the River Hull, and in particular at the point where the River Hull 
crosses the Hull City Council boundary to the north of the city. 

 
Figure 1. Overview of Hull catchment 

1.2 Objectives of this report  
This report summarizes the method and results for Task 1 of this project, and sets 
out the revised method and deliverables for the remainder of the project (Tasks 2 
and 3). 
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We have revised and updated the initial methodology and deliverable outputs for 
this project through consultation with our client, Hull City Council, the University 
of Hull, and the wider project team.  

1.3 Catchment overview 
The River Hull is fed by a number of springs and becks within the Yorkshire Wolds, 
which join together south of the town of Driffield in the East Riding of Yorkshire. 
The river flows through open countryside before it skirts past the eastern edge of 
the town of Beverley and reaches Kingston upon Hull. It flows through the centre 
of the heavily populated and industrial area of the city, before joining the Humber 
Estuary near to The Deep (aquarium) and the Tidal Surge Barrier. 

In general, the River Hull system can be split into two main sections - the River 
Hull headwaters where the catchment generally drains into the river;  and the (two 
level) Lower River Hull system where the “high level system” is the main river into 
which the headwaters flow and are carried across the coastal flood plain within an 
embanked channel, whilst the “low level system” is formed predominantly by the 
artificial agricultural drainage network. Flows are transferred from the low level 
system to the high level system via Wilfholme, Waterside and Hempholme 
pumping stations. This managed pumping regime regulates water levels in the 
drains, whilst also influencing flow in the River Hull itself. The Hull Tidal Surge 
Barrier, located at the mouth of the River Hull, was designed to stop storm tides 
from the Humber Estuary entering into the river system and overtopping defences 
along the River Hull. It is currently (2018) operated on average 6 times per year, 
and this frequency is expected to increase as and when forecasts of expected climate 
change are realised. 
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2 Task 1 - Initial identification of NFM 
measures  

2.1 NFM opportunities 
To gain a better understanding of the catchment, a desk based assessment was 
undertaken of available datasets including contemporary maps, topographic 
information, the National Receptor Dataset (NRD), modelled flood outlines, flood 
zone maps, open-source land cover data (Corine, 2012) and other datasets provided 
by the client. This data has enabled a better, qualitative understanding of the 
catchment system and how it may respond to different forms and scales of NFM 
interventions.  

The River Hull Integrated Catchment Strategy (RHICS) model does not cover the 
whole extent of the study site as seen in Figure 2. Therefore, Flood Zone 3 map 
which covers the whole catchment was used for consistency to identify 
communities at risk of flooding. National Receptor Dataset (NRD) showing 
residential and non-residential properties at risk of flooding on the flood zone 3 (1 
in 100 year) map is presented in Figure 3. Results indicate that most properties at 
risk are in the city of Hull and surrounding urban areas, and further upstream in the 
settlements between Hull and Driffield.  

The desk study was informed by the team’s understanding of the receptors 
vulnerable to flood risk and mechanisms of flood risk, which will be necessary for 
determining the most appropriate solution in various positions in the catchment.  

In addition, Working with Natural Processes (WwNP) national opportunity map 
outputs, literature reviews, case studies and one-page summaries were reviewed 
alongside the desk study components of this project to ensure the most appropriate 
measures are chosen for the catchment, and in the best locations. 
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Figure 2. Model RHICS boundaries 
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Figure 3. National Receptor Data in Flood Zone 3 for Hull catchment 
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Figure 4. WwNP Opportunity Mapping for Hull catchment 
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Figure 5. Bedrock geology for Hull catchment 
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Figure 6. Superficial geology for Hull catchment 
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The WwNP spatial datasets1 were consulted to assess whether proposed solutions 
fit well with site specific issues e.g. groundwater, pumping and abstraction 
regimes, or constraints of land ownership and designation of land).  

The River Hull catchment provides unique challenges due to the flat topography 
and underlying chalk geology which covers most of the catchment, apart from a 
small area in the S-W (Figure 5). In the lowlands, the superficial deposits are 
mainly clay and diamicton characterised by poor permeability (Figure 6). These 
unique characteristics create pressures between the need for agricultural drainage 
and management of multiple downstream flood sources. 

In chalk soils, found in the upper reaches of the River Hull catchment, a high 
proportion of rainfall will infiltrate, due to their permeable nature (Figure 7). The 
time to return to normal levels after a major recharge event is longer and when 
flooding occurs, the slow recession can lead to long duration flooding events. For 
NFM to be effective in reducing flood risk in chalk soils, features need to be 
located in the right topographical setting and ‘the right measure at the right place’.  

Chalk soils allow greater rates of infiltration and recharge into the bedrock and 
groundwater system. As a result, the NFM features will drain quicker between 
rainfall events, freeing up storage before the next rainfall event.  

 
Figure 7. Influence of permeability on NFM storage capacity1 

                                                 
1 Environment Agency (2017). Mapping Potential for Working with Natural Processes research 
project (SC150005) 
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For the Hull catchment, the WwNP dataset indicates a large degree of 
afforestation, either riparian, floodplain or wider catchment woodland potential. 
The efficacy of afforestation options to reduce flooding in chalk dominated 
catchments is not fully understood. Furthermore, research from Forestry 
Commission2 suggests that special care need to be given to which species of 
woodland are planted as not all woodland thrives in chalk environments. Areas 
with floodplain reconnection potential have also been suggested in lowland areas. 
The proposed new woodland would cover more than 50% of the catchment, 
located mainly in the lowland areas known for good quality soils cultivated for 
agricultural use. Consequently, this approach is unlikely to have support from 
farmers and stakeholders in the area, except for riparian woodland limited to the 
river corridor. 

Other measures identified include Runoff Attenuation Features (RAFs), which 
refer to small scale offline storage areas. A total of 10,000 RAFs for 3.3% AEP 
have been identified in the WwNP national opportunity maps throughout the 
catchment. Increasing water storage is a viable option in Hull catchment. Use of 
RAFs will be further assessed in Task 2 of this study.  

The assessment indicates that the underlying characteristics of Hull catchment are 
poorly considered in the WwNP national opportunity mapping. Whilst RAF 
options and riparian woodland are considered viable options, extensive 
afforestation in the middle and lowland catchment is highly unlikely to be a 
popular option. Therefore, bespoke NFM measures which consider the uniqueness 
of the Hull catchment are recommended. 

Four broad areas have been identified in the Hull catchment which influence the 
type of NFM measures that could be implemented (Figure 8):  

a) the upper catchment in North, West and South-West with naturally draining 
river network though still influenced by the underlying chalk bedrock; 

b) middle catchment in North, West and South-West where the gradient drops; 
tributaries’ headwaters drain towards River Hull, influenced by the chalk 
bedrock; 

c) lowland catchment occupying the centre and East area, which is very flat and 
has been extensively drained, mostly pumped, with floodplains disconnected 
from the River Hull; area underlain by impermeable clay on chalk bedrock; 
and 

d) urbanised area mostly in the southern section of the catchment. 

                                                 
2 Wood R. F., Nimmo M. (1962). Chalk Downland Afforestation, Forestry Commission Bulletin, 
No 34 
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Figure 8. Catchment typologies and DEM in Hull catchment 

The suitability of different NFM options on these catchment typologies is 
discussed in Section 2.3.  

2.2 Existing flood risk 
The River Hull catchment is susceptible to flooding from a range of sources (tidal, 
fluvial, surface water, sewer and groundwater) and the interactions between the 
different sources and the bodies who govern them are complex. Numerous flood 
modelling assessments have been undertaken within the catchment for various 
purposes. The River Hull Integrated Catchment Strategy (RHICS) aims to provide 
a long-term, multi-agency plan to manage flood risk from multiple sources within 
the River Hull catchment. The RHICS Report3 (May 2016) uses a fluvial-only 

                                                 
3 River Hull Integrated Catchment Strategy (RHICS) Report, http://www2.eastriding.gov.uk/council/plans-
and-policies/other-plans-and-policies-information/flood-risk/flood-risk-strategy/ 
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model, and an integrated fluvial-surface water model to understand flood risk in 
the catchment. 

Figure 9 shows the present day predicted flood risk from the fluvial-only RHICS 
model. The fluvial-only model predicts significant (>0.5m) depths of inundation 
at the following locations: 

• At the confluence of the Crofts Drain with the Holderness Drain;  
• Beyond the southern bank of Bowlams Dike (a tributary of the Monk 

Dike);  
• Within the Eske Wetland area, which is contained by high-flow 

embankments on the eastern edge of the wetland;  
• Largely agricultural land beyond the western bank of the Beverley & 

Barmston Drain, both north and south of Watton Beck;  
• Within the old course of the River Hull near Rotsea;  
• Between the Driffield Canal and River Hull near Brigham Ings; and  
• Beyond the south bank of the Mickley Dike near King’s Oxgang.  

 

 

Figure 9. Fluvial flood risk in the River Hull catchment as presented in the RHICS report.  

The final RHICS optioneering model incorporated sewer network components to 
the fluvial model, and applied a hybrid of Yorkshire Water defined sub-
catchments in the urban areas and direct rainfall to the remaining pervious areas. 
Fluvial inflows were reduced by the areas of the sub-catchments in the town.  

For the integrated modelling, design events of two different durations were 
considered for each return period:  
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• A 75 hr duration design event, representing the critical event duration with 
respect to fluvial flood risk;  

• A 10 hr duration design event, representing the critical event duration with 
respect to network flood risk, noting that the integrated model includes 
surface and combined sewer networks. 

Predicted flooding for the 75-hour event essentially mimicked the fluvial-only 
predictions, with some alteration due to reductions in fluvial inflows. However, 
network flooding is more extensive for the 10- hour event, as higher peak rainfall 
excess intensities exceed the abilities of individual sewer pipes, network branches 
and/or pumping stations to either store or conduct the drainage they receive.  

Surface water flooding and network flooding is spatially discontinuous, occurring 
in countless small patches throughout the area and in isolated topographic 
depressions. However, larger patches of flooding are predicted in some areas:  

• West of the railway embankment, from Gengs in the north to Willerby 
Road in West Hull  

• Immediately south of this, around Anlaby Road, west of Calvert Lane  
Linear pluvial flood traces within topographic depressions, representing minor 
land drainage channels not explicitly represented in the fluvial model, particularly 
in the vicinity of Skidby.  

Figure 10 shows the predicted the predicted flood risk from the 10 hour integrated 
RHICS model. On comparison with Figure 9, it can be observed that he integrated 
model predicts significantly more flooding in the lower catchment including the 
city of Hull. The integrated model results provide a more realistic representation 
of past flood events affecting the catchment, and future flooding predicted by 
multiple hydraulic modelling studies.  

 
Figure 10. Flood risk from the 10 hour integrated RHICS model 
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2.3 Focus areas for strategic modelling 
Coarse mapping was undertaken to identify typologies throughout the catchment 
and where feasible NFM measures could be located. The broad areas of 
consideration of NFM and the types of features/land cover change that aim to 
achieve downstream benefits were highlighted to inform the Strategic Modelling 
in Task 2.  

Four broad areas have been identified in the catchment (Figure 11):  

• the upper catchment (North, West and South-West areas of the River Hull 
catchment);  

• the middle catchment (North, West and South-West areas of the River Hull 
catchment); 

• the lowland catchment (centre and East areas of the River Hull catchment); 
and 

• the urbanised area (mostly in the southern section of the River Hull 
catchment). 
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Figure 11. Catchment typologies and river network in Hull catchment  



  

Hull City Council River Hull NFM Study 
Methodology and Outputs Report 

 

REP/001 | Issue | 18 July 2018  
\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\REP-002 - SYNTHESIS REPORT\APPENDICES\APPENDIX A - STAGE 1 
REPORT\REP-001 - METHODOLOGY AND OUTPUTS REPORT - V5 - APPENDIX VERSION.DOCX 

Page A16 
 

 
Figure 12. CORINE land use map for Hull catchment 
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2.3.1 Upper Catchment 
The land use in the upstream catchment is mostly arable with small areas of 
woodland and pastures (Figure 12). The aquifer is predominantly chalk and 
includes chalk streams draining into downstream main river reaches. This area 
provides opportunities for capturing and slowing down the flow before it enters 
the river network. Feasible NFM measures include RAFs, riparian woodland, 
buffer strips and contour planting. RAF features provide additional capacity to 
store flows in the upper catchment during rainfall events. Potential locations for a 
large number of RAFs features have been identified by WwNP opportunity 
mapping. These locations will be assessed at the next stage. Riparian woodland, 
buffer strips and contour planting encourage higher roughness and create a barrier 
slowing down the flow. There is limited potential for large woody debris (LWD) 
as there is a limited area of woodland in the upper reaches of Hull catchment 
outside of the SSSI designated areas (see Figure 13).  

   
Figure 13. Woodland areas in the upper Hull catchment  

2.3.2 Middle catchment 
The middle catchment has similar land use, dominated by arable land with 
pastures and pockets of urbanized areas. The tributaries drain from the upper 
reaches into this flatter area and into the River Hull. The gradient is much gentler 
and tributaries formalize into streams draining towards the lower area of the 
catchment. There is potential to trap flows in this part of the catchment and create 
large storage areas, reducing the flows which drain into the River Hull. NFM 
opportunities in this area include floodplain storage such as ponds and large 
overland capture features, wetlands, changes in land management to reduce soil 
compaction and increased roughness through riparian woodland, buffer strips and 
contour planting. Slopes in the range of 0º - 15.5º are considered suitable for NFM 
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interventions. If a barrier to runoff or floodplain flow that is one and a half metres 
high and thirty metres long is considered, the remaining characteristic controlling 
the storage volume of a NFM feature is the slope of the land of which it is 
situated. In chalk dominated catchments such as Hull, these storage features are 
expected to be more reactive and have greater interaction with the groundwater. 
Ponds are expected to drain more quickly, freeing up capacity before the next 
event (WwNP, 2017). Changes in land management such as agricultural practices 
e.g. rotational crops, selection of wheel tyres to reduce soil compaction and 
promote higher soil infiltration rates. Similar to the upper catchment, riparian 
woodland, buffer strips and contour planting can increase roughness and create a 
barrier slowing down the flow. 

2.3.3 Lowland catchment 
The lowland catchment is mostly disconnected from the river with high 
embankments, which maintain the river levels in the River Hull artificially high. 
Most of the lowland catchment area sits below maximum high tide level and thus 
relies on a complex drainage system to control the levels (Figure 14). There are 
multiple flood defenses and flood structures e.g. raised flood banks and walls in 
different states of repair which prevent tidal ingress on an almost daily basis.   

Up to Hempholme Pumping Station (PS), the water levels in River Hull are 
controlled by tides so reducing levels using NFM will have little or no influence 
on the flood levels downstream. NFM opportunities in this part of the catchment 
include farm storage and creation of wetland. The Yorkshire and Humber Wetland 
Restoration Feasibility Study suggests that most of the lowland is suitable for 
wetland restoration and creation4 (Figure 15). The study however, was mainly 
focused on habitat creation. The impact of restoring wetlands on flow reduction 
was not explicitly assessed.  

As the lowland catchment is mostly pumped and disconnected from the main 
river, it was agreed with Hull City Council to exclude it from this study, except 
for the Leven Carrs and Old Howe areas. Hull City Council expressed an interest 
in exploring with partners any potential options that could be implemented in 
these areas.  

• Old Howe is an embanked watercourse which discharges into the River Hull 
via Frodingham Beck. Due to a recent breach that is uneconomical to repair, 
HCC noted that there may be an opportunity to implement NFM measures in 
this area. 

• Leven Carrs is a very large flat area situated in the upper Holderness Drain 
catchment. Most flows are pumped out along Holderness Drain at Tickton. 
Flooding typically occurs here due to direct rainfall onto the area and from 
River Hull overtopping. Due to landowner interest and recently implemented 
changes in land use management, HCC noted that there may be an opportunity 
to implement further NFM measures in this area. 

                                                 
4 Environment Agency, the Royal Society for the Protection of Birds, the Countryside Agency and 
English Nature (2005). Yorkshire and Humber Wetland Feasibility Study 
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Figure 14. Schematic of River Hull, Beverley & Barmston Drain and Holderness Drain 
system 
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Figure 15. Wetland restoration and creation potential in River Hull catchment5 

2.3.4 Urbanised catchment 
The urbanised area in the most southern section of the River Hull catchment, 
comprising the city of Hull and surrounding urban areas, as well as Beverley and 
pockets of urban areas in the lowland and middle catchment, could benefit from 
SuDS features, which are similar to RAFs. These options could be implemented to 

                                                 
5 Environment Agency, the Royal Society for the Protection of Birds, the Countryside Agency and 
English Nature (2005). Yorkshire and Humber Wetland Feasibility Study 
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provide storage and attenuation during rainfall events. Other studies focusing on 
the use of SuDS in Hull and the surrounding urban area (AquaGreens) are 
ongoing by Yorkshire Water, Hull City Council, East Riding of Yorkshire 
Council and the Environment Agency, through the Living with Water Partnership. 
Note that the key location for reducing flow in the River Hull is upstream of the 
city of Hull, and so further investigation of options within the urban area of Hull 
is excluded from this study.  

Table 1 presents a summary of feasible NFM options within each catchment area, 
based on catchment typologies discussed above. 

Table 1. Summary of feasible options based on Hull catchment typologies 

Possible NFM 
intervention 

Upper Middle Lower Urbanised 

Large Woody Debris 
(LWD) 

Y N N N 

Riparian woodland Y Y N N 

Runoff Attenuation 
Features (RAFs) 

Y Y N N 

Buffer strips Y Y N N 

Contour planting Y Y N N 

Changes to land use 
management  

N Y N N 

Large ponds N Y N N 

Floodplain storage N Y Y N 

Wetland creation N Y Y N 

SuDS N N N Y 

2.3.5 Specific interventions and locations 
Specific locations for individual interventions will be assessed in Task 2b. This 
will be based on flow pathways, land use cover, properties at risk of flooding, 
designated sites and other useful GIS datasets to identify opportunities for 
intercepting flows. NFM features are aimed at either slowing down the flows in 
the upper catchment or storing flows in the middle catchment for an overall 
reduction of water levels in the River Hull. An example of the methodology to 
identify feasible locations for NFM is provided below.  

Methodology to identify feasible locations for NFM 
A GIS analysis of the DEM topographic data will be used to identify and map the 
spatial variation of potential surface runoff generation. A package called ‘Hydro-
Tools’ within the ArcGIS toolkit will be used. This will analyse the topographic 
data (Figure 16) to determine flow directions and areas of possible water 
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accumulation within the catchments. The process of analysing the catchment is 
described below. 
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Figure 16. DEM for Hull catchment 
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A threshold will be set for first order streams, such that 0.5km2 (50ha) of 
contributing drainage area is required before the streams are drawn. This is an 
arbitrary scale chosen based on experience of NFM mapping. All other streams 
are generated using the Horton-Strahler stream ordering method (Figure 17). 

 
Figure 17. Horton-Strahler ordering of a catchment river channel network 

Ordering the stream network is a useful element of identifying feasibility of NFM. 
Ordering the stream network in this way is important for identifying prioritised  
opportunities for NFM in the catchment – focussing on the 1st and 2nd order 
streams, which form smaller ‘headwater’ catchments. The 5 m DEM data will be 
used to calculate this stream ordering for the River Hull Catchment (Figure 18). 
 
Another threshold will be set to assess primary runoff routes in the catchment. 
The threshold will be set to consider runoff between 5ha and 50ha (0.5km2) of 
contributing drainage area. These runoff routes are assumed to be active in low to 
medium magnitude storm events, and are therefore more established runoff routes. 

A final threshold will be set to assess secondary runoff routes in the catchment. 
The threshold will be set to consider runoff between 1ha and 5ha of 
contributing drainage area. 

The additional threshold for runoff will be set to consider surface water runoff 
routes that may take longer to generate during rainfall events. Intercepting water 
from these sources is more likely to ‘target’ peak flow in high magnitude rainfall 
events.  

