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Appendix B Natural Flood Management
Technical Report
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B.1 Introduction
The natural landscape plays an important role in managing water. Natural flood management
(NFM) is a broad term encompassing a variety of approaches that replicate or work with natural
processes within the catchment including: afforestation, grip-blocking and re-connecting the
channel and floodplain, to store or slow down the flow of water before it reaches communities
downstream. NFM can provide multiple benefits over traditional engineered solutions,
enhancing the natural environment whilst providing reduced flood risk to the built environment.
This includes increased bio-diversity through river restoration, green networks through riparian
vegetation and grassy buffer strips, healthier moorlands through moorland grip blocking, water
supply to farms and reduced sediment into rivers through increased farm storage. NFM takes a
catchment based approach to managing flood risk, taking all these factors into consideration,
and is focussed on small scale, incremental increases in flood storage throughout the
catchment using natural processes.

Following the major flooding in York in December 2015, work continues to identify what more
can be done to reduce the risk of flooding in the future. In a press release from the Environment
Agency (2016) Floods Minister Rory Stewart said, “Work on future flood protection for Yorkshire
is well underway, looking at placing multi-million pound engineering solutions downstream,
alongside natural flood management measures upstream.”  NFM has the potential to provide
multiple benefits within the catchment whilst potentially providing additional flood resilience for
York.

The current evidence base for the effectiveness of NFM is limited, particularly for larger
catchments. The successful implementation of NFM therefore requires a robust technical
assessment to identify the efficacy of NFM to reduce flood risk, provide key information for
strategic decision making and secure funding for implementation.

As part of a wider study into the management of flooding in York, a review of the potential for
NFM to provide flood management opportunities has been carried out.  The benefits and
limitations associated with NFM have been explored within a literature review to inform the long
term thinking of the Environment Agency and its partners to manage flooding in York.

B.1.1 Report Scope
This report forms part of the work that the Environment Agency is carrying out to identify
opportunities for the implementation of NFM measures in the catchments that impact York.  The
report focusses specifically on the River Foss catchment which flows into the River Ouse as it
passes through York.

The Environment Agency has commissioned Capita AECOM to complete this study to provide
evidence on the effectiveness and applicability of NFM in the Foss catchment upstream of York.
The location of the Foss catchment and the study area is shown in Figure B1.1. The results of
the study will provide valuable evidence to fill the knowledge gap that currently exists on the
benefits of this approach.

The approach and methodology for the River Foss Natural Flood Management Study has been
developed to combine hydrology, hydraulic modelling and geomorphological approaches to
understand the catchment response to the extreme rainfall events and the possible impacts on
flooding through the implementation of NFM within the wider Foss catchment.
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Figure B11.5: River Foss NFM Study area in relation to surrounding catchments and the
City of York

B.1.2 Overview of Methodology
The analysis of NFM in the Foss has been undertaken using a staged approach; an overview is
shown in Figure B1.2 below. Initially a baseline was developed using different approaches
including hydrology, hydraulic modelling and geomorphology. This baseline was developed
using key information such as catchment characteristics, a routing model of the Foss and key
tributaries and geomorphological analysis.

This information was subsequently used to develop a long-list of options for NFM actions within
the catchment. These options were analysed in terms of the quality of the opportunity and also
the constraints to NFM, so as to rank the options.

Those options that were ranked as being a good quality opportunity and having a low constraint
were then short-listed for more in-depth analysis using a hydraulic model. This report has been
structured to provide an overview of each stage with more detailed technical analysis included
within the Annexes.
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Figure B11.6: Overview of Foss NFM Study methodology

The NFM analysis that has been undertaken has all been desk-based.  Catchment walkover
surveys would help to refine the NFM options identification and ranking as would engagement
with local landowners.  The intention of this study is to provide a first look at what potential NFM
might offer in terms of flood risk for the Foss catchment and the additional investment of time
and resource required was not deemed necessary at this stage.  Should NFM prove to be
viable, more detailed work to engage landowners and ground-truth NFM opportunities should
be undertaken.
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B.2 Baseline Condition
The River Foss catchment is the smallest of the five catchments shown in Figure B1.1 that flow
into the River Ouse, contributing to flows through York.  The Foss originates in the Howardian
Hills and flows in a generally southerly direction to its confluence with the River Ouse in central
York, just downstream of the Foss Barrier.  The main tributaries of the Foss, and other key
catchment features are shown in Figure B2.1.

Figure B11.7: River Foss, tributaries and key catchment features
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The total area of the Foss catchment is 180km2.  There are two main tributaries located in the
downstream part of the catchment: Tang Hall Beck and Osbaldwick Beck, which cover areas of
31.1 km2 and 15.2 km2 respectively.

LiDAR coverage of the Foss catchment is limited to the lower part of the catchment where the
watercourse meets the River Ouse. Figure B2.2 shows the elevation across the Foss catchment
and the extent of the available LiDAR data.

Figure B11.8: LiDAR coverage in the Foss catchment
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Elevations range from approximately 200m Above Ordnance Datum (AOD) in the foothills of the
Howardian Hills (based on catchment information obtained from the National River Flow Archive
Database) to around 6m AOD at the confluence with the River Ouse (based on the available
LiDAR data).

B.2.1 Land Use
The source of the River Foss is on Yearsley Moor, in the foothills of the Howardian Hills.  The
upper reaches are located in steep sided, V-shaped valleys with a mixture of tree cover and
grassed slopes. The in-channel morphology in these watercourses is likely to be dominated by
bedrock influenced pool-rapid sequences. Oulston Reservoir is the only large waterbody
located on the River Foss.  The reservoir is located in the headwaters of the River Foss and is
operated by City of York Council.

Downstream of the reservoir the topography flattens out and the main branch of River Foss is
located in a flat bottomed, U-shaped valley with the floodplain predominantly comprised of
agricultural land and some areas of grassland.  The watercourse is highly modified for the
majority of its length, characterised by an over-deep, over-straight agricultural drainage channel
with limited flow and habitat diversity.  The downstream reaches are heavily urbanised, flowing
through the settlements of Earswick, Huntington, New Earswick, Heworth and York.

The main tributaries of Tang Hall Beck and Osbaldwick Beck are also heavily modified and
characterised by agricultural ditches. The floodplains of both tributaries are covered with a
mixture of agricultural (arable) land and grassland. Strensall Common is located in the upper
reaches of Tang Hall Beck and is an area of open grassland with some tree cover and heath
vegetation.  The common appears well drained and a network of drainage grips is visible from
aerial imagery.

The Foss is an Environment Agency designated Main River from its confluence with the Ouse
to approximately 400m north of Yearsley weir, and main the tributaries of Tang Hall Beck and
Osbaldwick Beck are Main River along their lower reaches (Figure  B2.1).  Upstream of the
Main River designations, the catchment is managed by the Foss Internal Drainage Board (IDB).
As a result the majority of the watercourses throughout the Foss catchment resemble
agricultural drains.  Many of the smaller tributaries appear to completely artificial, potentially
created by the IDB for land drainage purposes.

B.2.2 Environmental Designations
The ecological health of the rivers within the Foss catchment (as reported using the metrics of
the Water Framework Directive) is moderate, (Table B2.1).  The rivers within the upper part of
the Foss catchment are not designated as artificial or heavily modified. However, further down
the catchment the River Foss and the tributaries of Tang Hall Beck and Osbaldwick Beck are
designated as heavily modified. Two of the watercourses within the Foss catchment have the
Overall Objective of achieving Good Overall Status by 2027. There is potential for the
implementation of NFM to help achieve this.
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Waterbody Name Waterbody Id Hydromorphological
Designation

Overall
Waterbody
Classification

Overall
Objectives

Foss from Source
to Farlington Beck

GB104027067760 Not designated artificial
of heavily modified

Moderate Good by
2027

Foss from
Farlington Beck to
the Syke

GB104027063540 Not designated artificial
of heavily modified

Moderate Moderate by
2015

Foss from the
Syke to the River
Ouse

GB104027063520 Heavily Modified Moderate Moderate by
2015

Farlington Beck
from Source to
River Foss

GB104027063560 Heavily Modified Moderate Moderate by
2015

The Syke from
Source to River
Foss

GB104027063530 Not designated artificial
of heavily modified

Moderate Moderate by
2015

Tang Hall Bk/ Old
Foss Bk catch, trib
of River Foss

GB104027063500 Heavily Modified Moderate Good by
2027

Source: Environment Agency Catchment Data Explorer [Online] Accessed: 02.03.2017

Table B11.8: Water Framework Directive Status of waterbodies within the Foss
catchment

The Foss catchment also includes a number of designated areas and is home to protected
species.  The map in Annex A shows the location of the designated sites within the Foss
catchment and the reasons for designation, as described by Natural England (2017), are
outlined below.

 Strensall Common Site of Special Scientific Interest (SSSI) (Natural England Citation)
Strensall Common is a northern example of acidic lowland heath and is one of only two
extensive areas of open heathland remaining in the Vale of York, the other being
Skipwith Common;

 The complex mosaic of sands and clays give rise to equally diverse vegetation
comprising wet and dry heath, woodland and wetland. The dry heath, dominated by
heather (Calluna vulgaris), is noted for petty whin (Genista anglica) and bird’s foot
(Ornithopus perpusillus), whilst extensive areas of purple moor-grass (Molinia caerulea)
and cross-leaved heath (Erica tetralix) characterise the wet heath. The Common also has
significant populations of the very local marsh gentian (Gentiana pneumonanthe), other
species of note including narrow buckler-fern (Dryopteris carthusiana) and long-leaved
sundew (Drosera intermedia);

 Drainage has reduced the extent of the wetland vegetation which includes permanent
pools with great reedmace (Typha latifolia), fen dominated by common reed (Phragmites
australis) and extensive areas of soft rush (Juncus effuses).  Species associated with the
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wetlands include marsh cinquefoil (Potentilla palustris), bogbean (Menyanthes trifoliate)
and uncommon species such as marsh St. John’s Wort (Hypericum elodes);

 Frequent heathland fires have restricted the development of birch (Betula sp). Elsewhere
on the heath oak (Quercus robur) occurs and Scot’s Pine (Pinus sylvestris) has been
planted;

 The entomological interest is considerable with several rare moths and bugs present;

 Strensall Common Special Area of Conservation (SAC) (Natural England Citation);

 As with the SSSI designation, Strensall Common, with Skipwith Common, is one of only
two extensive areas of open heathland remaining in the Vale of York. There is a complex
mosaic of Northern Atlantic wet heaths with Erica tetralix and dry heath elements;

 Howardian Hills Area of Outstanding Natural Beauty (AONB); and

 The Howardian Hills form a distinctive, roughly rectangular area of well-wooded
undulating countryside that rise, sometimes sharply, between the flat agricultural Vales of
Pickering and York.  The AONB contains a rich and intimate tapestry of wooded hills and
valleys, pastures and rolling farmland, as well as dramatic views from the higher ground
across the agricultural vales below (Landscapes for Life, 2017).

B.2.3 Geology
The British Geological Survey (BGS) Geoindex (BGS online, 2017) shows that the River Foss
flows through superficial deposits of till and alluvium overlying parent material of mudstone and
sandstone.

B.2.4 Historic Changes
Mapping from 1885 (NLS online, 2017) indicates that the course of the main River Foss is
largely the same as the contemporary planform.  There are, however, several palaeochannels
marked on these maps which indicate an historic planform that was much more sinuous.  This
suggests that straightening of the watercourse, likely to have been undertaken for agricultural
land gain, was carried out in the early 19th-century.

Based on the desk-based geomorphological assessment the natural watercourse would have
been much more sinuous with a pool-riffle typology.   Whilst the narrow band of alluvium
identified in the BGS Geoindex suggests that the general course of the river is stable and has
not historically migrated across the floodplain, the open valley and low gradient suggest some
lateral migration, hence the conclusion that the natural form of the river would be much more
sinuous that the contemporary channel.
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B.3 Baseline Assessment
The Foss catchment and associated watercourses were analysed to define sub-catchments and
split the key watercourses into reaches based on geomorphological characteristics.  This was
used as a basis for the technical analysis. The primary watercourse data provided by the
Environment Agency was reviewed and the watercourses within the catchment divided into a
series of reaches that reflect the network of tributaries and various morphological features
present.  The river centreline data formed the basis of the reach numbering and each primary
watercourse was assigned a number ranging from 1 through to 38 (Figure B3.1).