The purpose of mapping these stream orders and runoff routes is to use them, in 
combination with other mapping layers, to determine feasible locations for NFM.  
The output from the ArcGIS analysis was combined with background mapping, 
fluvial and surface water flood risk layers, and satellite imagery to determine 
feasible locations for NFM interventions.   

Fluvial flood risk is useful for determining areas of floodplain that currently flood 
during certain return periods.  Surface water flood risk is useful for determining 
areas with potential to store water from runoff sources. 
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Figure 18. Strathler stream order for Hull catchment (with 0.5/50ha threshold for first 
order streams) 
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Utilising all these different layers and datasets makes it possible to position NFM 
features in the landscape. NFM features such as ‘Overland flow ponds’ are 
intended to capture runoff pathways whilst ‘Floodplain features’ are intended to 
either reconnect areas of floodplain currently disconnected from the watercourse, 
or maximise the depth of storage being stored on floodplains that are known to 
flood already. These NFM features use some kind of leaky structure (timber or 
soil bund) to temporarily store a depth of water during an intense rainfall event.   

Feasibility must be considered when positioning NFM features in the catchment.  
NFM features situated in any area must consider land use. For agricultural land it 
is best practice to consider corners of fields (or field boundaries) rather than the 
middle of a field.  This is particularly relevant on arable fields.  Fields used for 
pasture and livestock are less critical, but fields are often rotated between land 
uses after periods of time.  For this reason, it is beneficial to always position 
overland flow ponds at field boundaries or corners.  Floodplain features must also 
consider land ownership, ensuring that features are kept in individual fields until 
more is known about specific sites.  Examples of positioning NFM are shown in 
Figure 19. 

 
Figure 19. Example of positioned NFM intervention with satellite data (Upper Don 
catchment) 
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3 Task 2a - Refinement of appropriate NFM 
measures  

3.1 General approach 
A general approach to modelling NFM features was outlined in our tender 
submission, provided in Appendix C.  

As outlined in Section 2.2, both fluvial only and integrated versions of the RHICS 
models exist. The client’s preference for this project is to use the fluvial only 
model and exclude NFM options in the artificially drained and pumped 
catchments (see workshop notes in Appendix A). Following an initial review of 
the models and their results, a number of limitations to proceeding with the fluvial 
only model were highlighted: 

• There is no direct rainfall element to the fluvial model and the surface 
flooding reported is purely river exceedance rather than overland flow 
routing. This modelling approach means that any NFM interventions 
applied as modifications to the catchment terrain within the RHICS model 
will not be effective in affecting overland flow. In contrast the CAESAR-
Lisflood model utilises direct rainfall to route runoff over the catchment 
and therefore can dynamically model the impacts of NFM interventions on 
overland flow. The tendered methodology assumed the CAESAR-
Lisflood and RHICS Infoworks model approaches would be 
compatible. Using the fluvial only RHICS model means that the two 
approaches are not compatible within the RHICS modelled catchment 
boundary and our ability to represent NFM interventions within the 
RHICS boundary will be limited.  

• The fluvial only model does not predict any significant flooding in the 
lowland catchment including the city of Hull and therefore baseline 
economic damages will be very low. Therefore, even if the NFM options 
do reduce the peak flow in the River Hull it is unlikely that our modelling 
will demonstrate a notable reduction in numbers of properties flooding. It 
will therefore be difficult to show a robust cost-benefit score and case 
for investment based on current FDGiA funding rules. In reality NFM 
implementation would likely have greater economic benefits than can 
be demonstrated with the available modelling and data 

• We have identified that many of the upland areas are largely groundwater 
driven, making it difficult to represent any surface flooding in their 
CAESAR-Lisflood models using the gauge and rainfall data provided by 
the Environment Agency. The RHICS strategy considered the same upland 
areas and indicated reasonable benefits could be achieved from 
implementing NFM in some of these areas. If these catchments cannot 
be modelled appropriately in CAESAR-Lisflood then this limits our 
ability to provide modelled evidence of NFM benefits.  

Following consultation with University of Hull, the client, and the wider project 
team it was agreed that the study would proceed using the fluvial only model, 
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with an acknowledgment that the modelling is unlikely to produce results that 
give a robust case for investment based on current FDGiA funding rules. The 
study report will highlight the wider benefits of any NFM interventions to help 
make the case for investment.  

To deliver the study using the fluvial only RHICS model, we therefore propose 
that the University of Hull will model the NFM interventions in the upland 
catchments using the CAESAR-Lisflood model as agreed and then provide 
revised inflow scalings to apply to hydrographs at the RHICS Infoworks model 
inflows. This will allow reductions in inflows from the upland catchments to be 
represented in the RHICS model. The RHICS model extent is shown in yellow in 
Figure 18, with the upland catchments shown outside of this  

 
Figure 20: RHICS model extent (yellow), River Hull catchment boundary (red) and 
upland catchments shown outside the RHICS model extent. 

For NFM interventions within the RHICS model extent (yellow area in Figure 
20), the options will still be assessed in CAESAR-Lisflood as planned but would 
not be able to be modelled effectively if included within the RHICS model surface 
due to the lack of modelled direct rainfall. There are three alternative approaches 
that could be taken to assess interventions within the RHICS catchment boundary: 

1. The outputs of the CAESAR-Lisflood modelling could be used to make 
modifications to the RHICS fluvial inflows if there are appropriate fluvial 
inputs nearby but they would not be dynamically linked in the way 
initially hoped. This applicability of this method is dependent on the 
location of proposed interventions.  
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2. If it is deemed beneficial to model larger scale interventions within the 
Infoworks software, standalone direct rainfall model(s) could be created 
by cropping area(s) out of the RHICS model. The results of this 
assessment would then need to be reported separately in the synthesis 
report.  

3. If it is not appropriate to represent the interventions within the RHICS 
model using the data held, a standalone quantitative assessment of the 
impacts of any interventions on River Hull flows and hydrograph timing 
will be made in the report using the outputs of the CAESAR-Lisflood 
modelling.  

A final assessment of which of these options should be adopted to model any 
interventions within the RHICS boundary will need to be made once the five 
NFM sub-catchments have been determined in Task 2. 

The following sections provide more detail on the agreed approach to delivering 
Tasks 2 and 3 of the Hull NFM evidence gathering study. 

3.2 Strategic modelling 
The coarse mapping of NFM opportunities performed in Task 1 will be assessed 
alongside strategic modelling from project partners at the University of Hull so 
that a matrix of potential NFM solutions can be simulated. Initially CAESAR-
Lisflood models of each upland sub-catchments will be built and calibrated using 
the method outlined by the University of Hull in Appendix B. We will then use 
the CAESAR-Lisflood models to test a range of sensitivity scenarios influencing 
land use parameters in the River Hull catchment. This sensitivity testing will 
involve incrementally increasing the proportion of arable land converted to 
woodland using the model’s ‘m’ parameter.  

The coarse mapping conducted in Task 1 will be refined through further 
assessment of the spatial datasets and through the outputs of the sensitivity 
modelling being conducted by the University of Hull. The initial CAESAR-
Lisflood assessment of time delay and attenuation will identify a ranking of sub-
catchment areas to assess in more detail. Once complete, the higher ranked sub-
catchment areas can begin to be assessed. Catchment walkovers of selected sub-
catchment areas will attempt to ground-truth opportunity mapping locations and 
typology prior to running a final suite of CAESAR-Lisflood model simulations. 

The feasibility of the potential NFM interventions summarised in Table 1 will be 
assessed using the CAESAR-Lisflood model. Potential Catchment changes 
representing regions of land cover alterations such as tree planting, woody debris, 
buffer strips and land management could then be incorporated into the 2D digital 
surface of the selected sub-catchments as regions of increased roughness and 
infiltration zones. Model parameters will be adjusted in targeted spatial zones to 
mimic a slower surface runoff response and increased depression storage.  

The opportunities identified in Appendix A and B of the Invitation to Tender 
(ITT) document will be spatially assessed alongside a long-list of suitable features 
throughout the River Hull Catchment. Specifically, the Leven Carrs project will 
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be reviewed as a major opportunity and incorporated into both the strategic and 
detailed modelling. 

We will work together with the University of Hull to identify data insufficiencies 
in the existing RHICS model and CAESAR- Lisflood models in representing 
proposed NFM features. We will review the need for further surveys to increase 
confidence in the solution modelling and incorporate geometry changes for the 
solutions modelling where necessary.  

3.3 Initial selection of catchments 
Five catchments will be selected for further assessment at the next stage based on 
a number of criteria: 

• Potential for reducing flows (as percentage change and absolute value) 
based on results from CAESAR-Lisflood coarse modelling 

• Deliverability of NFM options 

• Potential for delivery of additional ecosystem services benefits 

• Collaboration potential and stakeholder positive attitude to NFM 
implementation. 

An online workshop will be held between the project team and HCC to discuss the 
initial results from the CAESAR-Lisflood sensitivity modelling and the Task 1 
NFM desk study outputs. This workshop will be used to identify potential NFM 
opportunities and agree the focus of the site visits. Sub-catchment areas based on 
the WFD catchment boundaries (see Figure 9) will be used to define areas of the 
catchment to assess in the three days of site visits. 

3.4 Site visits and local information gathering 
A series of catchment walkovers will be organised following desk studies and the 
CAESAR-Lisflood NFM sensitivity testing. The purpose of the walkovers will be 
to assess the current land use of potential sites and the viability of NFM solutions 
determined via the desk study. The catchment walkovers will document the 
feasibility of proposed NFM based on observed characteristics of terrain, land 
cover, habitat opportunity and physical constraints and opportunities. The WFD 
catchments will be selected based on physical characteristics as well as the 
strategic value of NFM ‘assets’ provisionally proposed in the catchment. 

As part of the site visits it is proposed that local information is gathered from 
specific key people with catchment knowledge. This would help the project team 
understand the viability of different NFM opportunities and locations. 
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4 Task 2b – NFM opportunity & risk 
mapping 

Following the workshop and catchment walkovers, further high level rapid 
CAESAR-Lisflood modelling will replicate a range of NFM measures across the 
chosen WFD sub-catchments though a matrix of multiple intervention 
simulations. The model outputs will indicate the measures, and spatial regions 
across the catchment that provide greatest benefit to downstream peak flow 
reduction over a range of event magnitudes and durations. 

A shortlist of preferred NFM solutions will be agreed and taken forward from the 
CAESAR-Lisflood strategic modelling exercise and incorporated into the RHICS 
ICM model for assessment across a series of three event magnitudes. 

It is intended to replicate examples of NFM measures across a total of five agreed 
WFD sub-catchments as revised inflows to, or where possible within, the RHICS 
model. These scenarios will be simulated as individual scenarios to understand 
immediate local benefit and as two combined scenarios to be agreed. All option 
simulations will be run with 3 agreed event magnitudes over an agreed rainfall 
duration. The RHICS model has data for the 5, 10, 50 and 100 year magnitudes so 
we will agree on two of the smaller events and the 100 year as an extreme event. 

As well as modelling 5 individual NFM intervention sub-catchments, we will 
test the combined benefits of NFM solutions for 2 combined scenarios by 
combining a suite of multiple interventions. We anticipate the first scenario will 
simulate the combined benefits of all interventions tested in the RHICS models to 
observe spatial interactions and flow timings. We propose a second hybrid 
scenario is included to provide opportunity for a testing a handful of selected 
interventions chosen to offer multiple flood risk and ecological benefits. 
Therefore, 7 scenarios, plus the baseline (existing situation) will be considered. 

It was initially intended that large scale adjustments to topography to create 
offline flood storage, online attenuation areas, and channel geometry changes will 
be achieved by augmentation of the baseline RHICS ground surface DEM. Using 
the fluvial only RHICS model limits our scope to do this, as overland flow within 
the RHICS catchment is not accounted for. As discussed in Section 3.1, once 
NFM interventions within the RHICS catchment boundary have been identified 
the project team will seek opportunities to model these explicitly. Whether this is 
in a standalone CAESAR-Lisflood, or Infoworks model will be agreed based on 
the intervention required. Introducing depressions in targeted areas with restricted 
outlets is expected to increase water stored on the floodplain and reduce pass 
forward flow. The impacts of identified NFM interventions on pass forward flow 
in the River Hull at the HCC and ERYC boundary, and other locations as 
appropriate, will be quantified in the synthesis report. 

Both individual and combined effects of flow reduction can be gauged for each 
NFM feature in the detailed RHICS ICM model allowing the cumulative impact 
of multiple features to be observed. Changes in runoff routing, ponding water 
extent and cumulative flow impacts will be reported by the RHICS and CAESAR-
Lisflood flood model outputs. GIS mapping of the RHICS ICM model outputs 
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will enable demonstration of the potential impact on flood extent/depth and 
associated impact to receptors required for FDGIA assessment. As highlighted in 
Section 3.1, modelling in the fluvial only RHICS model is unlikely to produce 
results that give a robust case for investment based on current FDGiA funding 
rules. The study report will highlight the wider benefits of any NFM interventions 
to help make the case for investment. More detail on potential wider benefits is 
given in Section 6.  
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5 Task 3a - Costs and benefits 

5.1 Estimation of costs 
High-level scheme cost estimates will be undertaken and applied to the NFM 
Options simulated in RHICS. We will use relevant information from the 
Environment Agency’s ‘Cost estimation for land use and run-off – summary of 
evidence’ and other relevant cost data sources to inform our cost estimates. The 
cost estimates used in the RHICS Report will be considered where appropriate. 

5.2 Estimation of benefits 
The output from the hydraulic modelling will be used to calculate economic 
damages and benefits following the FCERM Appraisal Guidance. Economic 
damages can be calculated using Arup’s automated GIS tool Floodlight, building 
on the existing database held from previous strategic economic appraisal in the 
Hull catchment. Property level economic damages to residential and non-
residential properties, and the total households with a reduction in flood risk, will 
be calculated. Damages will be calculated for the baseline scenario and the seven 
NFM scenarios (five individual NFM intervention sub-catchments and two 
combined).  

Significant areas of high quality agricultural land are likely to be affected by 
flooding in the River Hull catchment. NFM provides opportunities to use changes 
in land use and land management practices to mitigate this risk. Agricultural flood 
damages depend on land use, productivity, water quality, and the duration and 
season of flooding. A catchment scale overview economic appraisal of 
agricultural damages based defining agricultural productivity, the impacts of 
flooding and expressing any difference in monetary values is proposed in line 
with MCM appraisal guidance. 

Qualifying benefits will be identified, and along with scheme costs, used to 
populate the FCERM Partnership Funding Calculator (PFC). The PFC will 
provide the Raw Partnership Funding Score and an estimate of the likely available 
GiA for the proposed NFM scheme. The output will be provided to HCC for use 
as an evidence base for FDGIA funding applications. 

Proceeding with the fluvial only model means that even if the NFM options do 
demonstrate a reduction in the peak flow in the River Hull, it is unlikely they will 
provide a notable reduction in properties flooding. It will therefore be difficult to 
show a robust cost-benefit score and case for investment based on current FDGiA 
funding. If this is the case it is recommended that more focus is put on providing 
qualitative evidence on the wider benefits of the NFM interventions, than 
calculating the quantitative economic benefits. NFM measures are known to 
provide a wide range of ecosystem services beyond the improvements in flood 
risk. Storage ponds and farm storage provide permanent and ephemeral standing 
water habitats and help reduce sediment load. Wetland restoration have important 
biodiversity and water quality benefits and can act as recreation and amenity 
spaces. Riparian tree belts and buffer strips prevent poaching of livestock and  
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Figure 21. Countryside Stewardship schemes in Hull catchment 



  

Hull City Council River Hull NFM Study 
Methodology and Outputs Report 

 

REP/001 | Issue | 18 July 2018  
\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\REP-002 - SYNTHESIS REPORT\APPENDICES\APPENDIX A - STAGE 1 
REPORT\REP-001 - METHODOLOGY AND OUTPUTS REPORT - V5 - APPENDIX VERSION.DOCX 

Page A35 
 

reduce bank erosion acting as a fine sediment trap before it enters the main 
channel. In addition, they allow for watercourse shading and variation along the 
watercourse. Woody debris provide valuable biodiversity benefits particularly for 
fish and invertebrates and encourage in-channel morphological diversity.  

The spatial presentation of the NFM opportunities and resulting flood extents will 
allow for other ecosystem services to be assessed e.g. BAP habitat areas, SSSI 
benefiting, WFD reasons for failure, and Countryside Stewardship (Figure 21) 
priorities from Natural England. The consideration of multiple receptors (i.e. not 
just flood risk) will allow for more opportunities to be explored for funding the 
capital and maintenance components of certain NFM measures, particularly with 
the Government’s 25-year Environment Plan, post-Brexit opportunities, and 
possible future changes to Defra and EA funding rules and methods.  

6 Task 3b - Reporting 

6.1 Synthesis report 
The outputs from the modelling and risk mapping exercise outlined in the sections 
above will inform the most suitable NFM interventions to be implemented across 
the catchment.  

Following the generation of opportunity maps and associated modelling results, 
the synthesis report will be produced and will: 

• Include a summary of the most effective identified NFM interventions within 
the River Hull catchment, with quantitative evidence justifying their impact on 
river flows and timing.   

• Demonstrate that whilst the study is unlikely to yield significant flood risk 
benefits under current FDGiA rules (because of data and modelling 
constraints), it is important that the reporting demonstrates a robust evidence 
base for obtaining funding under possible future EA rules and from other 
funding streams. 

• Qualitatively demonstrate the ecosystem services benefits of NFM measures. 
Implementing NFM options in Hull catchment can provide important water 
quality and WFD benefits. In addition, they can act as sediment capture 
features reducing erosion across the catchment. Furthermore, NFM options 
can provide valuable permanent and ephemeral habitats beneficial for 
biodiversity.  

• Show how NFM measures can be used to mitigate the impacts of climate 
change. River flows are expected to increase by 30% (higher central 
allowance for 2080s) in the Humber river basin. NFM measures have adaptive 
capacity to mitigate climate change by increasing a catchment’s resilience to 
climate change. NFM measures can reduce peak flows and increase the time to 
peak creating a buffer to help mitigate the adverse impacts of climate change.   



  

Hull City Council River Hull NFM Study 
Methodology and Outputs Report 

 

REP/001 | Issue | 18 July 2018  
\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\REP-002 - SYNTHESIS REPORT\APPENDICES\APPENDIX A - STAGE 1 
REPORT\REP-001 - METHODOLOGY AND OUTPUTS REPORT - V5 - APPENDIX VERSION.DOCX 

Page A36 
 

• Highlight the limitations to the modelling methodology that have been 
identified in Section 3.1. The synthesis report will summarise these limitations 
and make recommendations on how they could be resolved going forward.   