Figure B11.9. Reach Identification and Numbering
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These watercourses were then further sub-divided into individual reaches based on the location
of tributaries entering the primary watercourse and key features. The point at which these
tributaries joined the primary watercourse, and therefore the extent of each reach, was based
on visual identification using aerial imagery and OS Mapping.

The primary watercourses were used to define the smaller sub-reaches within the wider Foss
catchment. For example, the main branch of sub-catchment 21 would be identified as Reach
21.1.  At the first junction upstream, the tributary would be identified as Reach 21.1.1 and the
main branch upstream of that would be identified as Reach 21.2 as shown in Figure B3.2.
These reaches and sub-catchments form the basis of geomorphological analysis, hydrology
and model development.

Figure B11.10. Numbering of sub-reaches within the Foss catchment.
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B.3.1 Geomorphological Classification
The geomorphological classification of the watercourse was undertaken to provide baseline
typology information for each reach of the watercourse.  This typology classification was a desk
based exercise and no ground truthing has been undertaken.  An assessment of the floodplain
typology was also carried out.  In both instances a Manning’s ‘n’ roughness value was provided
for each typology to provide a baseline against which the NFM measures could be modelled
(see Section 5 for further explanation).

To improve the accuracy of the classification a full walkover survey of the Foss catchment
should be undertaken.  The classifications used and a description of each are provided in Table
B3.1.

Classification Definition Manning’s n*
Channel Classification
Highly Modified Modified channel with completely artificial bed and banks,

typically in urban areas (e.g. concrete). 0.015

Excavated Modified channel with earth bed and banks devoid of
flow/habitat variation (e.g. drainage ditch). 0.025

Pool-Riffle Sinuous or meandering watercourse characterised by
repeating sequences of pools, bars and riffles. 0.03

Wandering Highly dynamic watercourses with characteristics of braided
and meandering channels. Characterised by irregular
meanders, highly variable width, extensive erosion at bends
and avulsion during high flows.

0.04

Pool – Rapid Found in steeper gradient environments within more confined
valley settings. Watercourses are generally straighter with
steps, pools, cascades, riffles and rapids present.

0.05

Bedrock Dominated Most common in the upper catchment these are steep, high
energy, stable environments with very little sand/ gravel bed
material present. In the lower catchment bedrock dominated
watercourses are often in the form of bedrock outcrops/ fault
lines such as gorges.

0.06

Floodplain Classification
Urban Urban areas dominated by impermeable areas and buildings. 0.015
Agricultural
Floodplain

Wide, open agricultural floodplain dominated by short
grassland with little/ no tree cover. 0.025

Wooded Floodplain Wide open floodplain with low gradient, dominated by tree
cover. 0.1

Confined valley,
wooded

Narrow valley with limited/ no floodplain. Valley sides are
covered with trees. 0.1

Confined valley,
exposed

Narrow valley with limited/ no floodplain. Valley sides are
covered by short grassland or exposed bedrock.  There is an
absence of tree cover on the valley slopes.

0.035

*refer to Section 6 for further explanation on Manning’s n and its application in a hydraulic modelling context.
Table B11.9: Reach typology classification (after Chow, 1959)

B.3.2 Modelling Background and Development
The existing ISIS-TUFLOW hydraulic model of the Foss catchment through York (constructed
by Mott MacDonald in 2016) was available to assist in the model development for this study.
The existing model covers the largely urban lower Foss catchment (Figure B3.3), consisting of
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hydrodynamic reaches of the River Foss (upstream limit at Strensall, NGR 464500 461750),
Osbaldwick Beck (upstream limit at the A64, Osbaldwick, NGR 464400 452750), South Beck
(upstream limit at Morritt Lane, Monk Stray, NGR 461800 454100), Tang Hall Beck (upstream
limit at Stockton Lane, Tang Hall, NGR 463350 453950) and West Beck (upstream limit behind
Old Dike Lands, Haxby, NGR 460100 457450).

As stated in Section B2, NFM measures are generally applied to the upper catchments of
watercourses to store or slow down the flow of water before it reaches communities
downstream. Therefore it was decided the modelling of NFM measures for this study would be
best focussed on the catchment upstream of the existing model which extends through the
lower, urban catchment. This decision was supported by the ranking and shortlisting of NFM
measures in the Foss catchment (Section B4.3), which resulted in 84% of the 243 NFM
measures ranked with a score of three or less being associated with reaches upstream of the
existing model extents.

For this study, Capita AECOM developed a baseline routing model with associated hydrology
for the Upper Foss catchment, from which the impacts of NFM measures were reviewed. A
routing model was developed due to the limited coverage of the LiDAR dataset in the Foss
catchment preventing the development of a 2D rainfall to mesh model.

The baseline routing model was developed in Flood Modeller upstream of the existing ISIS-
TUFLOW model. It has been split into three sub-models; the Upper Foss, Upper Tang Hall Beck
and Upper Osbaldwick Beck. This part of the catchment is represented by lumped hydrological
boundaries in the existing ISIS-TUFLOW model.

At the outset of the model development process, it was determined that the reaches modelled
should generally match those of the Detailed River Network (DRN) GIS layer. This baseline
network was then combined with a hydrological model, in which appropriate inflow boundaries
were derived to represent direct and lateral sub-catchment inflows. Figure B3.3 illustrates the
existing ISIS-TUFLOW and routing reaches.
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Figure B11.11. Modelled Extents.
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B.3.3 Baseline Model Network
The development of the baseline model network is described below by its key component parts.
The baseline model formed the basis of subsequent models that were used to assess the
impact of various NFM measures.

B.3.3.1 Cross-Section Geometry

Two methods were used to define the cross-section geometry of the routing model; this was
because the LiDAR based ground model of the Foss catchment did not extend to the majority of
the upper catchment (see Figure B2.2). For routing cross sections covered by the LiDAR model
extent, section data was extracted directly from LiDAR at approximate 1m intervals, and applied
to the routing cross-section in Flood Modeller. For cross sections that lay outside of the
available LiDAR extent, the geometry from the closest routing cross-section covered by LiDAR
downstream was applied and adjusted to account for the reach bed slope between the cross
sections. The bed slope used to adjust the cross-section geometry was linearly interpolated
from the bed slope of the section of the downstream reach covered by LiDAR data. This
represents a limitation of the routing model and further work would be required to verify these
assumptions, through flying new LiDAR data or undertaking a topographic survey to obtain
actual cross sections to use in the model.

B.3.3.2 Cross-Section Roughness

For each routing cross-section, a left and right bank top marker was specified; this defined
where the values of roughness for the left bank floodplain, channel and right bank floodplain
would be applied. The roughness values for these three parts of the cross-section were
specified based on the results of the reach classification process (see Table B3.1).  Therefore
the cross-section roughness in the routing model is consistent depending on generic channel
types, rather than specifically assigned by reviewing photographs or based on a site visit.  This
is another limitation of the model and would be something that a more focused study could
refine.

B.3.3.3 Reach Length

Reach length was specified based on the length of channel, as determined from the supplied
DRN GIS layer.

B.3.3.4 Reach Bed Slope

Each routing section required an estimate of the downstream bed slope.  This was
approximated based on the bed elevation at the upstream and downstream section of each
reach, and the length of that reach.

B.3.4 Baseline Hydrology
The inflows to the baseline model were derived from ReFH rainfall-runoff boundaries, and
applied either directly or laterally to the routing model. The reach numbers were used to define
the sub-catchments that each hydrological boundary represented.

B.3.4.1 Hydrological Boundaries
B.3.4.1.1 Direct Inflows

Direct inflow hydrological boundaries were applied using the ReFH unit at the upstream limit of
reaches. The ReFH model parameters were calculated from catchment descriptors (as
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extracted from the FEH CD-ROM for the sub-catchment draining to that point). For smaller
reaches, the catchment descriptors were extracted at the downstream limit of the reach but
applied at the upstream point. For non-modelled tributaries, direct inflows were connected into
the modelled reach at the nearest cross-section, as seen in Figure B3.4.

B.3.4.1.2 Lateral Inflows
Lateral inflow hydrological boundaries were derived for intervening areas (i.e. between an
upstream direct inflow and the downstream limit of a reach).  The catchment descriptors for the
intervening catchments were derived using standard FEH methods.  They were laterally
connected to the reach based on the location of non-modelled tributaries that are recognised by
the FEH CD-ROM.

B.3.5 Design Events
Design event hydrology was developed for three annual exceedance probability (AEP)  events
to assess how the NFM measures impacted flow in the Foss catchment in low (20% AEP),
moderate (5% AEP) and high (1% AEP) flow events.

The ReFH boundary units in the baseline routing model were unscaled, thus providing a
consistent comparison when assessing the impact of NFM measures. The parameters of the
ReFH model were determined from catchment descriptors. Design events generated by the
ReFH rainfall-runoff method assume a symmetrical storm distribution and the critical duration is
assumed to be the same regardless of return period.

For the purposes of design event modelling, an assumption was made that the rainfall event
occurs over the entire Foss catchment; therefore the routing model was run with a storm
duration of 24.25 hours and a timestep of 0.25 hours to be consistent with the inflow boundaries
in the existing ISIS-TUFLOW model. The design rainfall within each inflow boundary was
determined by the Depth-Duration-Frequency (DDF) parameters for the sub-catchment which
the boundary represented. This is the standard method of determining event rainfall for design
storms when using ReFH or FEH rainfall-runoff methods.  Since the rainfall event is assumed to
be catchment wide, the Areal Reduction Factor was determined based on the area of the entire
Foss catchment.

B.3.6 Model Limitations
There are limitations to the routing model and opportunities exist to improve confidence in the
outputs of the model. The limitations of the routing model are as follows:

 The coarse routing model of the upper Foss catchment has been developed using the
available LiDAR digital terrain data for the catchment;

 Due to the limited coverage of the LiDAR data across the Foss catchment, many of the
cross-sections have been assumed and manually modified within individual cross-
sections;

 Structures within the River Foss, Tang Hall Beck and Osbaldwick Beck such as restricted
culverts, bridges etc have not been modelled; and

 ReFH boundary units in the baseline routing model were left unscaled and there has
been no refinement of the flow estimates for the design events.
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Figure B11.12. Flood Modeller routing model of the Foss Catchment.
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B.4 NFM Measures
B.4.1 Types of NFM Measures

As part of the initial scoping process, different types of NFM measures that could be used in this
type of project were identified.  Following a review of the general catchment characteristics
using aerial imagery, Ordnance Survey (OS) mapping and catchment spatial data, the list of
NFM options considered appropriate for implementation within the Foss catchment was refined.
Where possible the options identified have wider economic, social and ecological benefits in
order to increase the likelihood of eventual implementation going forward.

The refined list of measures for identification within the catchment is outlined in Table B4.1 and
is comprised of both in-channel measures and measures located outside of the channel. These
non in-channel measures include those in the immediate riparian zone, on the floodplain and
within the wider catchment.  The measures cover the entirety of the catchment from the upland
headwaters in the Howardian Hills to the confluence with the River Ouse downstream of the
Foss Barrier in central York. Tang Hall Beck, Osbaldwick Beck and the other tributaries that
feed into the River Foss are also included.  Each measure has been given a code so that the
measures proposed can be identified by type.

NFM Measure Code Description

In-Channel Measures

Woody Debris WD Installation or re-introduction of woody debris into the channel in already
heavily wooded areas to encourage out of bank flow or slight
impoundment of water upstream of features.

Increase Sinuosity SI Re-meandering straightened reaches, creating diversity and increasing
floodplain connectivity.

Bed Raising BR Raising the bed of the river by installing morphologically and
ecologically appropriate material, to encourage out of bank flow at these
locations.

Bank Irregularity BI Creating diversity in the banks through techniques such as bank re-
profiling, and reconnecting the floodplain.