• Comment on the delivery mechanisms for NFM on this scale. Countryside 
Stewardship schemes are currently active throughout the River Hull 
Catchment (e.g. Figure 11), though the future of such schemes in the wake of 
Brexit is not known. Anecdotal evidence from discussions with Natural 
England staff suggests that Stewardship schemes entered into prior to Brexit 
will be honoured for the remainder of the scheme post-Brexit. However, the 
uncertainty of funding for such schemes is a concern. Recent publications 
from the Green Alliance on ‘New Markets for Land and Nature’ and ‘Natural 
Infrastructure Schemes in Practice’ as well as Defra publications on Payments 
for Ecosystem Services, and the Future Flood Prevention report from the 
Environment, Food and Rural Affairs Committee, all reference new 
mechanisms of funding land management and land use change for the delivery 
of benefits to receptors. The Government’s 25 year Environment Plan also sets 
out a possible path for future funding of flood risk management through land 
use changes. Our NFM and policy advisor for this project, Alastair Driver, has 
been actively involved with advising government on possible changes, and is 
well placed to ensure our report includes the latest thinking on future impacts 
on land management policy. 
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B1 UoH CAESAR-Lisflood Modelling – Phase 1 

  



River Hull Catchment  
Natural Flood Management Study
Phase 1 Modelling – Scoping of Upstream Catchments 

Final draft - 06/09/2019
Dr Chris Skinner & Dr Shona Thomson
Energy and Environment Institute
University of Hull



Quick Summary 

Method 

• The CAESAR-Lisflood model was used to perform rapid simulations of the upstream sub-
catchments of the River Hull, each outside the RHICs boundary and providing inputs to it 
 

• Two Methods were used – one driven by a rainfall timseseries and another by a hydrograph, 
both for a 100 year event 
 

• For each catchment the model was altered to represent the impact of reforesting  
agricultural land, as a proxy for natural flood management 
 

• Each sub-catchment was ranked based on the effectiveness of the reforesting in reducing and 
delaying peak discharges 
 

• The test was repeated using rainfall for a 50 year event 
 

Results 

• The reforestation does not reduce peak discharge significantly but can delay the timing of the 
peaks 
 

• Sub-catchments along the west of the catchment rank highest using both Methods – these 
are relatively less groundwater driven and less heavily managed 
 

• The response to the 50 year event is similar to that for the 100 year event 
 

• There is greater error in the 50 year event simulations – either this is an issue with the 

calibration or an issue with the event scaling factors proposed in previous RHICs reports 

 

Recommendations 

• The next stage of more detailed modelling should be focussed on the sub-catchments on the 

western edge of the RHICs model – Arram 1 – 4, Watton and DTS in particular 

 

• A different form of flood management ought to be considered, for example, leaky dams 

 

• The event scaling factors should be checked 

 

• Future modelling of these sub-catchments and RHICs should use an appropriate model 

including groundwater to capture the complexity of the area 
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Introduction 

The Energy and Environment Institute (EEI), University of Hull (UoH) were instructed by Hull City 

Council (HCC) to perform modelling of the upland areas of the River Hull catchment. The purpose of 

the modelling was to rapidly assess the potential effectiveness for Natural Flood Management (NFM) 

interventions in these areas, and to provide inputs into the River Hull Integrated Catchment Study 

model (RHICS) for further assessment to be carried out by ARUP. 

Summary 

The hydraulic component of the CAESAR-Lisflood model was used to model a 100 year event in the 

upland areas of the River Hull catchment. The impacts of reforesting agricultural areas by 20 % 

increments was assessed within each sub-catchment. 

The Model – CAESAR-Lisflood 

The CAESAR-Lisflood (CL) model is ‘second-generation’ Landscape Evolution Model (LEM) comprised 

of the coupling of the CAESAR ‘first-generation’ LEM and the LISFLOOD-FP hydraulic model. LEMs were 

conceived to simulate landscape changes to processes of sediment erosion, transport and deposition, 

plus hillslope processes, over long timescales (well over 100 years). To do this they had to be made 

efficient so carefully simplify the representation of the processes to reduce computational expense. 

Through incorporating the LISFLOOD-FP hydraulic code, it became possible to model these processes 

at finer temporal scales, and even model landscape changes of individual events. 

For this study, only the hydraulic component of CL is utilised. Much of the functionality therefore is 

similar to LISFLOOD-FP. A key difference is that CL does not use the 1D component of LISFLOOD-FP, 

instead rainfall inputs are transformed into a water volume input via the TOPMODEL hydrological 

model, the volume of water is distributed across the catchment, and routed using the 2D elements of 

LISFLOOD-FP. 

The sub-Catchments 

There were 14 upland sub-catchments of the wider River Hull catchment modelled, each laying 

beyond the boundary of the RHICS model. Where possible each directly corresponds to a single input 

point for the RHICS model and extents are derived from a sub-catchment map provided to UoH by 

ARUP. In some cases the WFD boundaries encompassed more than one RHICS input point and in these 

cases they were modelled together by summing the RHICS input hydrographs. Figure 1 shows the 

locations of the catchments modelled. 
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Figure 1 – Location of the upland sub-catchments in relation to the RHICS model extent. 

For each a grid of elevations comprised of regular 5 x 5 m grid cells was extracted from the Ordnance 

Survey’s OS5 terrain elevation product. Whilst not ideal, the RHICS data provided was largely 

unfiltered for these areas making hydraulic simulation impossible without extensive manual editing of 

the data, and the coverage of other sources of elevation data (e.g. Environment Agency’s composite 

Digital Terrain Model (DTM) LiDAR) was incomplete. The OS5 provided consistent coverage requiring 

minimal editing for hydraulic simulation. 

The land cover in each catchment was ascertained using the 2014 record of UK land cover obtained 

via Digimap. Each land cover was assigned an appropriate value of roughness based on the Manning’s 

n roughness coefficient, and for each sub-catchment a mean value of n was calculated based on the 

land cover of the area.  

Reforestation 

The potential impact of NFM in the upland catchments was represented through the assumption that 

agricultural land would be changed to forested land. This was done by reclassifying 20 % of the land 

cover classified as Code 3 – Arable and Horticultural (Manning’s n of 0.035) with 1 – Broadleaf 

Woodland (Manning’s n of 0.16), and recalculating the mean roughness for the sub-catchment. This 

was repeated with 40, 60, 80 and 100 % reclassification. The values for each sub-catchment can be 

seen in Table 1. 
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Table 1 – Mean Manning’s n Roughness Coefficient values for each sub-catchment based on 

landcover, and calculated roughnesses with reclassified land covers. 

 

For the purposes of this study, only implications of reforestation on the roughness of the flood plain 

is considered. It is likely that widespread conversion of agricultural land to forest would have other 

impacts, such as on evapotranspiration and infiltration rates, which would impact on the hydrograph. 

However, the event modelled here, as provided by ARUP from previous RHICS modelling, was 

described as a winter storm so evapotranspiration will be negligible, and changes to infiltration are 

likely to be small compared to the rates due to underlying geology. 

Method 1 – Discharge Driven 

The CL model is often driven by rainfall inputs which it transforms into volume inputs based on 

discharges predicted by the incorporated TOPMODEL hydrological model. Where discharge data is 

available this step can be bypassed and the model driven directly from this data. Method 1 uses this 

method, driving CL directly from the 100 year hydrograph for each sub-catchment as provided to UoH 

by ARUP. 

Method 2 – Rainfall Driven 

Method 1 is useful when discharge data is available, but it is inflexible for many purposes as it assumes 

a stationary transformation of rainfall to runoff. This means it is not useful for detailed studies of land 

use change where there has been an alteration in factors such as soil moisture, or rates of 

evapotranspiration and infiltration. In CL, these changes are reflected by varying a hydrological 

parameter, ‘m’. Values of m typically vary between 0.005 (very flashy response) to 0.02 (slow 

response), yet there have been previous examples of much higher values being applied for very slow 

response catchments. Increasing m will reduce the peak of a hydrograph and extend its base, and also 

reduce the overall volume of water. 

Method 2 is far more time and computational resource heavy but provides a flexible approach for 

further study. The CL model is driven using the 100 year rainfall event data provided to UoH by ARUP, 

and for each sub-catchment individually the m value is adjusted to find a close match between the 

original hydrograph peak discharge and the CL simulated one. 

sub-Catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0.040 0.059 0.077 0.096 0.115 0.133

2 Arram2_3 0.042 0.062 0.083 0.103 0.124 0.144

3 Arram4 0.042 0.063 0.084 0.104 0.125 0.145

4 Arram1 0.039 0.061 0.083 0.105 0.127 0.149

5 Watton 0.041 0.062 0.084 0.105 0.126 0.147

6 Skerne 0.041 0.062 0.084 0.105 0.127 0.149

7 DTS 0.041 0.062 0.082 0.103 0.123 0.144

8 Gipsey 0.041 0.061 0.081 0.102 0.122 0.142

9 Driffield Beck 0.041 0.061 0.081 0.101 0.122 0.142

10 The Beck 0.040 0.060 0.081 0.102 0.123 0.144

11 Naff Slack 0.036 0.059 0.082 0.106 0.129 0.152

12 White 0.038 0.060 0.082 0.103 0.125 0.147

13 Old Howe 0.038 0.059 0.081 0.102 0.124 0.145

14 Mickley 0.036 0.059 0.082 0.105 0.128 0.151

Reforestion Level / Manning's n Roughness
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Differences between Methods 1 and 2 

There are some key differences between Methods 1 and 2 which need to be highlighted and 

considered when interpreting results.  

Method 2 works with rainfall inputs and transforms these into a discharge through the model. In the 

implementation here this can only be altered using the m value parameter to shape the hydrograph. 

This is altered to match the peak, or maximum, discharge in the simulated timeseries with that 

provided by previous RHICS modelling. From Figures 2 to 15 it is clear there are differences in the 

timing timings of this peak and the total volume of water in the hydrograph. 

Method 1 does not use a rainfall input and back-calculates a rainfall input based on a hydrograph 

input. Therefore, it is afforded more flexibility as the method can alter the volume and timing of 

rainfall in order to match the hydrograph. In an ideal system it should reproduce the discharge and 

timing of the peak and the total volume in the hydrograph perfectly – this is seen in Figures 3 and 10 

where the hydrographs from the model and RHICS are visually closely match, with only the timings 

not as well matched. 
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Results  

Summary 

The results for each sub-catchment were aggregated and ranked in order to identify potential sites for 

further study later in the project – this process was performed for both Method 1 and Method 2. 

Ranking was performed only on sub-catchments with peak discharges in excess of 1 m3.s-1, leaving 9. 

Each was the scored by highest (8 points) to lowest (0 points) on discharge reductions for each 20 % 

increment of reforestation (shown in Table 3)(for a total between 40 and 0). This was repeated for the 

delay in the peak discharge (Table 5) for another score between 40 and 0.  

An error value based on the difference between the peak discharges from the provided 1/100 year 

event hydrographs and that simulated by CL, as a proportion of the former, was produced (Table 6) 

and ranked lowest to highest and scored 8 to 0 as before – this was then weighted *5 to give a score 

between 40 and 0. The error value is used as a proxy for the functionality of the catchment, with the 

assumption that the closer the CL peak discharge is to the 1/100 year event peak, the more natural 

the system within the sub-catchment and thus increased ease with which NFM interventions can be 

installed. This error could also be produced by poor quality elevation data – obstacles restricting flow 

within the model which do not exist in the real-world. 

All three scores were summed to find a final score with the highest being most suitable for further 

investigation. The rankings are shown in Table 2. 

Table 2 – Suitability rankings for the River Hull sub-catchments, using Method 1 (left) and Method 

2 (right). 

 

Table 2 shows that none of the sub-catchments ranked ought to be ruled out by the modelling, 

however the Arram 2_3 and DTS sub-catchments both rank highly using both Methods. The complex 

systems within the White, Old Howe Beck and Mickley Beck sub-catchments show particularly big 

differences in ranking between the Methods, and this suggests that the high levels of management in 

these areas are influencing the modelling. 

Table 3 - Decreases in peak discharges for each sub-catchment due to reforestation of agricultural 

land, using Method 1 (left) and Method 2 (right). 

 

Discharges Timings Error Sum

12 White 40 39 10 89

7 DTS 34 36 15 85

2 Arram2_3 31 15 35 81

9 Driffield Beck 6 20 40 66

13 Old Howe 25 30 0 55

6 Skerne 20 25 5 50

5 Watton 3 10 30 43

1 Hurn 12 5 25 42

14 Mickley 9 0 20 29

Discharges Timings Error Sum

13 Old Howe 40 35 30 105

2 Arram2_3 35 14 35 84

5 Watton 19 21 25 65

14 Mickley 30 12 20 62

7 DTS 7 40 10 57

1 Hurn 12 1 40 53

12 White 15 27 5 47

6 Skerne 20 27 0 47

9 Driffield Beck 2 4 15 21

sub-catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0.00 0.01 0.02 0.04 0.05 0.06

2 Arram2_3 0.00 0.09 0.23 0.35 0.52 0.70

3 Arram4 0.00 0.02 0.04 0.06 0.08 0.10

4 Arram1 0.00 0.04 0.09 0.13 0.18 0.22

5 Watton 0.00 -0.07 -0.11 -0.11 -0.03 0.12

6 Skerne 0.00 0.04 0.08 0.11 0.14 0.17

7 DTS 0.00 0.21 0.37 0.50 0.59 0.67

8 Gipsey 0.00 0.06 0.11 0.14 0.17 0.19

9 Driffield Beck 0.00 0.00 0.01 0.01 0.01 0.02

10 The Beck 0.00 0.01 0.03 0.05 0.07 0.09

11 Naff Slack 0.00 0.00 0.00 0.01 0.01 0.01

12 White 0.00 1.27 2.17 2.50 2.84 3.17

13 Old Howe 0.00 0.05 0.17 0.29 0.44 0.58

14 Mickley 0.00 -0.04 -0.02 0.01 0.05 0.09

Reforestion Level / Peak Discharge Reduction (cumecs)

sub-catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0.00 0.02 0.05 0.08 0.11 0.14

2 Arram2_3 0.00 0.31 0.69 1.15 1.67 2.16

3 Arram4 0.00 0.00 0.00 0.00 0.00 0.01

4 Arram1 0.00 0.00 0.00 0.01 0.01 0.01

5 Watton 0.00 0.03 0.08 0.11 0.16 0.20

6 Skerne 0.00 0.05 0.09 0.12 0.15 0.17

7 DTS 0.00 0.02 0.05 0.07 0.09 0.12

8 Gipsey 0.00 0.00 0.01 0.02 0.05 0.08

9 Driffield Beck 0.00 0.00 0.01 0.02 0.02 0.03

10 The Beck 0.00 0.00 0.00 0.00 0.00 0.01

11 Naff Slack 0.00 0.00 0.00 0.00 0.00 0.00

12 White 0.00 -0.35 -0.13 0.18 0.53 0.87

13 Old Howe 0.00 0.61 1.12 1.53 1.89 2.18

14 Mickley 0.00 0.14 0.36 0.60 0.84 1.06

Reforestion Level / Peak Discharge Reduction (cumecs)
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Table 4 – Percentage decreases in peak discharges for each sub-catchment due to reforestation of 

agricultural land, using Method 1 (left) and Method 2 (right). 

 

Table 5 – Delay in the timing of the peak discharge in minutes in each sub-catchment as a result of 

reforestation of agricultural land, using Method 1 (left) and Method 2 (right). 

 

Table 6 – Error between CL simulated peak discharge and the 1/100 year event discharges from 

RHICS as a proportion of the 1/100 year event discharge, using Method 1 (left) and Method 2 (right). 

 

 

 

 

 

sub-catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0.00 0.23 0.53 0.87 1.20 1.51

2 Arram2_3 0.00 0.29 0.72 1.09 1.61 2.17

3 Arram4 0.00 4.66 9.73 14.26 19.09 23.51

4 Arram1 0.00 7.47 15.42 23.09 30.38 36.94

5 Watton 0.00 -1.09 -1.66 -1.68 -0.51 1.83

6 Skerne 0.00 3.23 6.01 8.25 10.27 12.02

7 DTS 0.00 14.96 26.01 34.94 41.61 47.24

8 Gipsey 0.00 13.09 23.31 31.51 37.55 42.33

9 Driffield Beck 0.00 0.13 0.27 0.42 0.59 0.75

10 The Beck 0.00 1.94 4.55 7.52 10.65 13.88

11 Naff Slack 0.00 0.23 0.45 0.70 0.93 1.16

12 White 0.00 18.32 31.24 36.05 40.92 45.57

13 Old Howe 0.00 1.14 3.58 6.30 9.57 12.61

14 Mickley 0.00 -1.21 -0.73 0.34 1.62 2.84

Reforestion Level / Peak Discharge Reduction (%)

sub-catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0.00 3.83 3.80 3.77 3.74 3.71

2 Arram2_3 0.00 0.96 2.12 3.55 5.13 6.64

3 Arram4 0.00 0.12 0.14 0.13 0.34 1.03

4 Arram1 0.00 0.32 0.71 1.55 1.77 2.16

5 Watton 0.00 0.51 1.12 1.66 2.29 2.95

6 Skerne 0.00 3.44 6.46 8.83 10.96 12.82

7 DTS 0.00 1.19 2.50 3.81 5.05 6.25

8 Gipsey 0.00 0.27 0.64 1.85 4.19 7.33

9 Driffield Beck 0.00 0.21 0.46 0.74 1.05 1.39

10 The Beck 0.00 0.16 0.34 0.49 0.65 0.80

11 Naff Slack 0.00 0.05 0.07 0.09 0.12 0.14

12 White 0.00 -3.50 -1.32 1.80 5.32 8.78

13 Old Howe 0.00 8.50 15.58 21.22 26.20 30.23

14 Mickley 0.00 3.40 8.65 14.59 20.32 25.50

Reforestion Level / Peak Discharge Reduction (%)

sub-Catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0 15 30 45 60 75

2 Arram2_3 0 30 75 90 135 150

3 Arram4 0 240 450 660 870 1065

4 Arram1 0 270 555 825 1095 1365

5 Watton 0 30 45 75 105 135

6 Skerne 0 165 300 390 495 570

7 DTS 0 390 750 1110 1455 1785

8 Gipsey 0 405 840 1395 1845 2280

9 Driffield Beck 0 45 75 120 150 180

10 The Beck 0 105 210 330 435 555

11 Naff Slack 0 30 60 105 120 150

12 White 0 315 825 1335 1665 2010

13 Old Howe 0 165 315 465 615 870

14 Mickley 0 0 0 0 0 0

Reforestion Level / Peak Delay (minutes)

sub-Catchment 0% 20% 40% 60% 80% 100%

1 Hurn 0 30 45 75 90 120

2 Arram2_3 0 45 90 120 165 210

3 Arram4 0 180 360 540 705 870

4 Arram1 0 210 450 885 1035 1320

5 Watton 0 90 150 225 285 360

6 Skerne 0 120 240 330 420 510

7 DTS 0 375 750 1110 1455 1800

8 Gipsey 0 450 645 645 645 645

9 Driffield Beck 0 30 75 120 150 195

10 The Beck 0 120 240 345 450 540

11 Naff Slack 0 15 45 75 105 120

12 White 0 45 240 480 735 990

13 Old Howe 0 210 420 600 780 945

14 Mickley 0 30 75 120 195 255

Reforestion Level / Peak Delay (minutes)

sub-catchment Error

1 Hurn 0.07

2 Arram2_3 0.01

3 Arram4 0.35

4 Arram1 0.09

5 Watton 0.05

6 Skerne 0.29

7 DTS 0.24

8 Gipsey 0.51

9 Driffield Beck 0.00

10 The Beck 0.05

11 Naff Slack 0.00

12 White 0.29

13 Old Howe 0.36

14 Mickley 0.24

sub-catchment Error

1 Hurn 0.00

2 Arram2_3 0.00

3 Arram4 0.00

4 Arram1 0.00

5 Watton 0.00

6 Skerne 0.32

7 DTS 0.00

8 Gipsey 0.22

9 Driffield Beck 0.00

10 The Beck 0.00

11 Naff Slack 0.00

12 White 0.01

13 Old Howe 0.00

14 Mickley 0.00
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1 – Hurn 

The Hurn sub-catchment covers the RHICS inputs of Pasture_US and Hurn_US.  

Method 1 reproduced the RHICS hydrograph well, although the baseline peak was 0.28 m3.s-1 higher. 

It also produced a two peak hydrograph, with a secondary, smaller flood peak following later. A 20 % 

reforestation produced a minor reduction in peak discharge, and delayed the peak by 15 minutes. It 

also increased the peak discharge of the secondary peak. 

Method 2 better captured the peak discharge and the secondary peak is less prominent. The error 

compared to the baseline peak was just 0.0006 m3.s-1. A 20 % reforestation produced 0.02 m3.s-1 

reduction in peak discharge and the delayed the peak by 30 minutes. 

 

Figure 2 – RHICS and simulated hydrographs for the Hurn sub-catchment, from baseline and 20, 40, 

60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

2 – Arram2_3 

The Arram2_3 catchment incorporates two RHICS input points (both using identical hydrographs). 

Method 1 reproduced the combined hydrograph well simulating a peak discharge which was just 0.40 

m3.s-1 lower. A 20 % reforestation reduced the peak slightly and delayed it by 30 minutes. 

Method 2 reproduced the peak discharge with a 0.002 m3.s-1 error. A 20 % reforestation reduced the 

peak discharge by 0.31 m3.s-1 and delayed it by 45 minutes. 