Non In-Channel Measures

Floodplain Wetland WL Improve wetland connectivity by constructing seasonal or permanent
features that store water, increase biodiversity and create green
networks.

Palaeo Channel PC Re-connection of remnant channels that have been either naturally or
artificially cut off. These could create additional capacity in flood flows
and backwaters under low flows.

Riparian Tree Belt RT Planting of trees along the riparian zone to increase interception and
infiltration, reducing the volume and speed of runoff downstream.

Grassy Buffer Strip BS Planting of grass buffers immediately adjacent to watercourses to
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NFM Measure Code Description

increase roughness and slow runoff.

Floodplain
Reconnection

FP Re-connect the river to the floodplain through removal or set-back of
embankments to enable use of these areas during a flood event.

Offline Storage OS Areas where existing storage could be expanded or new storage
created, taking water offline and reducing the volume of water in the
channel during high flow events.

Moorland Grip
Blocking

MG Blocking moorland drainage grips to store water in the headwaters as
well as re-wetting moorland.

Land Use
Management

LM Multi-functional storage in farm areas (also known as runoff attenuation
features (RAFs)). For example bunding existing artificial drainage
routes or natural flow paths and piping the water for stock watering.

Areas identified in this category also have the potential to contribute to
NFM through larger scale changes to land management practices (e.g.
stock control, ploughing techniques) or creation of tree belts/ cross
slope planting.

This measure focusses on attenuating runoff before it enters the
watercourse, thus reducing the overall volume of water entering the
channel.

Floodplain Woodland FW Planting of trees on the floodplain to increase interception and
infiltration, reducing the volume and speed of runoff downstream.

Table B11.10: List of NFM measures for identification within the catchment

The range and type of NFM measures that could be applied is large.  The set of NFM measures
within the Foss has been developed to provide an assessment of effectiveness of NFM within
the catchment and to suit catchment characteristics.

B.4.2 Long list of NFM opportunities
A desk based assessment of the Foss catchment was undertaken using LiDAR, aerial imagery
and OS mapping.  Areas where there was potential for NFM measures to be implemented were
mapped and each measure was given a unique identifier based on the measure code and the
order in which it was identified. For example RT126 relates to the 126th Riparian Tree Belt
measure identified. A total of 392 NFM opportunities were identified within the Foss catchment.

B.4.3 Ranking and short-listing NFM opportunities
Once the long list of options was complete, a ranking exercise was undertaken to create a short
list of opportunities. This provided a simple comparison of viability between all of the identified
measures. The opportunity and constraints ranking was tailored to each feature to ensure that
the ranking was representative and appropriate for the measure identified.  Rankings were
allocated based on aerial imagery and available mapping.

The ranking for the opportunities was based on the extent to which a particular feature is
already present or absent at this location. Options were classed according to the quality of the
opportunity to physically implement these measures on the ground. A score of 1 represents a
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very good opportunity for implementing the option identified: for example where the riparian
zone is heavily degraded on both banks over a long stretch and thus the opportunity for
improvement through this measure is greatest.  Conversely a score of 5 (very low) represents a
very poor opportunity for implementation of the measure: for example where the features
recommended are already likely to be present (e.g. woody debris in the heavily wooded
tributaries) or where the reconnection of palaeo channels is not likely to be possible due to the
extent of disconnection of the floodplain.

Following ranking by opportunity, the features identified were scored according to the
constraints on their implementation.  The constraint ranking was based on current land use and
likely flood risk (for example proximity to flood risk infrastructure or residential area).  Ranking
ranged from 0-3 where 0 represented no constraints and 3 represented the largest constraint to
implementation.  An example of the opportunities and constraints ranking for Woody Debris is
outlined in Table B4.2 and a full set of opportunities and constraints is provided in Annex B.

The opportunity and constraints scores were then summed to give an overall rank between 1
and 8, where 1 represents measures with good opportunities and low constraints and 8
represents measures with a low opportunity and high constraints. Options that were ranked
between 1 and 3 then formed the short list of 244 options.

Opportunity Constraint Overall Rank

Score Description Score Description Rank Description

1 Extensive wooded riparian, in-
channel woody debris absent

0 No constraints 1

8

Very Good

Very Poor

2 Limited/ patchy wooded riparian,
in-channel woody debris absent

1 Land Use – Low grade
grazing land

3 Extensive wooded riparian,
some in-channel woody debris
present

2 Land Use – High grade
arable land

4 No riparian trees, LWD
impractical

3 Flood Risk

5 Existing, functional LWD
throughout

Table B11.11: Opportunities and constraints for Woody Debris

Of the 244 short listed measures, the majority (187) have an overall rank of 3. This is primarily a
function of the existing land use within the catchment. Based on a review of aerial imagery
much of the agricultural land use within the Foss catchment is arable and as a result these
measures have a higher constraint score (2) than where the land use is used for grazing
(constraint score of 1).

The short list of options was then taken forward for further analysis through hydraulic modelling
as outlined in Chapter B6.
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B.4.4 Limitations of the NFM opportunity mapping
The above analysis was a purely desk based assessment and a visit to the site should be
carried out to verify the catchment characteristics and to broadly confirm the reach
classifications.  Following ground-truthing, adjustments to the scores attributed to some of the
potential measures may need to be made.  Furthermore, measures considered feasible as part
of this opportunity mapping exercise may not be achievable on the ground, and vice versa.
Additionally, no landowners or stakeholders have been contacted as part of this process to
obtain buy-in, offer their own suggestions for implementing NFM measures or influence the
ranking process.
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B.5 Analysis of NFM Measures
As described in the previous section, a series of NFM measures were identified throughout the
Foss catchment, ranked based on opportunity and constraint, and then given a combined score.
Any measures which had a combined score of 3 or less were considered for impact assessment
using the routing model developed for the baseline scenario.

B.5.1 NFM Options Modelling
B.5.1.1 Measures affecting roughness

As described in Section B3.1, the impact that the suggested measures have on the channel and
/ or floodplain roughness was represented by changing the Manning’s ‘n’ value within the model.
The length or area of floodplain that each measure will occupy was calculated and represented
as a percentage of the overall reach length / floodplain area.  Adjustments to the Manning’s n
value were then applied to this percentage of the reach.  The calculation process for this
adjustment can be summarised as follows:

Adjusted Manning’s n = Baseline Manning’s n + (Manning’s n adjustment x proportion of reach)

These adjustments are based on Arcement and Schneider (1984) and are shown in Table B5.1.
The updated Manning’s ‘n’ value was based on the specific reach that matched the routing
model sections so it could be quickly aligned to reaches within the baseline hydraulic model.
For each reach in which a measure was to be modelled, the Manning’s n value was adjusted to
the calculated value.  For reaches in which multiple roughness based measures were to be
modelled, the net impact of each measure on the baseline Manning’s ‘n’ value was calculated.

The impact of riparian tree belts and grassy buffer strips has only considered their effect on flow
within the watercourse (predominantly at bank full and/or at the point of overtopping), and not
interception/runoff to the watercourse.
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NFM Measure Code Manning’s n adjustment

In-Channel Measures

Woody Debris WD +0.005

Increase Sinuosity SI +0.003

Bed Raising BR +0.030

Bank Irregularity BI +0.005

Non In-Channel Measures

Floodplain Wetland WL +0.035

Palaeo-Channel PC +0.007

Riparian Tree Belt RT +0.050

Grassy Buffer Strip BS +0.035

Floodplain Woodland FW +0.075

Floodplain Reconnection FP n/a

Offline Storage OS n/a

Land Use Management LM n/a

Moorland Grip Blocking MG n/a

Land Use Management LM n/a
Table B11.12. Adjustments to Manning’s ‘n’ to represent NFM measures within the Foss
catchment (after Arcement & Schneider, 1984)

B.5.1.2 Measures affecting runoff

Some of the measures cannot be modelled by adjusting the baseline Manning’s ‘n’ roughness
coefficient.  Instead, they would directly impact on the runoff properties of the sub-catchment in
which they are implemented.  The measures that this would be applicable to are:

 Moorland Grip Blocking

 Land Use Management

Moorland Grip Blocking is the process of blocking moorland drainage grips with the aim of
increasing storage in the headwaters.  A general conclusion regarding the impacts of grip
blocking is that flow velocities across the surface of peatlands is reduced (Holden et al., 2008),
as well as the total volume of water flowing along drain channel outlets (Holden, 2005).
However, it is also noted that when grip blocking is aligned in the same direction of the natural
slope, water will often flow around and back into the drain downslope.  The grip blocks must be
located where the drain is aligned parallel with the natural slope, and should promote flow of
water onto land where it can be stored or at least move downstream more slowly.

Land Use Management comprises a series of measures that operate to increase infiltration,
slow and / or divert runoff, temporarily store water on the land, and reduce material entering
watercourses. Generally, Land Use Management in the upper Foss catchment was identified as
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being possible within a large area, and would most likely be implemented by installing bunds to
dam agricultural field drains and encourage a temporary ‘backing-up’ of flow and afforestation
within the floodplain.

There are very few studies that report on the impact of such a measures, and even less that
have attempted to quantify those impacts. A study undertaken in a catchment upstream of
Belford, Northumbria (Wilkinson et al., 2010) indicated that implementation of land use
management strategies could increase travel times from a 6km2 catchment by a factor of three-
quarters (75%).  The sub-catchments of the Foss in which similar land management strategies
could be implemented have comparable catchment areas, although are likely to be drier and
less steep.  The expected increase in travel times as a result of the measures cannot be known,
but an appropriate method of assessing potential impacts is to adjust the time-to-peak
parameter as a proxy for the increased travel times.  It was concluded that the Tp value in the
associated inflow boundary would be increased by a factor of 1.5 in the 20% AEP event and
1.25 in the 5% and 1% AEP events (assuming that measures have more influence when runoff
is lower).

B.5.1.3 Palaeo-channel Reconnection Measures

As well as increasing friction (and hence being associated with a roughness change), the
palaeo-channels to be reconnected as part of the NFM in the catchment were assessed to
determine their impact on current channel length. Re-connection to palaeo-channels usually
results in an extension to channel length, and hence a slackening of bed gradient.

To represent this in the adjusted routing model, the difference in channel length between the
palaeo channel and the section of current channel to which it would be connected was
calculated in GIS, and the overall length of the affected reach was adjusted accordingly.

B.5.1.4 Floodplain Reconnection Measures

The ranking and shortlisting of NFM opportunities in the Foss catchment identified several
reaches as suitable for floodplain reconnection. The cross-section geometry in these reaches
showed an embankment on one or both sides of the channel. The embankments reduce the
frequency of flooding and convey greater flow volume downstream. Removing the
embankments promotes more frequent inundation of the floodplain, where flow can be stored or
slowed.

To represent reconnection of these reaches in the routing model, the cross-section geometry
within the reaches was adjusted by removing the embankments. Across the extent of the
embankment, ground levels were reduced to correspond with those of the floodplain behind.
This allowed flows to spill out of bank and onto the floodplain earlier in the event.

B.5.1.5 Offline Storage Measures

Offline storage measures identified in the ranking and shortlisting of NFM opportunities were
represented in the routing model by adding an abstraction unit at the downstream end of the
reach in which the offline storage would be created.

The area of the offline storage measure was approximated using the available LiDAR data and /
or areal imagery (the latter being used where LiDAR data was not available). An assumed depth
of 0.5m was used to calculate the volume that could be attenuated within the storage area
(Volume = Area x Depth). It was assumed that the storage area could only be activated at the
time in which channel flow exceeded the bank top. The time taken for the storage area to fill
was calculated based on the assumption that the storage area fills at a constant rate. The
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abstraction unit was set up to remove the required volume from the system over that time frame,
assuming a constant flow rate out of the system (aside from lead-in and lead-out flows). It was
also assumed that, with the presence of leaky bunds or similar structures, the stored volume
would not be released back to the watercourse until after the peak of the event had passed
downstream, allowing it to be modelled as effectively lost to the system entirely.