 

Figure 3 – RHICS and simulated hydrographs for the Arram2_3 sub-catchment, from baseline and 

20, 40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 
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3 – Arram4 

The Arram4 sub-catchment is represented by a low discharge input into RHICS considering the area, 

and relation to the Arram2_3 sub-catchment.  

Method 1 simulated peak discharges which were 35 % lower than the RHICS peak, but as the peak was 

so low this was just a 0.22 m3.s-1 difference. A 20 % reforestation reduced the peak by 0.02 m3.s-1 and 

delayed it by 240 minutes. It appeared to have had a bigger impact on a smaller, later secondary peak. 

Method 2 simulated the peak discharge with a 0.002 m3.s-1 error. A 20 % reforestation reduced the 

peak discharge by <0.00 m3.s-1 and delayed it by 180 minutes. 

 

Figure 4 – RHICS and simulated hydrographs for the Arram4 sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

4 – Arram1 

The Arram1 RHICS input used an identical hydrograph to Arram4 and also seemed unusually low in 

comparison to Arram2_3.  

Method 1 simulated peak discharges 0.06 m3.s-1 lower with a single peak. A 20 % reforestation reduced 

the peak by 0.04 m3.s-1 and delayed it by 270 minutes. 

Method 2 simulated the peak discharge with a 0.003 m3.s-1 error. A 20 % reforestation reduced the 

peak by <0.00 m3.s-1 and delayed it by 210 minutes. 

 

Figure 5 – RHICS and simulated hydrographs for the Arram1 sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 
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5 – Watton 

The Watton sub-catchment covers the RHICS input points of Watton_US_1 and Watton.  

Method 1 simulated a two peak hydrograph with the larger, earlier peak being 0.33 m3.s-1 lower than 

in RHICS. A 20 % reforestation increased the peak discharge by 0.07 m3.s-1, but delayed it by 30 

minutes. The secondary peak was reduced and delayed. 

Method 2 did not show a clear two peak hydrograph and simulated a peak discharge with a 0.03 m3.s-

1 error. A 20 % reforestation reduced the peak discharge by 0.03 m3.s-1 and delayed it by 90 minutes. 

 

Figure 6 – RHICS and simulated hydrographs for the Watton sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

6 – Skerne 

Method 1 simulated a lower and much later peak in the Skerne sub-catchment. The peak was 0.61 

m3.s-1 lower, nearly 30 % of the RHICS hydrograph peak. A 20 % reforestation reduced the peak by 

0.04 m3.s-1 and delayed it by 165 minutes. 

Method 2 simulated a peak discharge with a 0.32 m3.s-1 error. A 20 % reforestation reduced the peak 

by 0.05 m3.s-1 and delayed it by 120 minutes. 

 

Figure 7 – RHICS and simulated hydrographs for the Skerne sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

7 – DTS 

Method 1 simulated a peak discharge which was 24 % lower than the RHICS hydrograph, or 0.45 m3.s-

1. A 20 % reforestation reduced the peak discharge by 0.21 m3.s-1 and delayed it by 390 minutes. 
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Method 2 simulated a peak discharge with a 0.004 m3.s-1 error. A 20 % reforestation reduced the peak 

discharge by 0.02 m3.s-1 and delayed it by 375 minutes. 

 

Figure 8 – RHICS and simulated hydrographs for the DTS sub-catchment, from baseline and 20, 40, 

60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

8 – Gipsey 

The Gipsey sub-catchment was one of the largest areas but the RHICS hydrograph has one of the 

lowest peak discharges.  

Method 1 simulated a peak discharge which was 0.47 m3.s-1 lower and due to the low peak this is 51 

% lower than the RHICS peak. A 20 % reforestation reduced the peak by 0.06 m3.s-1 and delayed it by 

405 minutes. 

Method 2 simulated a peak discharge with a 0.22 m3.s-1 error. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 450 minutes. 

 

Figure 9 – RHICS and simulated hydrographs for the Gipsey sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

9 – Driffield Beck 

The Method 1 simulation of Driffield Beck very closely matched the RHICS hydrograph, with the same 

peak discharge. A 20 % reforestation reduced the peak by jus 0.01 m3.s-1 and delayed it by 45 minutes. 

Method 2 simulated a peak discharge with a 0.004 m3.s-1. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 30 minutes. 
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Figure 10 – RHICS and simulated hydrographs for the Driffield Beck sub-catchment, from baseline 

and 20, 40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

10 – The Beck 

The Beck was another RHICS input with a very low peak discharge.  

Method 1 simulated a peak which was 0.03 m3.s-1 lower than the RHICS hydrograph. A 20 % 

reforestation reduced the peak discharge by 0.01 m3.s-1 and delayed it by 105 minutes. 

Method 2 simulated a peak discharge with a 0.002 m3.s-1. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 120 minutes. 

 

Figure 11 – RHICS and simulated hydrographs for The Beck sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

11 – Naff Slack 

Naff Slack had a very low peak discharge in the RHICS input hydrograph and the sub-catchment is 

relatively small compared to the others.  

Method 1 simulated a peak discharge which was 0.01 m3.s-1 lower than in RHICS. A 20 % reforestation 

reduced the peak discharge < 0.01 m3.s-1 and delayed it by 30 minutes. 

Method 2 simulated a peak discharge with a 0.002 m3.s-1 error. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 15 minutes. 
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Figure 12 – RHICS and simulated hydrographs for the Naff Slack sub-catchment, from baseline and 

20, 40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

12 – White 

The White sub-catchment was large and complex, incorporating the RHICS input points of 

NaffDrain_US_1 , White_US_1, White_US_2, U_FOSTN2 and cs112d.  

Method 1 simulated a peak discharge which was 2.84 m3.s-1 lower, nearly 30 % lower than the RHICS 

peak. A 20 % reforestation reduced the peak by 1.28 m3.s-1 and delayed it by 315 minutes. 

Method 2 simulated a peak discharge with a 0.009 m3.s-1 error and two peaks. A 20 % reforestation 

increased the peak discharge by 0.35 m3.s-1 and delayed it by 45 minutes – this appears to be caused 

by the initial peak merging with the secondary peak. A 60 % reforestation is required to reduce the 

peak discharge. 

 

Figure 13 – RHICS and simulated hydrographs for the White sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

13 – Old Howe 

Method 1 simulated a peak discharge which was 2.59 m3.s-1 lower than the RHICS hydrograph. A 20 % 

reforestation reduced the peak discharge by 0.05 m3.s-1 and delayed it by 165 minutes. 

Method 2 simulated a peak discharge with a 0.002 m3.s-1 error. A 20 % reforestation reduced the peak 

discharge by 0.61 m3.s-1 and delayed it by 210 minutes. 
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Figure 14 – RHICS and simulated hydrographs for the Old Howe sub-catchment, from baseline and 

20, 40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 

14 – Mickley 

The Mickley sub-catchment incorporated the RHICS input points of Mickley_US_2 and Mickley_US_1 

which had identical hydrographs.  

Method 1 simulated a hydrograph showing evidence of the complexity of this area and the elevation 

data used. The CL simulated peak was 0.98 m3.s-1 lower than the hydrograph, which three smaller and 

later peaks. A 20 % reforestation increased the main peak by 0.04 m3.s-1 and resulted in no timing 

difference. The final peak is reduced more visibly by reforestation. 

Method 2 equally reflects the complexity of this location with a triple peak hydrograph. The peak 

discharge has a 0.004 m3.s-1 error. A 20 % reforestation reduced the peak discharge by 0.14 m3.s-1 and 

delayed it by 30 minutes. 

 

Figure 15 – RHICS and simulated hydrographs for the Mickley sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation, using Method 1 (left) and Method 2 (right). 
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Results - 50 year Event 

The calibrations obtained using Method 2 were used to simulate 50 year events. The purpose was to 

assess whether the increase in roughness is more effective for smaller events. 

The rainfall timeseries for a 50 year event has not been provided from previous RHICS modelling, a 

100 year event timeseries was scaled using the scaling factors advised by the RHICS Audit report 

(XXXX). The simulate hydrographs were compared to the hydrographs for a 50 year event from 

previous RHICS modelling. 

As before, simulations with 20, 40, 60, 80 and 100 % reforestation were performed. 

Table 7 – Differences in the peak discharge reductions between the 100 year and 50 year events. 

Red indicates that the largest reduction was observed for the 100 year event and green when this 

was observed for the 50 year event. 

 

Table 7 summarises the differences between the 100 year and 50 year events. In 53 % of the 

simulations the greatest reduction in peak discharges was observed for the smaller event. This 

suggests that for the reforestation scenarios there is a similar influence on both events. 

Each sub-catchment shows greater error between the peak of the RHICS hydrograph and the 

simulated baseline peak. The simulated baseline peaks are on average 23 % lower than the RHICS 

hydrograph. This is either because the calibrations against the 100 year event are not transferable or 

that the suggested scaling factors are not correct. 

 

 

 

 

 

 

sub-catchment 0 0.2 0.4 0.6 0.8 1

1 Hurn 0.00 -0.03 -0.05 -0.10 -0.11 -0.14

2 Arram2_3 0.00 -0.06 0.06 0.30 0.58 0.82

3 Arram4 0.00 0.08 0.12 0.17 0.12 -0.33

4 Arram1 0.00 0.01 -0.03 -0.56 -0.14 0.53

5 Watton 0.00 -0.32 -0.42 -0.60 -1.20 -1.87

6 Skerne 0.00 0.47 0.36 0.14 -0.17 -0.59

7 DTS 0.00 0.15 0.01 -0.15 0.62 4.26

8 Gipsey 0.00 1.24 2.92 4.91 6.16 7.60

9 Driffield Beck 0.00 -0.07 -0.13 -0.20 -0.27 -0.36

10 The Beck 0.00 -0.01 -0.02 -0.02 -0.04 -0.05

11 Naff Slack 0.00 0.06 0.14 0.22 0.29 0.36

12 White 0.00 15.42 17.51 14.62 12.38 10.67

13 Old Howe 0.00 -2.14 -3.05 -3.68 -4.01 -3.91

14 Mickley 0.00 10.16 14.13 12.49 8.57 4.49

Reforestion Level / Differnce in Peak Discharge Reduction (%)
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1 – Hurn 

The simulation of the 50 year event produced a peak discharge with an error 0.19. A 20 % reforestation 

reduced the peak discharge by 0.02 m3.s-1 and delayed the peak by 30 minutes. 

 

Figure 16 - RHICS and simulated hydrographs for the Hurn sub-catchment, from baseline and 20, 40, 

60, 80 and 100 % reforestation using a 50 year event. 

2 – Arram2_3 

The simulation produced a peak discharge with a 0.08. A 20% reforestation reduced the peak 

discharge by 0.24 m3.s-1 and delayed it by 45 minutes. 

 

Figure 17 - RHICS and simulated hydrographs for the Arram2_3 sub-catchment, from baseline and 

20, 40, 60, 80 and 100 % reforestation using a 50 year event. 
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3 – Arram4 

The simulation produced a peak discharge with a 0.21. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 300 minutes. 

 

Figure 18 - RHICS and simulated hydrographs for the Arram4 sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation using a 50 year event. 

4 – Arram1 

The simulation produced a peak discharge with a 0.23 error. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 300 minutes. 

 

Figure 19 - RHICS and simulated hydrographs for the Arram1 sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation using a 50 year event. 
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5 – Watton 

The simulation produced a peak discharge with a 0.28 error. A 20 % reforestation reduced the peak 

discharge by 0.01 m3.s-1 and delayed it by 105 minutes. 

 

Figure 20 - RHICS and simulated hydrographs for the Watton sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation using a 50 year event. 

6 – Skerne 

The simulation produced a peak discharge with a 0.54 error. A 20 % reforestation reduced the peak 

discharge by 0.03 m3.s-1 and delayed it by 180 minutes. 

 

Figure 21 - RHICS and simulated hydrographs for the Skerne sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation using a 50 year event. 
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7 – DTS 

The simulation produced a peak discharge with a 0.22 error. A 20 % reforestation reduced the peak 

discharge by 0.02 m3.s-1 and delayed it by 525 minutes. 

 

Figure 22 - RHICS and simulated hydrographs for the DTS sub-catchment, from baseline and 20, 40, 

60, 80 and 100 % reforestation using a 50 year event. 

8 – Gipsey 

The simulation produced a peak discharge with a 0.0015 error, however the actual peak would have 

occurred once the simulation had finished. 

 

Figure 23 - RHICS and simulated hydrographs for the Gipsey sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation using a 50 year event. 
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9 – Driffield Beck 

The simulation produced a peak discharge with a 0.28 error. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 45 minutes. 

 

Figure 24 - RHICS and simulated hydrographs for the Driffield Beck sub-catchment, from baseline 

and 20, 40, 60, 80 and 100 % reforestation using a 50 year event. 

10 – The Beck 

The simulation produced a peak discharge with a 0.22 error. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 135 minutes. 

 

Figure 25 - RHICS and simulated hydrographs for The Beck sub-catchment, from baseline and 20, 40, 

60, 80 and 100 % reforestation using a 50 year event. 

 



21 
 

11 – Naff Slack 

The simulation produced a peak discharge with a 0.20 error. A 20 % reforestation reduced the peak 

discharge by <0.00 m3.s-1 and delayed it by 15 minutes. 

 

Figure 26 - RHICS and simulated hydrographs for Naff Slack sub-catchment, from baseline and 20, 

40, 60, 80 and 100 % reforestation using a 50 year event. 

12 – White 

The simulation produced a peak discharge with a 0.20 error. A 20 % reforestation reduces the peak 

discharge by 0.81 m3.s-1 and delayed it by 360 minutes. 

 

Figure 27 - RHICS and simulated hydrographs for White sub-catchment, from baseline and 20, 40, 

60, 80 and 100 % reforestation using a 50 year event. 
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13 – Old Howe Beck 

The simulation produced a peak discharge with a 0.21 error. A 20 % reforestation reduces the peak 

discharge by 0.32 m3.s-1 and delayed it by 240 minutes. 

 

Figure 28 - RHICS and simulated hydrographs for the Old Howe Beck sub-catchment, from baseline 

and 20, 40, 60, 80 and 100 % reforestation using a 50 year event. 

14 – Mickley Beck 

The simulation produced a peak discharge with a 0.10 error. A 20 % reforestation reduced the peak 

discharge by 0.45 m3.s-1 and delayed it by 45 minutes. 

 

Figure 28 - RHICS and simulated hydrographs for the Old Howe Beck sub-catchment, from baseline 

and 20, 40, 60, 80 and 100 % reforestation using a 50 year event. 
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Quick Summary 

Method 

• Digital Elevation Models (DEMs) were produced by combining OS5 with available Terrain 

LiDAR – data was mainly inferior OS5 

 

• Obstructions such as roads were removed from the data 

 

• Channels were plotted based on data, maps and aerial images, and burned into the DEMs 

 

• Final DEMs were 10m resolution 

 

• Discharges calibrated using 100 year event rainfall and corresponding RHICs hydrographs 

Results  

• All interventions showed some benefit, however much of these were marginal 

 

• Leaky dams were the most effective intervention in both catchments 

 

• Floodplain reconnection and wet woodlands also effective 

 

• Combining all interventions shows a cumulative benefit 

Recommendations 

• The feasibility of leaky dams, floodplain reconnection, and wet woodland should be explored 

further 

 

• Other interventions, individually, showed only marginal benefits and unlikely to be cost-

effective 

 

• As benefits of interventions was cumulative any opportunity that presents itself should be 

explored 
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Introduction 

The Phase 1 CAESAR-Lisflood modelling work identified the Arram 1-4, Watton and DTS sub-

catchments as ideal sites to model in more detail, incorporating representations of various Natural 

Flood Management (NFM) interventions. The choice of sub-catchments, the interventions chosen and 

their mapping, and the event magnitudes models were determined by ARUP after discussion with UoH 

and HCC. 

Sub-catchments 

The sub-catchments modelled in Phase 2 were Arram 1-4 and Watton. The Arram 1-4 sub-catchments 

were combined into a single catchment rather than treated separately – this was due to the suspicious 

nature of the fluvial input data from the original RHICS project. Otherwise the boundaries for each 

were set to the same extents as in Phase 1. 

The DEM were constructed firstly by merging OS5 data with the available Environment Agency’s 

Terrain LiDAR product. This latter product only had a very marginal coverage of the sub-catchments, 

restricted to the lower reaches of each area, therefore the predominant data set was the inferior OS5. 

Each dataset was converted to a point cloud and in areas of overlap the OS5 points were removed. 

Additionally, to remove artefacts from both datasets (i.e., roads, bridges), these were marked by 

polylines and points within a 40 m distance of the line were removed. The locations of channels were 

marked using a combination of the elevation data, maps, and aerial images using a polyline, and points 

within a 15 m distance of this polyline were removed. The final set of points was then interpolated 

using Topo-to-Raster in ArcMap to a resolution of 10 m. Finally, to further improve the representation 

of the fluvial channels, each pixel of the interpolated grid intersected by the channel polyline was 

lowered by 0.5 m elevation. 

The Manning’s n Roughness Co-efficient values were applied at a 10 x 10 m pixel level rather than 

globally (as in Phase 1), based on the 2014 record of UK land cover obtained via Digimap. 

Scenarios and Calibration 

The fluvial events used were 100 yr, 50 yr, 10 yr, and 2 yr. Each was based on the 100 yr rainfall record 

from the original RHICs project and scaled by the factors agreed in the RHICS Model Audit of February 

1st 2017 by Ch2m ( 100yr = 1; 50 yr = 0.88; 10 yr = 0.62; 2 yr = 0.36). 

The model was calibrated by altering the m value within the CAESAR-Lisflood model so that the peak 

discharge for a 100 yr event matches that of the RHICs fluvial inputs for the same event and 

corresponding inputs. It should be noted that this meant there was no spin-up period for the scenarios 

and no water within channels at the start of the event – this will significantly slow the progression of 

the flood wave and influence the peak discharges and hydrograph. 

For each of the events a set of NFM scenarios were simulated using mapping and typologies provided 

by ARUP –  

• Leaky dams (20 % flow) in Typology A 

• Leaky dams (20 % flow) in Typology B 

• Leaky dams (20 % flow) in Typologies A and B 

• Large Wooded Debris (50 % flow) in Typology B 

• Contour Ploughing in Typology A 

• Contour Ploughing in Typology B 
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• Contour Ploughing in Typologies A and B 

• Tree Planting in Typology A 

• Tree Planting in Typology B 

• Tree Planting in Typologies A and B 

• Buffer Strips in Typology B 

• Floodplain Reconnection in Typology B 

• Wet Woodland in Typology B 

• All interventions together 

In total there were 60 scenarios for each of the two sub-catchments simulated. 

NFM Model Implementations 

There is little guidance on how to represent NFM implementations within hydraulic models beyond 

altering the Manning’s n Roughness Co-efficient. There was an opportunity to utilise the functionality 

of CAESAR-Lisflood to develop new methods. The implementations used are highlighted below. 

Leaky Dams and Large Wooded Debris 

Leaky dams and large wooded debris have been represented in the modelling by applying a flow 

restriction to pixels containing these structures.  

A text file is produced assigning each pixel a code value of 0 to 5. A 0 value indicates that there are no 

structures in the pixel, and for each other code a flow restriction is assigned for each pixel with that 

code. Therefore, five different types of structure can be represented. 

With each time step the model calculates how water flows between pixels mainly based on the heights 

of water columns between pixels – the restriction reduces this value to a proportion of what the model 

calculates causing water to be stored upstream. 

Leaky dams – 0.2 flow allowed. Structures stretch across the entire valley. 

Large wooded debris – 0.5 flow allowed. Structures in channel only. 

Contour Ploughing 

Contour ploughing was represented by increasing the Manning’s n Roughness Coefficient in each area 

to 0.07 (arable land normally 0.035). 

Tree Planting 

Tree planting was represented by increasing the Manning’s n Roughness Coefficient in each area to 

0.16. 

Buffer Strips 

Buffer strips were represented by increasing the Manning’s n Roughness Coefficient of pixels 

neighbouring channel pixels in the mapped areas to 0.16. 