B.5.2 Modelled Scenarios
The baseline model was adjusted to include the NFM measures identified with a combined
score of 3 or less. The following shows the sequence in which the measures were added to the
baseline model:

Scenario 1: Measures affecting roughness;

Scenario 2: Scenario 1 plus paleo-channel reconnection measures;

Scenario 3: Scenario 2 plus floodplain reconnection measures;

Scenario 4: Scenario 3 plus offline storage measures; and

Scenario 5: Scenario 4 plus measures affecting runoff.
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B.6 Modelling Results
The five intervention scenarios were modelled using the three AEP events, giving 15 scenarios
in total to compare against their equivalent baselines. This section summarises the results of the
NFM intervention scenarios in comparison to the baseline, in terms of both the magnitude and
timing of peak flows.

B.6.1 Peak Flow Timing
An important consideration when implementing measures is how they impact on the timing of
peak flows from various parts of the overall catchment. Measures implemented in one sub-
catchment may only delay the peak flow such that the overall impact is an increase in flow
downstream, despite a localised improvement. Therefore, it is necessary to ensure that NFM
measures do not cause the flows to coincide and increase the peak flow passing downstream.

NFM measures implemented in only one sub-catchment may delay the peak flow such that the
overall impact is an increase in peak flow downstream, despite a localised improvement.
Consideration of peak flow timing is very important in assessing the impact of NFM measures,
and should be studied in greater detail.  This study has utilised a storm duration appropriate for
the whole catchment, being critical through York and its suburbs, but shorter duration events
can cause localised flooding, which could be exacerbated if the impacts upon peak flow timing
have not been considered.  Figure B6.1 illustrates the locations at which model hydrographs
have been extracted.
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Figure B11.13. Location at which modelled results were taken.
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B.6.2 Results of Scenarios
B.6.2.1 Interventions on the River Foss

The intervention measures scoring 3 or less that were located within the River Foss sub-
catchment were modelled in combination (i.e. Scenario 5) assuming they were all to get
implemented. Figure B6.2 demonstrates the impact on the flow hydrograph at the downstream
limit for the three AEP events modelled. From Table B6.1, a maximum reduction in peak flow of
10% is observed across the three design events, at the downstream limit of the modelled reach.
The timing of the peak flow is delayed by 1 hour 25 minutes compared to the baseline. The
largest reduction in peak flow is observed during the 20% AEP event and the largest delay in
the timing of the peak flow is observed during the 1% AEP event.

The impact of the interventions by each modelled scenario are summarised in Tables B6.2 and
B6.3. Scenario 1 (changes to roughness values within the model to represent NFM measures)
reduces the peak flow by up to 4%, with the largest change in the 1% AEP event. Compared to
the baseline scenario, peak flows for the 20% and 5% AEP events are delayed by up to 10
minutes, and by 55 minutes in the 1% AEP event. Scenarios 2, 3 and 4 have very little
additional impact on the peak flow magnitude / time of peak flow for the design events modelled.
Scenario 5 (addition of measures affecting runoff such as Moorland Grip Blocking and Land Use
Management) has the greatest effect on both peak flow magnitude / time of peak flow.

Figure B11.14. Impact of Scenario 5 interventions within the River Foss sub-catchment
for the 1% AEP event

B.6.2.2 Interventions on Tang Hall Beck

The intervention measures scoring 3 or less that were located within the Tang Hall Beck sub-
catchment were modelled in combination (i.e. Scenario 5) assuming they were all to get
implemented. Figure 6.3 demonstrates the impact on the flow hydrograph at the downstream
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limit for the 1% AEP event. From Table B6.1, a reduction in peak flow of up to 7% is observed
across the three simulated design events, at the downstream limit of the modelled reach. The
timing of the peak flow is delayed by up to 1 hour 5 minutes compared to the baseline. The
largest reduction in flow is observed during the 20% AEP event whereas the largest delay in the
timing of the peak is seen in the 1% AEP event.

The impact of the interventions by each modelled scenario are summarised in Tables B6.2 and
B6.3. Scenario 1 (changes to roughness values within the model to represent NFM measures)
reduces the peak flow by 2-3% for all return periods modelled. Peak flows for the AEP events
are delayed by between 30 and 45 minutes compared to the baseline scenario. Scenarios 2, 3
and 4 have very little additional impact on the peak flow magnitude / time of peak flow for the
design events modelled. Scenario 5 (addition of measures affecting runoff such as Moorland
Grip Blocking and Land Use Management) has the greatest effect on both peak flow magnitude
/ time of peak flow.

Figure B11.15. Impact of Scenario 5 interventions within the Tang Hall Beck sub-
catchment for the 1% AEP event

B.6.2.3 Interventions on Osbaldwick Beck

The intervention measures scoring 3 or less that were located within the Osbaldwick Beck sub-
catchment were modelled in combination (i.e. Scenario 5) assuming they were all to get
implemented. Figure B6.4 demonstrates the impact on the flow hydrograph at the downstream
limit for the 1% AEP event. From Table B6.1, no reduction in peak flow is observed across the
three simulated design events, at the downstream limit of the modelled reach. The timing of the
peak flow is delayed by up to 25 minutes compared to the baseline. The largest delay is
observed during the 5% AEP event.
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Figure B11.16. Impact of Scenario 5 interventions within the Osbaldwick Beck sub-
catchment for the 1% AEP event

Watercourse AEP
Event

Peak flow (cumecs) Time of peak flow (hours)

Baseline Intervention Change Baseline Intervention Change

River
Foss

20% 26.5 23.8 -10% 21:20 22:10 +50min

5% 34.9 32.8 -6% 21:55 22:45 +50min

1% 47.8 44.1 -8% 21:30 22:55 +1hour
25min

Tang Hall
Beck

20% 6.1 5.6 -7% 20:45 21:30 +45min

5% 8.0 7.6 -5% 21.25 22:05 +40min

1% 10.9 10.4 -5% 21:20 22.25 +1hours
5min

Osbaldwick
Beck

20% 1.1 1.1 0% 20:10 20:30 +20min
5% 1.5 1.5 0% 20:05 20:30 +25min

1% 2.1 2.1 0% 20.25 20:30 +5min

Table B11.13. Impact of Scenario 5 interventions at downstream end of modelled
watercourses.
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Table B11.14. Impact of intervention of peak flow at downstream end of modelled watercourses when compared to baseline, broken down by scenario.