Floodplain Reconnection 

Floodplain reconnection was represented by lowering the elevation of pixels within the mapped areas 

by 0.25 m, and raising pixels neighbouring the mapped area on the downstream edge by 0.5 m. 
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Wet Woodlands 

Wet woodlands were represented by lowering the elevation of pixels within the mapped areas by 0.25 

m, and increasing the Manning’s n Roughness Coefficient of the same area to 0.16. 

Results 

Leaky Dams 

Leaky dams would be an effective intervention in both catchments, but especially within the Arram 

catchment where leaky dams in both typologies would reduce the peak of a 100 year event by nearly 

4 % and delay that peak by 45 minutes. Only marginal benefits are seen in the Watton catchment. 

Note – for simulations showing a swifter peak discharge this is a result of the rising limb of the 

hydrograph being similar to that with no leaky dams yet becoming curtailed earlier by the reduced 

peaks.  

Arram – Type A Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 3.06 -15 

50 year 1.76 -45 

10 year 0.51 0 

2 year 0.02 0 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.40 60 

50 year 0.65 45 

10 year 0.82 45 

2 year -0.05 0 

Arram – Types A & B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 3.99 45 

50 year 2.83 15 

10 year 1.29 90 

2 year -0.01 0 

 

Watton – Type A Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.01 0 

50 year 0.05 0 

10 year 0.12 0 

2 year 0.01 15 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.38 0 

50 year 0.14 15 

10 year 0.06 15 

2 year 0.03 45 

Watton – Types A & B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.40 15 

50 year 0.19 15 

10 year 0.18 15 

2 year 0.05 60 
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Woody Debris 

The impact of woody debris on both catchments is marginal but does show some reduction in peak 

discharges and delays in the peak. 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.23 15 

50 year 0.20 0 

10 year 0.42 45 

2 year 0.08 0 

 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.05 -15 

50 year 0.02 15 

10 year 0.12 30 

2 year 0.03 60 

 

Contour Ploughing 

Across the Arram catchment contour ploughing is ineffectual, with very little variation in the peak 

discharges (include some minimal increases) and little impact on timings. It is slightly more effective 

in the Watton catchment when applied to both typologies.  

Arram – Type A Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.02 0 

50 year 0.02 0 

10 year -0.01 0 

2 year -0.06 0 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.01 0 

50 year 0.04 0 

10 year 0.60 0 

2 year -0.02 15 

Arram – Types A & B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.02 0 

50 year 0.01 0 

10 year -0.01 0 

2 year -0.07 0 
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Watton – Type A Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.03 15 

50 year 0.09 0 

10 year 0.05 15 

2 year 0.17 0 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.23 15 

50 year -0.24 0 

10 year 0.75 15 

2 year 0.20 0 

Watton – Types A & B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.50 30 

50 year -0.01 0 

10 year 0.25 0 

2 year 0.33 0 

 

Tree Planting 

The tree planting interventions proposed are ineffectual in both catchments, with only any meaningful 

benefit seen in the Arram catchment with tree planting in Typology A, with slight reduction in peak 

discharge and a delay of 15 minutes. The results of combining both Typology A and B tree planting is 

better than the sum of both individually in the Arram catchment. 

Note – there were no tree planting opportunities identified in Typology B for the Watton catchment. 

Arram – Type A Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.12 15 

50 year 0.10 0 

10 year 0.01 0 

2 year -0.01 0 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.01 0 

50 year 0.00 0 

10 year 0.00 0 

2 year 0.01 0 

Arram – Types A & B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.18 15 

50 year 0.14 0 

10 year 0.02 0 

2 year -0.01 0 
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Watton – Type A Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.01 0 

50 year 0.01 0 

10 year 0.00 0 

2 year 0.00 0 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.00 0 

50 year 0.00 0 

10 year 0.00 0 

2 year 0.00 0 

Watton – Types A & B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.01 0 

50 year 0.01 0 

10 year 0.00 0 

2 year 0.00 0 

 

Buffer Strips 

Buffer strips are ineffectual across both catchments but do show some benefit in reducing and 

delaying peak discharges. 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.12 15 

50 year 0.05 0 

10 year 0.03 15 

2 year -0.01 0 

 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.01 0 

50 year 0.02 0 

10 year 0.02 0 

2 year 0.03 30 

 

Floodplain Reconnection 

The influence of floodplain reconnection is more complex. It is largely ineffectual in the Arram 

catchment, with only small decreases in peak discharges and small delays. It is more effective in the 

Watton catchment especially for delaying the peak discharge, however this is seen to slightly increase 

the peak discharge for 100 year event. 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.19 15 

50 year 0.22 0 

10 year -0.07 0 

2 year 0.07 0 
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Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.32 30 

50 year 0.02 45 

10 year 0.08 15 

2 year 0.01 0 

 

Wet Woodland 

Wet woodland is a successful intervention in both catchments, reducing the peak discharge for most 

scenarios and also delaying the timing of the peak. Like floodplain connection, there is a slight increase 

in the peak discharge in the Watton catchment for the largest event, but there is also a delay in the 

timing. 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.38 30 

50 year 0.38 15 

10 year 0.52 15 

2 year 0.06 0 

 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year -0.28 15 

50 year 0.27 60 

10 year 0.31 75 

2 year 2.02 780 

 

All NFM Interventions 

For the Arram catchment, applying all of the interventions together is effective and reduces the peak 

discharge by nearly 5.5 % and delaying it 105 minutes for the 100 year event. For the Watton 

catchment, applying all interventions is successful in delaying the peak discharge yet less effective at 

reducing the peak discharge than leaky dams alone. 

Arram – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 5.46 105 

50 year 4.07 60 

10 year 2.39 195 

2 year 1.25 0 

 

Watton – Type B Peak (% reduction of baseline) Timing (delay in minutes) 

100 year 0.17 45 

50 year 0.42 105 

10 year 0.51 90 

2 year 0.42 315 
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Quick Summary 

Method 

• The same Digital Elevation Models were used as in Phase 2 report. Arram was sub-divided 

into four using WFD catchment boundaries 

 

• Input was hydrograph provided by ARUP 

 

• Same flood intervention scenarios as Phase 2 were simulated 

Results  

• Results were similar to Phase 2 – all interventions showed some benefit and these were 

cumulative alongside other interventions 

 

• Benefits of all NFM interventions were increased using the shorter-duration event 

Recommendations 

• Focus of potential NFM interventions should focus on benefits during shorter-duration 

events 

 

• NFM interventions may not be suitable as flood mitigation against larger, longer-duration 

events  



2 
 

Introduction 

The Phase 2 CAESAR-Lisflood work identified that there was some potential for NFM, particularly leaky 

dams, within the Watton and Arram sub-catchments. However, this was likely limited due to the long-

duration of the rainfall scenarios applied and the return period of some of the events. Phase 3 was 

agreed using the same modelling set up but applying a shorter-duration event. 

Sub-catchments 

The sub-catchments modelled in Phase 2 were Arram 1-4 and Watton. Whereas the Arram sub-

catchment was previously treated as a single catchment, the highly managed area in the low-lying 

areas close to the outlet proved too complex to model effectively. Instead, this area was removed by 

dividing the Arram catchment into its four sections. This was performed by clipping the DEM from 

Phase 2 using WFD catchment boundary files provided by ARUP. 

Further manual edits were made to the Arram sub-catchments by identifying artefacts in the DEMs 

which restricted flows and removing them from the data. 

Scenarios and Calibration 

The model was run with a single short-duration scenario provided as a hydrograph by ARUP. CAESAR-

Lisflood directly reads from the hydrograph and uses the internal TOPMODEL to calculate the rainfall 

input required to produce this response, and this is then applied to CAESAR-Lisflood. Due to this 

rainfall having to travel over the 2D model terrain, the output hydrograph will not match the input. 

Thus, no calibration was required. 

The zero timestep input for the Watton catchment was not 0 m3.s-1. To account for this baseflow 

element, a 10 day spin-up of the equivalent zero timestep value was applied before the provided 

hydrograph. 

NFM Model Implementations 

All implementations of NFM were the same as Phase 2. To reduce the number of simulations, 

individual runs of Buffer Strips, Contour Ploughing, and Tree Planting were excluded. 

Results 

Watton 

Intervention Peak Reduction (%) Peak Delay (mins) 

Leaky Dams Type A 3.06 30 

Leaky Dams Type B 3.65 45 

Leaky Dams Types A & B 7.01 45 

Woody Debris 1.82 45 

Floodplain Reconnection 3.25 105 

Wet Woodland 2.71 105 

All NFM 10.56 225 
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Arram_US1 

Intervention Peak Reduction (%) Peak Delay (mins) 

Leaky Dams Type A 4.53 45 

Leaky Dams Type B 2.10 120 

Leaky Dams Types A & B 6.50 150 

Woody Debris 1.04 60 

Floodplain Reconnection -0.21 0 

Wet Woodland 0.39 45 

All NFM 9.23 300 

 

Arram_US2 

Intervention Peak Reduction (%) Peak Delay (mins) 

Leaky Dams Type A 0 0 

Leaky Dams Type B 0.05 15 

Leaky Dams Types A & B 0.05 15 

Woody Debris 0.12 15 

Floodplain Reconnection - - 

Wet Woodland - - 

All NFM 0.29 30 

 

Arram_US3 

Intervention Peak Reduction (%) Peak Delay (mins) 

Leaky Dams Type A 1.58 15 

Leaky Dams Type B 6.70 135 

Leaky Dams Types A & B 8.36 165 

Woody Debris -1.47 60 

Floodplain Reconnection 0.23 15 

Wet Woodland - - 

All NFM 7.55 225 

 

Arram_US4 

Intervention Peak Reduction (%) Peak Delay (mins) 

Leaky Dams Type A 3.46 90 

Leaky Dams Type B 0.98 45 

Leaky Dams Types A & B 2.91 120 

Woody Debris 1.17 45 

Floodplain Reconnection 0.62 15 

Wet Woodland 2.35 30 

All NFM 10.47 285 
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Introduction 

The aim of the modelling is to determine whether there are likely flood risk benefits associated with 

an electric pump installed in the Leven Carrs site. The pump acts to remove water drained from fields 

and redistributes it within site to a created wetland. It operates in addition to two larger electric 

pumps that redistribute water from the low level drainage system to the adjacent high level River Hull. 

A benefit to flood risk is taken as a large volume of water diverted from being pumped into the River 

Hull immediately following a storm event. 

Methods 

The location is shown in Figure 1, with the site to be modelled bounded in red. Information provided 

for the modelling identifies the bounded area as hydrologically isolated from the surrounding area 

apart from the pumps and flood overflows into the site from the River Hull or Holderness Drain. The 

area within the site south of the track east and west of Waterloo Bridge is the site of the created 

wetland and is partially hydrologically isolated from the north of the site, with water able to drain over 

weirs west to east, above certain levels.   

 

Figure 1 – The Leven Carrs site with the area of interest to be modelled bounded in red. Arrows 

indicate the drainage routes in the site, and dashed areas indicate areas of transfer between the 

drainage system and the wetland. 

There are three pumps, all located at the same location at the north-western extent of the Leven 

South Carr Drain. Table 1 shows the information provided for each of these pumps. 



Table 1 – Details of the functioning of the pumps at the Leven Carrs site 

Pump Activation Deactivation Rate 

Pump 1 Above -1.8m Below -2.3m 600m3/hr 

Pump 2 Above -1.8m Below -2.3 m 600m3/hr 

Pump 3 Above -2.3m Below -2.3m or when 
Pumps 1 & 2 are 
operating 

60m3/hr 

 

The modelling was conducted in CAESAR-Lisflood (Coulthard et al., 2013). There was no pre-built 

capability within CAESAR-Lisflood for pumping and this was built into the model following the rules 

specified in Table 1. Checks of water depths and removal of water was undertaken at each model 

timestep (minimum of 1 second). 

Water removed by pumps is removed from the system and the volume recorded. Pump 3 in reality 

redistributes water within the site to a created wet land – this is not represented in the model. 

Elevation data used was downloaded from the Environment Agency’s 2 m terrain LiDAR record. The 

drainage channels were not clearly defined in the raw data so this was processed to allow smoother 

movement of water using a constant depth of -1 m. A ‘fill’ functions was also performed on the 

elevation data within ArcMap. 

Table 1 shows the water elevation depths when the pumps become active or otherwise yet 

information was not provided on the base level. This was assumed to be -2.5 m for purposes of 

assessing the water depths for activating pumps. 

The model has no representation of subsurface losses or flows. 

A 1 week period was modelled covering July 5-11 2007 when there was a significant rainfall event and 

antecedent conditions were wet enough for the ground to be saturated. Figure 2 shows the rainfall 

rates covering this period. Rainfall rate estimates were obtained from the UK radar NIMROD 5 km 

composite dataset. 

Four scenarios were simulated –  

• No Pumps – none of the pumps were active 

• Both Pumps – pumps of both sizes were active (1, 2 and 3) 

• Just Big Pumps – both larger pumps (1 and 2) were active 

• Just Small Pump – just the smaller pump (3) was active 



  

Figure 2 – Rainfall rates covering the period 5-11 July 2007 as observed using the NIMROD radar 5 

km composite. 

Results 

Table 2 – Volume totals pumped, by each pump type, and the maximum volume of water recorded 

in the site for each of the scenarios. 

Scenario Pump Total (m3) Small Pump Total 
(m3) 

Big Pump Total 
(m3) 

Max volume in 
site (m3) 

No Pumping 0 0 0 50736 

Both Pumps 2640 926 1715 45782 

Big Pump Only 2638 0 2638 45781 

Small Pump Only 2576 2576 0 50342 

 



 

Figure 3 – Volumes of pumping and water across the site when using both pump sizes. 

 

Figure 4 – Volumes of pumping and water across the site when using just the big pumps. 



 

Figure 5 – Volumes of pumping and water across the site when using just the small pump. 

Table 2, and Figures 3, 4, and 5 show the total cumulative totals pumped by each pump type and the 

total volume of water within the site for the three pumping scenarios. The addition of the small pump 

does little to influence the rate of water removal from the site, with the site volumes being only 

marginally lower at each timestep when using both pumps over just the big pumps. By just using the 

small pump, the maximum volume of water observed across the site was not as greatly reduced. 

Although the addition of the small pump did little to the rate of volume decrease in the site, it did 

reduce the volume of water pumped by the large pumps by around a third. When using just the big 

pumps they commenced pumping in minute 6750 and ceased continuous pumping in minute in 8780, 

whilst for both pumps the big pumps started in minute 6750 and ceased continuous pumping in 

minute 10515, meaning they stopped operating nearly 29 hours earlier. 

Discussion 

The results reveal that there may be some intriguing flood risk benefits from the addition of the small 

pump to the site. During this simulated event the small pump reduced the total volume of water 

pumped into the River Hull by a third, instead diverting it to a created wetland within the site boundary. 

This reduction in volume does not come directly after the storm, instead the initial deluge of rainfall 

rapidly brings the depth of the pumping pixel above the threshold for the large pumps, activating them 

before the small pump can achieve much. Only when enough volume of water has been removed from 

the site and the depth of water is low enough to deactivate the big pumps does the small pump take 

over, keeping the water level below the threshold for reactivate the big pumps – this means that 

continuous use of the big pumps is ended nearly 29 hours earlier. 

The potential for flood risk benefit is not immediately obvious as the rate of pumping into the River 

Hull is unaffected in the aftermath of the rainfall event. However, in combination with other 

interventions upstream in the catchment designed to ‘slow the flow’ the reduction in water being 

pumped into the river later could help reduce antecedent water levels for flood peaks delayed by the 



other interventions. This is likely to be a complex benefit to fully understand and will require further 

work. 

The reduction in the amount the big pumps are required to operate is likely to have wider benefits, 

such as economic and carbon savings, along with the creation of the wetland habitat, but this is 

beyond the scope of this work. 

It is important to acknowledge the limitations of this study. It has considered just a single, extreme, 

rainfall event and the responses of the pumps will vary based on conditions such as repeated rainfall. 

The model does not include any representation of groundwater processes that be to be influential in 

this site. There was no further losses in the model, for example from evapotranspiration. 

Approximations were made for bed levels of the drainage and the pumping pixel. 

A further limitation could be the coding of the pumping thresholds that were set up to check every 

second timestep in the model. This could result in, and there is some evidence for, rapid activation 

and deactivation of pumps which might not reflect reality. A better understanding of how the pumps 

operate, and any lags in activation/deactivation, would improve the modelling. 

Conclusion and Recommendations 

This study has shown through numerical modelling that the inclusion of the small pump at the Leven 

Carrs site is able to reduce the load on the larger pumps, and divert water that would otherwise by 

pumped into the River Hull. This is unlikely to have much impact on flood risk immediately after events, 

but could reduce pumping into the river during times flood peaks delayed by other interventions reach 

the area. This require further investigation to understood whether this can be achieved for the 

catchment. 
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C1 Site visits 

An online workshop was held between the project team and HCC to discuss the 

initial results from the C-L sensitivity modelling and the Task 1 NFM desk study 

outputs. This workshop was used to identify potential NFM opportunities and 

agree the focus of the site visits.  

Site visits were undertaken across the River Hull catchment at 12 different 

locations. The site visit locations were also selected to cover a range of catchment 

typologies across the River Hull catchment. The site visits were attended by 

representatives from HCC, Arup, YWT, EEI, EA and NE.  

Figure 26 shows the site visit locations undertaken across 4 days in July and 

August 2018.  A summary of the main findings is presented below. 

 

Figure 26. Overview of site visit locations to upper sub-catchments of the River Hull 

catchment 

Site visit 1: Old Howe (Upper - Old Howe sub-catchment) 

This is a groundwater dominated site which carries additional surface water runoff 

from surrounding agricultural land during heavy rainfall. The Old Howe breached 

its banks in April 2018. The bank cannot be repaired using FDGiA because there 

is no risk to properties in the area, the risk is primarily to agricultural land. EA are 

currently building an embankment downstream of the breach site to stop water 
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from backing up from Foston Beck and causing more flooding. There is potential 

for storing water (ponds) on the lower ground at this location but the funding 

mechanism to provide a permanent solution is not clear. 

Site visit 2: Bracey Bridge (Upper - White sub-catchment) 

This is a groundwater dominated catchment situated very close to the top of the 

high level system. Current land use is a semi-natural wet woodland, which has the 

potential to be made wetter by installing leaky dam structures along Lowthorpe 

Beck. Some measures have already been implemented by Yorkshire Wildlife 

Trust (YWT) at this location mainly with a fish habitat driver. Land to the north of 

Bracey Bridge is currently in a stewardship agreement and to the south there is 

another wet woodland. There is potential for land between the 2 braids to store 

water. It was noted that part of the channel has silted up naturally and diverted 

flowing water which provides an opportunity to install a leaky dam here as well.  

Site visit 3: Driffield Trout Stream (Upper - Driffield Beck sub-catchment) 

This is a groundwater dominated chalk stream. There is potential to reinstate a 

meander bend into channel on the north side of the stream as to not interfere with 

the golf course on the south side and keep the existing channel as backwater. The 

landowner has previously shown interest in engaging and implementing NFM 

type measures. Part of the channel is culverted to pass under the main channel. 

There is potential to open this up and allow woodland to become wet. 

Site 4: River Hull Headwaters at Wansford (Middle catchment) 

A large area of land is owned by YWT. There are two attenuation ponds already 

installed and connected to Main Drain (internal drainage board (IDB) managed) to 

discharge which also act as silt traps. There is potential to lower land to create a 

water storage area/backwater habitat to reduce flows into the River Hull; currently 

the area is flooding only at very high levels but frequency could be increased with 

a 300mm lowering. 

Site 5: Skerne wetlands (Middle catchment) 

YWT have bought redundant fish farms and removed much of the infrastructure 

to allow growth of semi-natural environment at this location. River restoration 

work has been carried out at this site by YWT and volunteers. There is potential to 

create large water storage areas but the onsite hydrology would need to be 

assessed in more depth as it has been heavily modified (existing vegetation of no 

biodiversity value). There is currently a large embankment disconnecting the 

channel from the floodplain to the east but the river and channel are at similar 

levels. 

Site 6: Leven Carrs (Lowland catchment) 

There are 9 parcels of land (within black boundary) used as multi-use wetland/ fen 

over an area of 150 hectares in total. Each parcel of land is hydrologically 
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disconnected from the neighbouring parcels. The site is managed by Albanwise 

Farming as an agri-business. There is potential on this site to increase flood 

storage capacity, promote biodiversity and build an educational hub. The 

landowner is engaged and open to implementing NFM type features on site.  

Currently flooding at this location occurs when the low level system is unable to 

pump water into the high level system and it gets overwhelmed. Increasing 

storage at this site would also provide benefits to farms nearby. Implementing 

NFM features at this location is likely to have greater benefit to flows in the 

Holderness Drain than the River Hull. 

Currently there are ongoing discussions within the EA to decommission Tickton 

pumping station and replace it with a weir, which was a recommendation from 

previous RHICS modelling work10. This could have an effect on land at Leven 

Carrs   

Site 7: Aike and Arram ‘Ds’ (Lowland catchment) 

Flooding at this location occurs when the low level system is unable to discharge 

into the high level system during high intensity rainfall events. RHICS model 

results indicate that the Arram D is likely to flood more rapidly and frequently 

than the Aike D from the Beverley & Barmston Drain.   

There is potential to create a new linear embankment parallel to Beverley and 

Barmston Drain to allow overflow of the River Hull. This idea was suggested in 

pre-RHICS model but was disregarded because of high costs associated with clay 

lining, which was suggested in order to protect groundwater quality. However, the 

embankment would have significant financial benefits to the EA’s current 

maintenance regime at this site, reducing it by up to 50%.  

Providing additional storage for the River Hull in the Aike and Arram D’s has 

potential to lower water levels in the River Hull during extreme events allowing 

the low level system to discharge into the high level system for longer. However, 

this would limit Beverley and Barmston Drain from spilling into this land so any 

potential overtopping would flood farmland. The land may need to be lowered to 

enable water from the River Hull to enter the area. 

Aike D is currently in High Level Stewardship which may increase landowner 

willingness to engage and alter land use for flood risk benefits. The landowner for 

Arram D is unknown.  

Site 8: Bryan Mills Beck (Upper – Arram 4 sub-catchment) 

This is mainly a natural unmodified catchment. Potential for leaky dams has been 

noted, downstream of Lockington. In addition, the wet woodland complex at 

Snowclose plantation could be made wetter by diverting channels within the 

woodland. There are existing large buffer strips with wild flower plantings which 

may suggest that the landowner is aware of multiple benefits and may be open to 

 
10 RHICS modelling  
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NFM for flood risk as well. The areas between meanders observed are not farmed 

and could be optimised as wetland/ flood storage areas. 

Site 9: Becks Drain (Upper – Arram 4 sub-catchment) 

Parts of the beck are more natural with small meanders in whilst other sections 

have been straightened. There is potential in the natural low points to be utilised 

better for flood attenuation. Some recent tree planting was noted on site. Parts of 

the drain were completely dry or had very little flow during the site visit. There is 

a steeper gradient in this area so there is potential for Becks Drain to catch surface 

water run off during heavy rainfall events and slow the flow downstream. But any 

additional storage capacity is probably very minor and may have limited benefit to 

the wider River Hull catchment. 

Site 10: North Drain (Upper – Arram 2_3 sub-catchment) 

The drains at this location were dry at the time of the site visit. There are no buffer 

strips between farmed land and watercourse and the banks appeared to be 

unmaintained. The area looks to have limited potential for NFM measures based 

on topography of the landscape and current farming practices observed. There 

may be potential for creating a buffer strip along the channel and corner field 

ponds subject to landowner willingness to engage. 

Site 11: Watton sub-catchment  

Sub-catchment is characterised by agricultural land and areas of established 

woodland that Watton Beck flows next to and through, so there could be potential 

to make the woodland ‘wet woodland’ by allowing the flow to accumulate in the 

wooded areas. Where Watton Beck joins the River Hull the banks are perched and 

embanked, which disconnects the beck and the River Hull from its floodplain. 

This could cause a back-up of water along Watton Beck during high flows so 

NFM could potentially be effective in slowing the flow of water from Watton 

Beck into the River Hull to prevent or reduce the back up of water at the 

confluence.   

Site 12: DTS sub-catchment  

Eastburn Beck was determined to be unsuitable for NFM measures close to 

Kirkburn because it is too close to the groundwater spring – there may be 

potential further downstream before it joins Driffield Trout Stream. Potential to 

improve existing weir-like structure and install woody debris/ leaky dams along 

~300 metres along Southburn Beck. Evidence of surface water run off entering 

Southburn Beck so NFM measures could be appropriate here. Banks along 

Southburn Beck are much higher than water level so large area for water storage. 
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1 Introduction 

1.1 Scope 

Arup with partners The University of Hull (UoH) have been commissioned by the 

Hull City Council to undertake an options appraisal study for the implementation 

of Natural Flood Management (NFM) within the upper Hull catchment and 

determine changes in peak flow within the River Hull. As part of the appraisal, a 

hydraulic modelling study calculating changes in peak flow, flow timing and 

flood extent for a range of fluvial flood risk probabilities between 50% and 1% 

AEP have been requested. Results generated through modification of an 

Environment Agency hydraulic model will be used to perform an economic 

appraisal of NFM benefits to the River Hull catchment. 

1.2 Background 

Prior to commencing hydraulic modelling of the River Hull, Phase 1 of this NFM 

study sought to locate appropriate NFM mitigation measures within the River Hull 

watershed. This desktop mapping exercise coupled with field visits determined the 

typology and location of NFM measures and identified two example watersheds 

for hydraulic testing. The upstream catchments served by the Watton and Arram 

Beck, tributaries of the River Hull were selected for their topographical relief and 

low populaces. 

To determine which typology of NFM mitigation measure had greatest potential 

benefit to peak flow reduction, UoH undertook an initial phase of overland flow 

modelling within the CAESAR-Lisflood (CL) hydraulic modelling package. This 

computerised model routed synthetic rainfall directly over a Digital Terrain Model 

(DTM) of the Watton Beck and Arram Beck watersheds. Various DTM 

adjustments were implemented to represent NFM features from leaky dams to wet 

woodlands within CL, reviewing the spatial distribution and typology of NFM 

features to demonstrate the impact of NFM on peak flow reduction. The results of 

this CL screening exercise have been introduced by Arup within the Environment 

Agency (EA) integrated catchment model of the River Hull to determine the 

downstream impact of flow changes on the lower Hull catchment. 

1.3 Aims 

This modelling exercise seeks to incorporate results of the Phase 1 UoH NFM 

study within the wider EA River Hull Integrated Catchment Strategy (RHICS) 

model. The modelling exercise aims to investigate downstream peak flow changes 

in the River Hull within the EA RHICS model following upstream catchment 

NFM implementation in the Watton and Arram Beck watersheds. The study will 

quantify the benefit to downstream receptors within the Hull City Centre and 

perform an economic appraisal of beneficial NFM solutions. 
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1.4 Objectives 

The modelling study has been undertaken to: 

• define a methodology to incorporate UoH results from CAESAR-Lisflood 

hydraulic model into the EA RHICS hydraulic model; 

• report changes in peak flow and timings within the tributaries of the Arram 

Beck and Watton Beck and downstream River Hull; 

• investigate the possibility storage within the Arram D’s a location of 

fluvial floodplain within the RHICS model; 

• produce flood extent mapping of flood depths to permit economic 

appraisal of effective NFM solutions. 

 

The modelling study does not consider: 

• the impact of future climate change;  

• the interaction with the urban sewer system of Hull. 

2 Study Area 

The catchment drained by the River Hull is extremely complex having been 

historically reclaimed from marshland through construction of inland channels for 

navigation and agricultural drainage with tidal water levels throughout. The River 

Hull catchment has a long history of flooding which has resulted in several 

engineering schemes being implemented to reduce flood risk including hundreds 

of kilometres of defences and many pumping stations. 

2.1 Catchment overview 

The upper tributaries of the Yorkshire Wolds are spring-fed by chalk springs 

flowing through gentle rolling hills with the middle and lower River Hull 

catchment formed by peat marshland and a flat alluvial floodplain of sand and 

gravel drift deposits. Many catchment areas of the River Hull lie near mean sea-

level and several metres below tidal high water, these water levels changing twice 

a day throughout long sections of channel. As a result, rainfall runoff accumulated 

in the upper catchment takes days to discharge at the Humber estuary through 

natural tributaries. Furthermore, raised banks along the River Hull to protect 

properties and farmland mean that during high flows water is elevated above the 

surrounding levels. 

Many drainage dykes within these fields, created originally for navigation and 

water supply, are now too low for gravity connection to the River Hull. In heavy 

rainfall this low-level drainage system supporting the Carr-land has historically 

been protected from backing up from River Hull flows by sluice gates and pumps. 

In an effort to reduce water levels within this marshland, the Beverley and 
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Barmston Drain was created. This now follows the River Hull at a lower elevation 

and reconnects near the Humber estuary to operate via gravity in low tide. 

Since the 19th century, pumping from the Beverley and Barmston drain into 

higher level beck tributaries and finally into the River Hull, has been implemented 

to further increase the ability of the levels to discharge during high tides and high 

River Hull flows. More recently, a tidal barrier was added to the River Hull in the 

1970s, to be closed in tidal storm surge offering downstream protection from the 

extremes of tidal inundation from the Humber Estuary. 

2.2 Sources of information 

The flowing sources of information were used in the modelling study: 

• E.A Undefended River Hull Integrated Catchment Strategy RHICS 

InfoWorks ICM model; 

• University of Hull CAESAR-Lisflood Model outputs; 

• Flood maps (Fluvial and Surface Water); 

• EA 2m LiDAR grid cell; 

• OS Mapping (10k and 25k scales); 

• Detailed River Network; 

• Aerial Imagery / Google Earth; 

• National Receptor Dataset. 

2.3 Existing understanding of catchment flood risk 

The River Hull catchment is susceptible to flooding from a range of sources (tidal, 

fluvial, surface water, sewer and groundwater) and the interactions between the 

different sources and the bodies who govern them are complex.  

Hull river network is formed of a high and low-level system. In the upper 

catchment, the land is naturally draining. In the lowlands, the levels are artificially 

maintained by a number of pumps and low-lying drains aimed at protecting 

properties and farmland. Furthermore, up to Hempholme Pumping Station, River 

Hull is tidal dominated.  There are multiple flood defences and flood structures 

e.g. raised flood banks and walls in different states of repair which prevent tidal 

ingress on an almost daily basis. 

Land use in Hull catchment is mostly arable with pockets of pastures and 

urbanised areas. The land is high value farmland predominated by winter wheat, 

oilseed, spring field beans and spring barley and potatoes. These unique 

characteristics create pressures between the need for agricultural drainage and 

management of multiple downstream flood sources. 
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2.4 Description of NFM study area 

Phase 1 of this study selected suitable catchment areas to implement NFM 

solutions by categorising areas into four typologies across the catchment: upper, 

middle, lowland catchment and urbanised area. The upper catchment has a slight 

gradient and it is generally formed of freely draining stream network. Middle 

catchment has a gentler gradient and the lower catchment is very flat, relying on 

pumped drainage systems to maintain water levels and protect land from flooding. 

Based on the site visits, modelling and desk studies, five upper & middle 

catchment typologies were based on four tributaries that that contributed flows to 

the Arram Beck and the neighbouring catchment of the Watton Beck. These 

catchments were selected for the potential deliverability of NFM to improve flood 

risk, the potential for additional ecosystem benefits and the opportunity for 

collaboration with relevant stakeholders/landowners. 

Upper catchments are defined as mostly arable with small areas of woodland and 

pastures. The aquifer is predominantly chalk and includes chalk streams draining 

into downstream main river reaches of flatter gradient. The middle catchment has 

similar land use, dominated by arable land with pastures and pockets of 

urbanisation for both the Watton and Arram tributaries. 

3 Model approach and justification 

3.1 Existing models 

The River Hull Integrated Catchment Strategy Model (RHICS) model is a detailed 

catchment wide model of the watercourses and storm water collection network 

that drain through Kingston upon Hull. The model has been constructed in 

InfoWorks ICM as a linked 1D-2D variable mesh model. The watercourses and 

low-level drains being represented in 1D and the floodplain areas in 2D. The 2D 

variable mesh is represented using triangles, the spatial extent of which are 

tailored automatically within the model to provide greater resolution in areas with 

variable topography and large areas where topography is changing little. The 

model extent is shown in Figure 1. 
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Figure 1 RHICS Model extent marked by red line 

No detailed modelling report or hydrological summary was supplied to this 

project 

Amongst the model versions supplied by the EA a fluvially defended model 

version of RHICS was selected for this Hull NFM study. By the defended system, 

it is understood that all low-level pumps are working correctly, and all the defence 
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walls are in place. This version of RHICS contains no representation of the 

Yorkshire Water urban drainage system and considers Main River flows, dykes 

and becks within the catchment. 

 

This RHICS model version was supplied with tide varying boundary, operating 

rules governing the behaviour of all pumping stations such as those found at 

Wilfholme and Waterside and inflow boundaries pre-determined for all tributaries 

connecting to the River Hull in 20%,10%,2% and 1% AEP events. As part of a 

2010 study flows within the River Hull were verified against the Feb 2002 and 

June 2007 flood events. Observed and modelled peak water levels for the June 

2007 event show that modelled peak water levels are within 300mm of observed 

peak water levels except for Foston Mill (near Foston on the Wolds) where high 

flows are not accurately gauged and on Beverley and Barmston Drain at Beverley 

Shipyard and at Waterside PS where the differences are 350mm and 370mm, 

respectively. 

 

Alternative hydraulic models of Hull are understood to have been created by 

Yorkshire Water and East Riding of Yorkshire Council however these Drainage 

Area Study (DAS) models are not focused on critical flows within the River Hull 

and instead drainage assets and sewerage pumping stations over a duration of 10-

hours. These models were not considered as part of this NFM study. 

3.2 Model conceptualisation 

The RHICS model is driven by inflow boundaries generated through rural 

hydrological methodologies and historical event calibration, with scaled flows 

across the catchment for various rainfall return periods. As no hydrological 

documentation was supplied for the RHICS model, simulation of additional return 

periods beyond the inflow boundaries supplied were not possible without 

significant hydrological study. 

The extent of the RHICS 2-Dimentional (2D) floodplain representation did not 

extend to cover the Watton or Arram watersheds, meaning distributed direct 

rainfall could not be implemented within the RHICS model to further refine CL 

NFM outputs. 

It was originally intended to utilise DTM catchment definition within RHICS to 

perform detailed simulation of selected NFM typologies, however this region was 

not present within RHICS model coverage. Detailed LiDAR required for 

watershed analysis and therefore confidence in overland flow routing was not 

possible requiring the project to rely on exchange of the coarse CL NFM model 

result outputs to amend RHICS inflow boundaries. 

Baseline RHICS inflow files from the Watton and Arram Beck tributaries were 

supplied to the UoH for consideration in CL software. A calibration exercise was 

undertaken by UoH to adjust CL inputs until the output peak discharge matched 

that of RHICS baseline flow values. Upon performing simulations of a suite of 

NFM interventions, resultant downstream hydrographs were intended to be 

implemented within the RHICS NFM model allowing simulation of downstream 

improvements on the River Hull. 
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The occurrence of a variable tidal level represented within the RHICS model as a 

downstream boundary condition for the River Hull made changes caused by NFM 

implementation difficult to quantify. If an NFM intervention peak flow reduction 

coincided with a rising tide the RHICS model results would mask any 

improvements in peak flow reduction. It was decided early in the project to 

replace the tide varying file by the file in the RHICS baseline model with a static 

tidal boundary to permit quantification of NFM benefits. 

3.3 Software 

InfoWorks ICM version 8.5 was used for the RHICS hydraulic modelling element 

of the study undertaken by Arup. 

3.4 Topographic extent 

The RHICS catchment DTM model coverage did not extend to the full catchment 

watershed and was created using a mix of resolution aerial terrain datasets. The 

upper catchment contained 5m airborne radar with poor resolution compared to 

the 2m or better resolution available for the city centre though airborne LiDAR 

capture. It was therefore not possible to provide fine resolution mapping of minor 

NFM improvements with this coarse baseline elevation dataset. 

3.5 Input data 

Baseline model files for the inflow points of the Watton and Arram Beck 

catchments were supplied to UoH for calibration of the CL top hydrological 

model to achieve similar peak flow values to baseline RHICS model outputs. 

Adjustments were made at the RHICS inflow boundaries to reflect the results of 

the CL analysis for selected NFM features and spatial distributions before 

simulation. 

A static mean daily tidal level was represented within the RHICS model as a 

downstream boundary condition for the River Hull. This is thought to be a 

conservative value as gravity drainage of the Beverley and Barmston Drain at low 

tide may relieve the River Hull of more volume if a given NFM peak flow 

improvement coincided with a low tide.  

3.6 Study outputs 

Following testing of many NFM scenarios by the UoH within CL, a shortlist of 

NFM interventions that made greatest impact was selected for implementation 

within the larger RHICS model. Following RHICS simulation peak flow 

reductions introduced to the downstream River Hull by NFM interventions were 

summarised for the Watton and Arram Beck. 

The extents of RHICS baseline floodplain outlines were compared against NFM 

intervention simulations and presented in mapping to assist in property count 

calculations and economic study outputs across each return period. 
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The local changes to Watton and Arram flood outlines were mapped using UoH 

CL depth grid results for baseline and all NFM scenarios. 

4 Hydrological implementation 

4.1 Boundary conditions 

Key areas of RHICS model uncertainty within the study were the derivation of 

inflow files across the model without documentation. Across four of the Arram 

tributaries baseline inflows varied greatly between catchments of broadly similar 

size. The inflows for each of the Arram tributaries supplied to CL were totalled 

and averaged by UoH over the four tributaries whilst retaining their original 

hydrograph shape. Watton Beck baseline inflows remained unchanged. 

The RHICS hydraulic model supplied was set up with a 72-hour warm-up file. 

The aim of running a warm-up before a storm event is to fill channels and low-

level drainage of the Hull catchment with water before a significant rainfall event 

is applied and permit normal pumping station operation. A warm-up file was used 

in each modelling simulation performed for Hull NFM project. All the RHICS 

simulations were performed for 8 days event (5 days of inflow file plus 3 days of 

draining down period) preceded by 3 days of warm-up file to give initial 

conditions. Care was taken to ensure this remained in place to create a fair 

baseline comparison within NFM solution runs. 

The reliance on existing hydrology within the supplied EA model placed a 

limitation on running different return periods or event durations through the 

RHICS model. To run different fluvial return periods or event durations, 

additional hydrology for entire Hull catchment would need to be created and was 

beyond the study scope. The supplied RHICS model contained 1%, 2%,10% and 

20% AEP events. It was decided that 1%, 2% and 10% AEP event will be used in 

this study to understand the effect of high event magnitudes on NFM 

performance. 

The long event duration of 3 days within the EA RHICS model, intended to 

produce critical duration peak flows and volumes at the downstream reaches of 

the River Hull would not be ideal for presenting maximum storage of upland 

NFM solutions. Typically, NFM features would be used to offset and disrupt peak 

flows for short flashy storms of up to a few hours. 

Further hydrological analysis of the Watton Beck and Arram Beck tributaries 

demonstrated a localised critical duration of approximately 24 hours. A second 

round of RHICS modelling was therefore agreed within the CL and RHICS model 

packages to demonstrate local changes to peak flow over a shorter event duration. 

This incorporation within RHICS was therefore performed at a different duration 

to the remainder of the Hull catchment hydrology meaning only local effects 

could be reported to the junction of the downstream tributary. 

A decision was made to replace the tide varying file by the file in the RHICS 

baseline model with a static tidal boundary due to the masking of NFM 

improvements in the tidal River Hull results. It was agreed that tide will be set at 
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the mean level, representing a tide on the turn but reporting similar flood volume 

spills in high return period events. The mean level of the tide was calculated based 

on the supplied RHICS model to be 0.34 mAOD (metres above Ordnance Datum) 

at the point of the Humber Estuary. 

4.2 Hydrological approach 

The inherited RHICS model is driven by lumped hydrology calculating a range of 

inflow hydrographs at a single point of consideration using the rural catchment-

averaged hydrological methods and subsequent calibration of parameters at a 

single gauge location. The resultant hydrographs drive the upstream tributaries of 

the RHICS model and represent a spatially-averaged flow throughout the 

upstream catchment feeding tributaries of the River Hull.  

This lumped hydrology does not lend itself well to representing natural and 

human induced variability of the land surface and the resultant flow changes that 

may occur through the introduction of NFM interventions mid-catchment. The 

analysis of NFM interventions demands spatially variable results at sufficient 

resolution that can only be achieved using distributed hydrologic modelling 

through the subdivision of a single catchment into many smaller catchments. This 

upstream catchment level information was not present in RHICS model. 

To demonstrate the effectiveness of NFM interventions in Hull and the interaction 

with flow paths an overland flow model of catchment terrain has been developed 

in a separate CAESAR-Lisflood modelling package. This tool has been used by 

UoH to route rainfall inputs over the terrain of selected upper catchments 

containing the Watton and Arram Beck watercourses to demonstrate catchment 

flow timings and peak flows. A suite of NFM options was then incorporated into 

the catchment terrain and the resultant changes in flow timings and peak flows 

summarised at the end of each catchment along with flood extent. 

4.3 Baseline model 

Whilst the UoH CL model inputs were calibrated to achieve the same peak flows 

as the baseline RHICS lumped hydrology inflows, this distributed approach to 

direct rainfall modelling gave very different resultant flow hydrograph shapes in a 

baseline condition using traditional lumped hydrology. The timing of flow 

generated by hydraulics rather than hydrological parameters extended beyond the 

duration of the baseline inflow files generated using traditional FEH methods.  

To replicate the conclusions of UoH CL distributed modelling in the baseline 

RHICS model using lumped hydrological inputs, baseline hydrographs were 

adjusted by the peak flow offset and peak flow reductions observed in CL 

modelling, whilst retaining the original RHICS input hydrographs shape.  

In RHICS model the Watton Beck contains 2 inflow points (Watton_US_1 and 

Watton) and Arram Beck 4 inflow points (ArramBeck_US_1,2,3 and 4). The 

output from UoH CL studies however were gauged in one location at the end of 

the tributary, therefore it was decided to adjust the baseline inflow files.  The 

baseline inflows have therefore been combined in one location for each 
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catchment. For Watton, the flows were summed and injected in Watton Node, 

leaving Watton_US_1 as a dry channel. For the Arram Beck catchment, a new 

inflow node was created combining flows from all 4 Arram Beck nodes, leaving 

all 4 tributaries dry upstream of the CL supplied gauge point. This required a 

revised RHICS baseline model for the purpose of the NFM study. The CL results 

were incorporated in each run for these two nodes and the differences between the 

results could be simulated and compared. Figure 2 below shows inflow points for 

upper Hull catchment and indicates which catchments are represented by inflows 

at the nodes mentioned above.  

 

Figure 2 Inflow points together with indication which catchments are their represented for 

upper Hull. 

4.4 NFM solution model 

The RHICS model was then re-run to analyse the impact of these Watton and 

Arram Beck reductions on the River Hull flows downstream with consistent 

inflow methodology across the model comparable to baseline with a 3-day event 

duration. 

The NFM scenarios which were analysed and reported in UoH CL modelling: 

- Leaky Dams  

- Large Woody Debris 
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- Contour Ploughing  

- Tree Planting 

- Buffer Strips 

- Floodplain Connect 

- Wet Woodland 

- All NFM (incorporating all above measures in one scenario) 

Both catchments were also divided in two parts (A – upper and B - lower) for 

testing spatial distribution changes of Leaky Dams, Contour Ploughing and Tree 

planting scenarios.  

Before incorporating results into ICM software simple desktop analysis was 

performed to compare inflow changes between all NFM scenarios. It showed that 

only two options gave significant benefit to catchment flows compared to 

baseline: All NFM option and Leaky Dams A&B option.  

Since all other options did not give any great benefit to the peak flow across the 

two catchments analysed, downstream catchment improvements in peak flow 

would be negligible in the context of the River Hull. This was largely due to the at 

the magnitude and event durations tested. Therefore, it was decided to perform 

simulations of All NFM option and Leaky Dams A&B option within the RHICS 

model.  

To maximise the effect of NFM for Hull catchment, it was decided to model 

interventions for Watton and Arram simultaneously within RHICS and reduce the 

number of simulations required. 

4.5 Localised short duration solution model 

Following initial testing of the supplied 3-day event hydrology and minimal 

improvements to peak flows in such a long duration, a small exercise to consider a 

hydrological analysis of the local Watton Beck and Arram Beck tributaries only 

was agreed.  

The exercise demonstrated a shorter critical duration of approximately 1-day for 

the Watton and Arram Becks and generated new inflow boundaries that were 

simulated within UoH CL to investigate localised peak flow improvements. 

A second round of RHICS NFM mapping was performed to demonstrate local 

changes to peak flow over a shorter event duration of 24 hours with a lower 10% 

AEP magnitude. Local effects could only be reported to the junction of the River 

Hull before flows mixed with the 3-day duration flows unchanged in the rest of 

the RHICS model domain. 
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5 RHICS Model results 

5.1 Model performance 

The RHICS model simulation remained stable throughout simulation however the 

complex arrangement of pumping between the low-level drainage system and the 

defended River Hull meant both baseline and NFM results did not follow a typical 

drain down pattern. Instead the switch-on and switch-off arrangement of some 

pumping stations such as Wilfholme and Waterside made reporting of 

downstream improvements difficult. High frequency oscillation of flows at 

pumping stations were present in these RHICS output graph during pump 

operation. 

5.2 Results overview 

Two sets of CL results generated by UoH were incorporated within the RHICS 

model over different durations. 

The RHICS model contained a 5-day inflow (with 3-day rain event) plus 3 days of 

draining down period preceded by 3 days of warm-up file to give initial 

conditions. Altogether the simulation period was 192 hours, or 8 days, excluding 

the warm-up file as this was pre-loaded to simulation. Through the study it was 

observed that the long duration 3-day event was critical for generating peak flows 

in the lower River Hull catchment. However this did not demonstrate large 

downstream benefits for Leaky Dams or All NFM options. The length of this 

event, the volume of water in event magnitudes tested and flatness of the Hull 

catchment combined to make any options of storage relatively ineffective at a 

catchment scale, without creation of extremely large reservoirs. 

Therefore, results of a second NFM results option are summarised for a shorter 1-

day event duration, critical for the localised catchments of the Watton and Arram 

Beck watersheds at a smaller 10-year magnitude. This was simulated in RHICS 

using 3-day warm-up, 1-day rainfall and the same 8-day simulation period. Only 

catchments of interest, Arram and Watton had inflow files changed to a 1-day 

event through further hydrological investigation. The rest of the Hull catchment 

remained unchanged within RHICS using a 3-day event as the Hull model is 

inflow driven and cannot have inflow events manipulated easily without 

hydrology documentation. 

For this reason, only immediate impacts of NFM interventions could be reported 

(just downstream of the inflow points for Arram and Watton) as the remainder of 

the Hull catchment boundary conditions remain 3-day inflow boundaries. 

The following section summarises downstream changes predicted in RHICS River 

Hull representation following implementation of UoH CL modelling in the 

Watton and Arram Beck watersheds. 
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5.2.1 Catchment 3-day event 

Interrogation of the River Hull and Beverley and Barmston Drain flow results 

demonstrate that there is marginal improvement in peak flow through NFM 

interventions for the downstream River Hull and wider Hull catchment. 

The reduction in peak flow for All NFM scenario versus Baseline scenario is 

indicated to be up-to 3% for fluvial channel sections immediately after the 

Arram/Watton discharge locations, reducing quickly downstream to a negligible 

improvement near Hull City centre. 

The same picture can be drawn for reduction in pass forward volume. The greatest 

reductions in the upstream part of catchment can be observed in 1% AEP event, 

the improvement rising with return period as more overland flow paths are active 

and greater depression storage interaction is available within the DTM. For the 

downstream River Hull catchment, volume reductions are insignificant once the 

contribution of the remainder of catchments with unchanged flow regimes act to 

dilute volume improvements made by NFM. 

Appendix i summaries the peak flow reductions downstream for each event 

magnitude investigated. 

Following graphs are showing reduction for All NFM scenario compared with 

baseline, immediately after Arram and Watton inflow are added to the RHICS 

model. 

 

Figure 3 Flow in Arram Back just before joining the Beverley and Bramston Drain for 

1% AEP event. Brown line represents baseline flow respectively. Blue line represents All 

NFM scenario flow with a shift in flow timing visible. 
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Figure 4 Flow in Watton Beck just before joining the River Hull for 1% AEP event. Top 

graph present upstream flow, where baseline is marked with brown line and All NFM 

scenario is marked with blue line. Bottom graph presents downstream flow, where orange 

line is representing baseline and green line is representing All NFM scenario during pump 

operation further downstream. 

It can be seen from Figure 3 and Figure 4 that there is reduction and delay in peak 

flow for the All NFM scenario, however, there is better reduction for the Arram 

catchment than for the Watton catchment. This could be related to backwater 

effects of Wilfholme Pumping Station located just downstream of Watton Beck 

(marked on Figure 2 in section 4.3) and the overall greater size of  the combined 



Hull City Council Hull Natural Flood Management 

RHICS Modelling Report 
 

ARP-REP-002 | Issue | 2 March 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\TASK 2\HULL MODELLING REPORT_FINAL_02-03-2020.DOCX 

Page D15 
 

Arram catchments, being approximately four times larger than Arram. The 

improvements brought by NFM measurements is quickly masked by pumping 

operation between River Hull and Beverley Drain within RHICS model results. In 

a high tide Beverley and Barmston Drain, which has a lower level than River Hull 

is being pumped to River Hull in the locality. 

 

 

 

Figure 5 Pump flow for 1% AEP event on Beverley and Barmston Drain just 

downstream of Watton catchment. Brown colour represents pump operation in 

baseline, while blue colour represents the All NFM scenario. Top image shows the 

delay of the pump in All NFM scenario compared with baseline, the image cuts when 

the pump starts pumping constantly at rate 2.1 m3/s. The bottom image shows the end 

of storm event, where the pumps stop working at constant rate and return to a similar 

frequency. 
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The figures above demonstrate pumps in the case of the All NFM scenarios are 

running for shorter time periods along with a visible timing offset introduced by 

NFM solutions. The effect on overall pumping frequency is marginal due to the 

long event period considered but may be beneficial in shorter and smaller 

magnitude fluvial events. 

5.2.2 Localised 1-day event 

General observation shows a 1-day event of the same All NFM interventions 

across Arran and Watton watersheds gives greater peak flow reductions compared 

to a longer 3-day event, for the smallest magnitude 10% AEP event. The 

maximum peak flow reduction is improved to around 10-13 % for All NFM 

scenario and 4-10% for Leaky Dams A&B scenario immediately downstream of 

the catchment junction. 

Due to the different event durations applied to inflows throughout the remainder 

of the River Hull tributaries and catchment model, downstream comparisons 

cannot be concluded further downstream, but would likely have similar dilution 

effect downstream as other tributaries are merged. 

Appendix i summaries the peak flow reductions downstream for the 10% AEP 

magnitude investigated in the localised catchment. 

 

Figure 6 Flow in Arram Beck just before joining the Beverley and Barmston Drain for 

10% AEP event. Brown line represents baseline flow. Blue line represents All NFM 

scenario flow. 
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Figure 7 Flow in Watton Beck just before joining the River Hull for 10% AEP event. 

Brown line represents baseline flow. Blue line represents All NFM scenario flow. 

Figure 6 and Figure 7 display the reduction in peak flow made by All NFM 

scenario.  The time offset of ~120 minutes shift is similar to the 3-day catchment 

critical duration results. 

5.3 Flood extent changes 

Flood extents produced for the River Hull and low-level drainage system within 

the amended Baseline RHICS model and NFM scenarios for Leaky Dams A&B 

and All NFM have been compared between Baseline scenario for 10%, 2% and 

1% AEP events and All NFM and Leaky Dams A&B scenarios for the same 

return periods. These maps are presented in Appendix ii. 

The change in the flood extent is marginally improved between baseline and these 

scenarios in the upper catchment, however the low density of properties in this 

location meant the improvements to flood risk were negligible. 



Hull City Council Hull Natural Flood Management 

RHICS Modelling Report 
 

ARP-REP-002 | Issue | 2 March 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\TASK 2\HULL MODELLING REPORT_FINAL_02-03-2020.DOCX 

Page D18 
 

 

Figure 8 Flood Extent for Arram part of the Hull upper catchment for 1% AEP event run 

with 3-day event. Blue cells are representing All NFM Scenario and yellow cells 

represent baseline scenario. 

Figure 8 shows the reduction in Flood Extent for All NFM scenario in Arram part 

of the catchment. The improvement is not significant, however it reduction is 

visible. Flood plain improvement reduces with increase of % AEP for 3-day 

event. Shorter events were not comparable on the downstream site. 



Hull City Council Hull Natural Flood Management 

RHICS Modelling Report 
 

ARP-REP-002 | Issue | 2 March 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\TASK 2\HULL MODELLING REPORT_FINAL_02-03-2020.DOCX 

Page D19 
 

5.4 Arram D’s investigation 

The Arram D’s refers to two areas of floodplain situated between the River Hull 

and Beverley and Barmston Drain near the Watton and Arram catchments. Figure 

9 presents the Arram D’s location.  

  

Figure 9 Location of Arram D's 

Flooding at this location occurs when the low-level system is unable to discharge 

into the high-level system during high intensity rainfall events.  

Analysis of the RHICS model results supplied showed that the spill to Arram D’s 

occurs from Beverley and Bramston Drain. During the larger 2% and 1% AEP 

events, partially filling the Arram D’s with water from the low-level system. 

Previous studies have indicated a potential to create a new linear embankment 

parallel to Beverley and Barmston Drain to allow overflow of the River Hull, into 

the Arram D’s, to lower water peak levels in River Hull during extreme events. 

An investigation was requested to be undertaken within the RHICS model to 

provide additional storage in this location by permitting overtopping of the River 

Hull. 
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Inspection of the RHICS model suggests some benefit could be achieved by 

retaining more water in the Arram D’s from Beverley and Bramston Drain or 

River Hull flows during extreme events. Any restriction in pass forward flow 

however would increase the flood extent of Arram D’s and would need to be 

communicated with stakeholders. 

Inspection of the model suggests this could be achieved by either creating spill 

points within the banks, or even potentially reducing the pumping rate of 

Wilfholme Pumping Station into the River Hull. This exercise however, was not 

simulated through the model due to the limited topographical information of the 

region, and modelling uncertainty through model calibration around Wilfholme 

Pumping Station. Within previous EA model calibration flood elevations in this 

location of the Watton beck and Beverley and Barmston Drain varied by over 

350mm from levels observed in the 2007 event giving low confidence in this 

region of the RHICS model. 

6 Limitations 

6.1 Event duration 

This RHICS simulation contained a 3-day inflow event with a 3-day warm-up and 

together the simulation period was 192 hours, or 8-days. The length of this event 

and the volume of water in event magnitudes tested coupled with the flatness of 

the River Hull catchment conspired to make any options of storage relatively 

ineffective at a catchment scale, without creation of extremely large reservoirs 

with low flow outlets. If considered the effectiveness of groundwater recharge 

could also be beneficial through extended retention of runoff. 

For the size of dams tested however, much greater improvement in peak flow 

reduction is anticipated in sub-annual high flow events of smaller magnitude, 

regulating flow whilst also extending the time of flow.  

6.2 Event magnitude 

The effectiveness of Leaky Dam storage features was largely dependent on pass 

forward flow determined by crest level, porosity, site gradient and volume of 

water that is permitted to pond behind NFM features. Within the Watton and 

Arram Beck catchments, greatest peak flow reductions were reported in the 

largest magnitude events locally as these had been sized to produce attenuation up 

to a 1% AEP flow event. Any NFM attenuation features should ensure adequate 

pass forward baseflow under normal conditions and design the crest level given 

the attenuation requirement for the design flood event. 

6.3 Hydrological approach 

Results of this study are primarily driven by the conclusions of CL modelling by 

UoH through modification of inflow boundaries within RHICS. 
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The use of single event lumped hydrology is a major limitation of the RHICS 

model for representation of upper catchment attenuation. The antecedent 

conditions of catchment wetness and stream levels prior to the filling of leaky dam 

attenuation is a key assumption in demonstration of downstream benefit. A 

continuous simulation model driven by observed rainfall would be more 

beneficial for the investigation of NFM behaviour across typical annual rainfall 

events and high flows. The reliance on CL model calibration to replicate the 

lumped hydrological losses of RHICS within floodplain routing of 2D CL was too 

simplistic to give confidence in calibration across all event magnitudes.  

The 10m 2D analysis grid resolution of CL did not adequately replicate minor 

flow path interruption. Interactions of small implementations such as coarse 

woody debris were not adequately represented using this technique. Model 

conclusions showing best improvements of large scale Leaky Dams and minimal 

improvements in small interventions are not surprising given these constraints.  

Water caught within sinks of the 10m analysis DTM of CL became trapped and 

unable to flow quickly through the ground model. This depression storage acted to 

increase the time to peak and time of flow in the CL results compared to the FEH 

inflow files supplied. A method of pre-wetting the upstream catchment of CL 

models by UoH to fill depressions gave better alignment with baseline results in 

studied catchments but resultant hydrographs remained a very different shape. 

Other NFM solutions increasing roughness to represent wet woodland solutions 

and buffer strips did not create delays in flow significant enough to make a 

reportable difference in flow timings. 

If higher resolution LiDAR information had been available for upper Yorkshire 

Wolds, it would have been preferable to change the application of rainfall across 

all upper catchments of Hull in RHICS to a direct rainfall approach with local 

spatial interception by becks and drains. The distributed runoff contribution of all 

upper catchments could then have been calibrated with spatial losses to observed 

flows in the River Hull downstream using dynamic time variable losses across the 

catchment. This would permit the application of NFM within the RHICS model 

directly and remove the need to rely on lumped hydrological inflows to drive the 

model with aggregation of flow boundaries. 

6.4 Tidal and pumping interactions 

Flow improvements downstream within the River Hull beyond low-level drainage 

pumping stations are quickly masked by pumping regimes and tidal interaction 

within the Hull catchment. The contribution of the remainder of catchments 

downstream with unchanged flow regimes acts to dilute peak flow improvements 

made by NFM in the upper catchment before the River Hull enters the urbanised 

area of Kingston upon Hull. 

As the River Hull remains tidal for a large proportion of its length, the cycle of 

tides combined with long duration rainfall events that typically create flooding in 

the fluvial system act to extend the travel time of flow significantly. Delaying 

flows upstream using NFM by just 120 minutes has minimal effect on the 
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catchment flow regime to provide significant flood risk benefits to the lower River 

Hull in urbanised regions for critical durations. 

7 Conclusions and recommendations 

Phase 1 of this project identified two catchments, Arram and Watton, considered 

to be appropriate for implementation of NFM measures based on overland flow 

modelling, site visits and desk study. The second phase of analysis covered by this 

report sought to incorporate the outcomes of CAESAR-Lisflood overland 

modelling by UoH into the EA River Hull integrated catchment model report 

downstream peak flow changes within the River Hull. 

The RHICS model was used to provide downstream impacts for interventions 

considered to provide the greatest benefits: All NFM measures and leaky dams 

scenarios. Both scenarios were modelled for long (3-day) and short (1-day) 

rainfall events to determine the benefits in terms of reduction in peak flow rate, 

delay in hydrograph peak and reduction in flood area. 

This modelling showed peak flow benefits for both the all NFM measures and the 

leaky dams scenarios in the local catchment where they were placed, however this 

benefit had diminished by the time the flow reached the centre of Hull. This is 

mainly due to the magnitude of other downstream flows diluting the effectiveness 

of small upland changes but also result of the artificial nature of the River Hull 

system itself which interfaces a number of pumps. 

Consequently, the reported reductions in peak water elevation and flood extent are 

only noteworthy immediately downstream of the catchment at high flood 

magnitudes and durations simulated within the RHICS model. 

Results from a reduced 1-day event simulation demonstrate it may be possible to 

provide greater benefits from NFM in shorter duration events, however extensive 

work would be required to the RHICS model to adjust all the watershed inflows to 

represent the shorter duration event.  

Inspection of the RHICS model suggests some benefit could be achieved by 

retaining more water in the Arram D’s from Beverley and Bramston Drain or 

River Hull flows during extreme events. However due to limited topographical 

information of the region, and modelling uncertainty through model calibration 

around Wilfholme Pumping Station this option was not tested in the RHICS 

model.  

This modelling has concluded that NFM has the potential to reduce the flood peak 

and delay the flood hydrograph particularly through the use of leaky dam features 

with positive local effects.  

The River Hull catchment is not an obvious setting for NFM solutions, given that 

existing flooding problems are predominantly focussed in the city centre after 

long duration storm events. Whilst time-to-peak of the rural upstream tributaries 

are suggested to be improved, accumulation of extreme flows in the downstream 

catchment are much the same as in critical long duration events. This catchment 

behaviour reveals that flood risk improvements to property are minimal in the 



Hull City Council Hull Natural Flood Management 

RHICS Modelling Report 
 

ARP-REP-002 | Issue | 2 March 2020  

\\GLOBAL\EUROPE\LEEDS\JOBS\260000\261218-00\0 ARUP\0-12 WATER\0-12-08 REPORTS\TASK 2\HULL MODELLING REPORT_FINAL_02-03-2020.DOCX 

Page D23 
 

sparsely populated upper catchment with no reportable changes in the downstream 

catchment. 

If undertaking additional NFM hydraulic analysis it is recommended obtaining 

detailed LiDAR across the entire upper catchment to create 2D overland flow 

model across the complete upper RHICS model should be allow further spatial 

testing of NFM driven by any rainfall pattern instead of fixed duration inflow 

files. 

The flat gradient of the River Hull uplands with sparse urbanisation lends itself 

well to location of large attenuating features with storage volumes that could 

create a more significant contribution to lowering peak river elevations than 

localised NFM. The sensitivity of the River Hull to the pumping regime of the 

low-level drainage system within the RHICS model demonstrates there would be 

merit in reducing the pumping rate across assets if additional flood risks could be 

accurately simulated and formally managed in online or offline storage. 
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i1 Peak flow reduction tables for Catchment 5-day event  
Table 1 Peak flow reduction for All NFM scenario across entire catchment for Catchment 5 day-event 

Point on map River section Name in 
RHICS model 

10% AEP Peak Flow m3/s 2% AEP Peak Flow m3/s 1% AEP Peak Flow m3/s 
Baseline All NFM % improved Baseline All NFM % improved Baseline All NFM % improved 

1 
Catch_Break_1.1 US Flow 16.1 15.9 1.5% 19.8 19.4 2.2% 21.0 20.5 2.7% 
Catch_Break_1.1 DS Flow 16.3 16.0 1.7% 19.9 19.5 1.6% 21.1 20.5 2.6% 

                   

2 
Split2.1 US Flow 6.3 6.2 0.4% 7.1 7.1 0.8% 8.9 8.7 2.3% 
Split2.1 DS Flow 6.3 6.3 0.4% 6.9 6.9 0.04% 7.9 7.8 1.9% 

                   

3 
7_1B.1 US Flow 16.5 16.6 -0.3% 16.7 16.6 0.6% 16.8 16.7 0.9% 
7_1B.1 DS Flow 18.3 18.2 0.9% 18.4 18.3 0.6% 18.5 18.3 1.5% 

                   

4 
Swinemoor_DS.1 US Flow 9.2 9.1 1.0% 9.8 9.6 1.6% 9.8 9.6 2.2% 
Swinemoor_DS.1 DS Flow 9.1 9.0 1.0% 10.1 9.8 3.1% 10.5 10.3 2.7% 

                   

5 
8C_14.1 US Flow 19.7 19.6 0.5% 19.8 19.7 0.4% 20.1 20.1 0.3% 
8C_14.1 DS Flow 21.3 21.2 0.5% 21.8 21.3 2.5% 21.5 21.4 0.2% 

                   

6 
H56.1 US Flow very minor change very minor change very minor change 
H56.1 DS Flow 

7 
Watton.1 US Flow 4.8 4.8 0.6% 6.4 6.3 0.4% 6.8 6.8 0.2% 
Watton.1 DS Flow 1.4 1.5 -2.1% 1.3 1.3 1.4% -1.5 -1.5 0.03% 

                   

8 
WHPS1_PS_U.5 US Flow 8.7 8.6 0.5% 11.8697 11.9 -0.1% 14.3 13.9 3.1% 
WHPS1_PS_U.5 DS Flow 8.7 8.6 0.4% 11.3 11.4 -0.9% 12.9 13.0 -0.6% 
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Table 2 Peak flow reduction for Leaky Dams ab scenario across entire catchment for Catchment 5 day-event 

Point on 
map 

River section Name in 
RHICS model 

10% AEP Peak Flow m3/s 2% AEP Peak Flow m3/s 1% AEP Peak Flow m3/s 
Baselin
e 

Leaky Dams 
ab 

% 
improved Baseline 

Leaky 
Dams ab 

% 
improved Baseline 

Leaky 
Dams ab 

% 
improved 

1 
Catch_Break_1.1 US Flow 16.1 16.0 0.8% 19.8 19.5 1.4% 21.0 20.6 1.9% 
Catch_Break_1.1 DS Flow 16.3 16.1 1.2% 19.9 19.6 1.5% 21.1 20.6 1.9% 

                   

2 
Split2.1 US Flow 6.3 6.2 0.5% 7.1 7.1 0.9% 8.9 8.7 1.8% 
Split2.1 DS Flow 6.3 6.3 0.5% 6.9 6.9 0.19% 7.9 7.8 1.7% 

                   

3 
7_1B.1 US Flow 16.5 16.6 -0.3% 16.7 16.6 0.6% 16.8 16.6 1.2% 
7_1B.1 DS Flow 18.3 18.3 0.5% 18.4 18.4 0.1% 18.5 18.4 0.9% 

                   

4 
Swinemoor_DS.1 US Flow 9.2 9.2 0.0% 9.8 9.7 1.3% 9.8 9.7 0.5% 
Swinemoor_DS.1 DS Flow 9.1 9.1 0.0% 10.1 9.5 5.9% 10.5 10.4 1.1% 

                   

5 
8C_14.1 US Flow 19.7 19.6 0.2% 19.8 19.7 0.7% 20.1 20.1 0.2% 
8C_14.1 DS Flow 21.3 21.3 0.1% 21.8 21.2 2.7% 21.5 21.4 0.2% 

                   

6 
H56.1 US Flow very minor change very minor change very minor change 
H56.1 DS Flow 

                   

7 
Watton.1 US Flow 4.8 4.8 0.2% 6.4 6.4 0.2% 6.8 6.8 0.4% 
Watton.1 DS Flow 1.4 1.5 -3.0% 1.3 1.3 -0.2% -1.5 -1.5 0.0% 

                   

8 
WHPS1_PS_U.5 US Flow 8.7 8.6 1.5% 11.8697 11.8 0.4% 14.3 13.8 3.4% 
WHPS1_PS_U.5 DS Flow 8.7 8.6 1.5% 11.3 11.3 0.0% 12.9 12.9 0.2% 
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Figure 1 Map showing location of comparison points across the whole catchment 
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i2 Peak flow reduction tables for Localised 1-day event 
Table 3 Peak flow reduction across upstream catchment for Localised 1-day event for All NFM scenario 

Point on 
map 

River section Name in 
RHICS model 

10% AEP Peak Flow m3/s 
Baseline All NFM % improved 

1 Catch_Break_1.1 US Flow 2.2 1.9 12.6% 
Catch_Break_1.1 DS Flow 2.1 1.9 11.3% 

         

2 Split2.1 US Flow 5.3 5.3 1.1% 
Split2.1 DS Flow 5.3 5.3 1.2% 

         

7 Watton.1 US Flow 3.5 3.2 9.6% 
Watton.1 DS Flow 2.5 2.2 10.7% 

         

8 WHPS1_PS_U.5 Flow 11.4 11.4 0.1% 
WHPS1_PS_U.5 Flow 11.4 11.4 0.1% 

 

Table 4 Peak flow reduction across upstream catchment for Localised 1-day event for Leaky Dam ab scenario 

Point on 
map 

River section Name in 
RHICS model 

10% AEP Peak Flow m3/s 

Baseline 
All 
NFM 

% 
improved 

1 Catch_Break_1.1 US Flow 2.2 2.0 8% 
Catch_Break_1.1 DS Flow 2.1 1.9 10% 

         

2 Split2.1 US Flow 5.3 5.3 1% 
Split2.1 DS Flow 5.3 5.3 1% 

         

7 Watton.1 US Flow 3.5 3.3 6% 
Watton.1 DS Flow 2.5 2.4 4% 

         

8 WHPS1_PS_U.5 Flow 11.4 11.4 0.3% 
WHPS1_PS_U.5 Flow 11.4 11.4 0.2% 
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Figure 2 Map showing location of comparison points across the whole catchment 



 

 

Appendix ii 

Flood level impact maps 
 



 Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community
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Appendix E 

NFM Evaluation Matrix 
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E1 Introduction 

The NFM evaluation matrix weights NFM opportunities based on four broad 

categories with sub-categories as follows:  

• Modelling: 

• Reduction in peak flows; 

• Time delay. 

• Site / location: 

• Storage capacity; 

• Existing land cover / use. 

• Funding & future:  

• Cost; 

• Funding; 

• Maintenance; 

• Life expectancy.  

• Ecosystem services: 

• Flood (fluvial); 

• Flood (surface water or groundwater); 

• Air quality; 

• Health access; 

• Low flows; 

• Climate regulation; 

• Habitat; 

• Water quality;  

• Cultural activity;  

• Aesthetic quality.  

 

The default weightings used for the categories are presented in Table 2 in the 

main report. For each mapped NFM feature, a score from 1-5 is allocated for the 

sub-categories. The scoring of the categories and sub-categories are discussed in 

more detail below. 

E2 Modelling 

Two sub-criteria exist within this category, which are: 

• Reduction in peak flows; 

• Time delay.  
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For these criteria, the modelling results for the NFM intervention are used to 

assign a score across the intervention as a whole. So, all the Leaky Dams in a sub-

catchment will have the same score for ‘reduction in peak flows’ and ‘time delay.’ 

E2.1 Reduction in peak flows 

The following scoring has been chosen for reduction in peak flows.  
 

Range Score 

R
ed

u
ct

io
n

 i
n

 

P
ea

k
 F

lo
w

 (
%

) 

x ≤ 1% 1 

1% > x ≤ 2% 2 

2% > x < 5% 3 

x ≥ 5% 5 

 

E2.2 Time delay 

The following scoring has been chosen for delay in time to peak.  
 

Range  Score 

T
im

e 
d

el
a

y
 (

h
rs

) x < 0.25 1 

x = 0.25 2 

0.25 > x ≤ 0.5 3 

0.5 > x < 1 4 

x ≥ 1 5 

 

E3 Site / location 

Two sub-criteria exist within this category, which are: 

• Storage capacity; 

• Existing land cover/use.  

These are the only site specific and feature specific criteria used in the evaluation 

matrix. Storage capacity considers either volume behind a typical flow barrier (in 

the case of leaky dams and LWD) or the area of the intervention if a change in 

land cover will encourage greater infiltration/interception (for floodplain 

reconnection, wet woodland, buffer strips, contour ploughing and tree planting).  
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E3.1 Storage capacity 

 

Slope is an important component to consider as it not only dictates where runoff 

will occur in the catchment, but where higher levels of storage can be positioned 

to capture that runoff. The slope magnitudes for the Watton sub-catchment are 

shown in Figure 27. 

 

Figure 27: Slope data for the Watton sub-catchment 

 

Slopes in the range 0.5º - 15º are considered suitable for NFM interventions. 

Consider a barrier to runoff or floodplain flow that is one and a half metres high 

and thirty metres long. The remaining characteristic controlling the storage 

volume of a NFM feature is the slope of the land of which it is situated (Figure 

28). A typical LWD barrier situated in a stream could be one metre high and three 

metres wide. The slope along the watercourse would then control the amount of 

water temporarily stored within the channel.  
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Figure 28:  Example cross section (top) and elevation (bottom) of a physical barrier 

installed on a slope 

 

A summary of potential storage magnitudes for a typical NFM feature (1.5m high 

and 30m long) is shown in Table 9. The table shows how potential storage quickly 

diminishes as the slope magnitude increases. 

 

Table 9:  Example storage volumes for each slope (based on a 1.5m high, 30m long soil 

bund for leaky dams and a 1m high, 3m long barrier for LWD) 

Slope ( ° ) Typical volume of 

leaky dam (m³) 

Typical volume of 

LWD (m³) 

0.5 1,934 172 

1 967 86 

2 483 43 

3 322 29 

4 241 22 

5 193 18 
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Slope ( ° ) Typical volume of 

leaky dam (m³) 

Typical volume of 

LWD (m³) 

6 161 15 

7 137 13 

8 120 11 

9 107 10 

10 96 9 

11 87 8 

12 79 8 

13 73 7 

14 68 7 

15 63 6 

 

Once the volume is understood at a given site, the NFM opportunity is given a 

score between 1 and 5: 
 

Range for Leaky dams Range for LWD Score 

S
to

ra
g

e 
(m

3
) x ≤ 200 m3 x ≤ 50 m3 2 

200 m3 > x ≤ 500 m3 50 m3 > x ≤ 100 m3 3 

500 m3 > x < 1,000 m3 100 m3 > x < 150 m3 4 

x ≥ 1,000m3 x ≥ 150m3 5 

 

Area-based storage opportunities have been considered using a simpler method. 

The bigger the area of the intervention, the bigger the score:  
 

Range Score 

A
re

a
 (

h
a

) 

x ≤ 5 ha 2 

5 ha > x ≤ 10 ha 3 

10 ha > x < 15 ha 4 

x ≥ 15 ha 5 

 

E3.2 Existing land cover/use 

A typical land cover map for use in this kind of analysis is Corine 2012, which 

consists of more than 40 classes of land cover over 100 x 100 m grid squares. 

Figure 29 shows the land cover classification for the whole River Hull catchment. 

It shows that the majority of the catchment is class 211 (non-irrigated arable land). 

Because of this, allocating land cover classes to the NFM evaluation matrix using 

Corine would do nothing to differentiate between options.  
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Figure 29: Corine land classification for the River Hull Catchment 
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The high proportion of agricultural land in the River Hull catchment lends itself to 

utilising the crop map of England (CROME), which identifies different crop types 

on hexagonal cells (0.41ha, diameter of 80m) by assigning a land use (LU) code, 

based on the satellite imagery (Sentinel-1 and Sentinel-2) using a random forest 

classification algorithm. The dataset has a greater number of classifications 

covering the arable farming business, so lends itself to being used as a 

differentiator for NFM opportunities based on existing land cover. LU codes are 

classified into over 50 main crop types, grassland, and non-agricultural land 

covers such as trees, water bodies, and fallow land. Figure 30 shows the CROME 

data for the Watton catchment, clearly showing the heterogeneity in crop type 

across the catchment. The data is distributed under the Open Government Licence 

and is available online11.  

 

Figure 30: CROME data for the Watton sub-catchment 

 

The CROME LU codes have been extracted from the dataset and assigned a LU 

score based on a literature review of crop yields and values. The higher the LU 

score, the less valuable the existing land cover (and the less financial impact this 

change will cause the farmer).  

CROME 

LU code 

Description LU 

score 

AC01 Barley (Spring) 1 

AC03 Beet-type arable crop 3 

AC07 Carrot-type arable crop 3 

AC16 Linseed (Spring) 1 

AC17 Maize-type arable crop 2 

AC19 Oats (Spring) 1 

 
11 https://data.gov.uk  

https://data.gov.uk/
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AC20 Onion-type arable crop 4 

AC23 Parsnip-type arable crop 3 

AC30 Triticale (Spring) 3 

AC32 Wheat (Spring) 1 

AC34 Cabbage (Spring) 3 

AC36 Oilseed (Spring) 1 

AC44 Potato-type arable crop 3 

AC50 Squash-type arable 3 

AC58 Mixed arable 3 

AC63 Barley (Winter) 1 

AC64 Unknown 5 

AC65 Oats (Winter) 2 

AC66 Wheat (Winter) 2 

AC67 Oilseed (Winter) 2 

AC68 Rye (Winter) 2 

AC69 Triticale (Winter) 2 

FA01 Fallow 5 

LG03 Field beans (Spring) 3 

LG07 Pea (Spring) 3 

LG11 Lucernetype leguminous 3 

LG14 Clover-type leguminous 3 

LG20 Field beans (Winter) 3 

NA01 Non-agricultural 5 

PG01 Permanent Grassland 5 

TC01 Permanent crops and short rotation coppice 4 

WA01 N/A 5 

WO12 Woodland 5 

 

The CROME LU codes are ‘spatially joined’ to each NFM opportunity in order to 

assign a LU score. Where multiple LU codes are covered by a single NFM 

opportunity, the LU code impacted greatest is chosen and a LU score is assigned 

accordingly.  

E4 Funding & future 

Four sub-criteria exist within this category, which are: 

• Cost; 

• Funding; 
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• Maintenance; 

• Life expectancy.  

For these criteria a literature review was undertaken using WwNP, Yorkshire 

Dales Rivers Trust and Natural England publications on Countryside Stewardship.  

E4.1 Cost 

These scores came directly from a publication from the Yorkshire Dales Rivers 

Trust, provided by HCC.  

Level 1– low cost, little/ no engagement needed, no planning/ contract work 

Soil health (soil compaction), Buffer strips, Hedgerows, Ditch management, 

Trees, Winter cover crops, Cross drains in farm tracks 

Score = 5 

 

Level 2 – medium cost, some engagement needed, may need planning permission/ 

may need a consultant/ contractor 

Bunds, Detention basins, Swales, Sediment traps, In-channel barriers, Offline 

flood storage 

Score = 3 

 

Level 3 – high cost, will need engagement, will need planning permission, will 

need a contractor to carry out the work 

Ditch/ dyke restoration and management, Wetland creation, Reconnecting rivers 

to floodplains, Restoring meanders 

Score = 1 

 

E4.2 Funding 

Scores on funding were largely based on a review of CS options and associated 

funding. Woodland grants were also reviewed to obtain a list of scores for the 

interventions used in the River Hull catchment. A high score indicates good 

sources of funding are available. A low score indicates funding sources are 

limited.  

Intervention Score 

Leaky Dams 1 

LWD 3 

Floodplain reconnection 1 
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Wet Woodland 3 

Tree planting 5 

Contour ploughing 3 

Buffer Strips 5 

 

E4.3 Maintenance 

Scores for maintenance were based on a literature review of NFM schemes and 

discussions with Hull City Council.  

Intervention Score 

Leaky Dams 5 

LWD 3 

Floodplain reconnection 3 

Wet Woodland 3 

Tree planting 5 

Contour ploughing 4 

Buffer Strips 5 

 

E4.4 Life expectancy 

Scores for life expectancy were based on a literature review of NFM schemes and 

discussions with HCC.  

Intervention Score 

Leaky Dams 3 

LWD 1 

Floodplain reconnection 3 

Wet Woodland 5 

Tree planting 5 

Contour ploughing 5 

Buffer Strips 3 
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Appendix F 

Arram and Watton opportunity 

mapping 
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F1 Arram  

 

All NFM 
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Leaky dams 
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LWD  
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Floodplain reconnection  
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Tree planting  
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Wet woodland   
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Contour ploughing   
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Buffer strips 
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F2 Watton 

 

All NFM 
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Leaky dams  
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LWD  
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Floodplain reconnection  
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Tree planting  
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Wet woodland  
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Contour ploughing  
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Buffer strips 
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