Watercourse AEP Event

Peak Flow (cumecs)

Baseline S 1 Change S 2 Change S 3 Change S 4 Change S 5 Change

River
Foss

20% 26.5 26.4 0% 26.3 -1% 26.3 -1% 26.1 -1% 23.8 -10%
5% 34.9 34.6 -1% 34.5 -1% 34.6 -1% 34.5 -1% 32.8 -6%

1% 47.8 46.0 -4% 45.8 -4% 46.4 -3% 46.4 -3% 44.1 -8%

Tang Hall Beck
20% 6.1 5.9 -2% 5.9 -2% 5.9 -2% 5.9 -2% 5.6 -7%
5% 8.0 7.8 -3% 7.8 -3% 7.8 -3% 7.8 -3% 7.6 -5%
1% 10.9 10.7 -2% 10.7 -2% 10.7 -2% 10.7 -2% 10.4 -5%

Osbaldwick Beck
20% 1.1 1.1 0% 1.1 0% 1.1 0% 1.1 0% 1.1 0%
5% 1.5 1.5 0% 1.5 0% 1.5 0% 1.5 0% 1.5 0%
1% 2.1 2.1 0% 2.1 0% 2.1 0% 2.1 0% 2.1 0%
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Table B11.15. Impact of intervention on timing of peak flow at downstream end of modelled watercourses when compared to baseline, broken
down by scenario.

Watercourse AEP Event
Time of Peak Flow (hours)

Baseline S 1 Change S 2 Change S 3 Change S 4 Change S 5 Change

River
Foss

20% 21:20 21:30 + 10min 21:35 + 15min 21:40 + 20min 21:45 + 25min 22:10 + 50min

5% 21:55 22:00 + 5min 22:05 + 10min 22:10 + 15min 22:10 + 15min 22:45 + 50min

1% 21:30 22.25 + 55mins 22:20 + 50min 22.25 + 55min 22:20 + 50min 22:55 + 1hour
25min

Tang Hall Beck

20% 20:45 21.25 + 40min 21.25 + 40min 21:10 + 25min 21:10 + 25min 21:30 + 45min

5% 21.25 21:55 + 30min 21:55 + 30min 21:55 + 30min 21:55 + 30min 22:05 + 40min

1% 21:20 22:05 + 45min 22:05 + 45min 22:00 + 40min 22:00 + 40min 22.25 + 1hours
5min

Osbaldwick
Beck

20% 20:10 20:25 + 15min 20:25 + 15min 20:30 + 20min 20:30 + 20min 20:30 + 20min

5% 20:05 20:30 + 25min 20:30 + 25min 20:30 + 25min 20:30 + 25min 20:30 + 25min

1% 20.25 20:30 + 5min 20:30 + 5min 20:30 + 5min 20:30 + 5min 20:30 + 5min
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B.7 Discussion
The following section reiterates the key outcomes of the modelling and discusses how these
relate to the implementation of NFM on the ground.  It is acknowledged that there are limitations
to the approach that was taken and recommendations for further work have been based on
these shortcomings.

In all three of the tributaries modelled, the largest reduction in peak flow was observed for the
20% AEP event.  This is the lowest magnitude (i.e. more frequent) event that was modelled.
These findings align with the available research. The runoff attenuation features such as offline
storage ponds are generally small scale and will fill up earlier and, in the case of roughness
based measures, be overwhelmed earlier during higher magnitude events thus limiting the
impact.

The modelling undertaken suggests that implementation of NFM could serve to reduce flows
within the Foss catchment.  Changes affecting roughness (Scenario 1) and runoff (Scenario 5)
were found to exert the largest impact on peak flows and the timing of peak flows across the
three modelled watercourses.  Scenario 5, the implementation of runoff reduction measures,
had the greatest impact on the peak flow as this effectively prevents water getting into the
watercourse during the flood event.  In practice this runoff will be stored on adjacent farmland
and released into the watercourse after the flood peak has passed.

B.7.1 Upper Foss
In Scenario 1 the Foss model indicates a reduction in the peak flow of 4% in the 1% event but
saw no change in the 5% or 20% AEP events. Scenarios 2, 3 and 4 see minimal change to
these results whilst in Scenario 5 the peak flow reduces by 8% in the 1% AEP event and 10% in
the 20% AEP event.

From which it could be concluded that the NFM measures implemented in Scenarios 2, 3 and 4
(paleo-channel reconnection, floodplain reconnection and offline storage) do not bring about
appreciable flood risk benefits on the Foss.  Although, it should be borne in mind that there were
only three opportunities identified for paleo-channel reconnection, 17 for floodplain reconnection
and three for offline storage.  This demonstrates the large number of these NFM interventions
that are required to exert an impact on the flood hydrograph.

In contrast, there were only 20 opportunities to increase channel roughness (Scenario 1) and
yet these achieved a 4% reduction in peak flow in the 1% AEP event indicating that these are
much more effective measures.  The 1% AEP event experiences a greater reduction in flow
than the more frequent AEP events since the majority of measures affecting roughness are
those that impact out-of-bank flows (such as buffer strips and riparian tree planting). This means
that these measures will only exert an impact on the flood peak when the watercourse comes
out of bank and thus shows a greater impact during the large magnitude events.

Scenario 5 not only introduces the largest number of interventions: 88 but also includes the
cumulative impacts of the other scenarios, 130 are being simulated in the model. The runoff
reduction measures of Scenario 5 are the ones that noticeable reduce the flow in the 20% and
5% AEP events.  These measures are those requiring the greatest changes in land use and are
the ones with the greatest degree of uncertainty in terms of how they are represented in the
model.
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The upstream areas of the Foss catchment are predominantly rural with areas of open
agricultural grazing land and therefore in principle lend themselves well to methods that reduce,
or slow the volume of runoff entering the channel in the upper catchment.  Many of the
tributaries of the Foss within the rural upstream reaches are low lying artificial drainage ditches
and so there is an opportunity to create dams / bunds to temporarily store water on farmland,
delaying the rate at which runoff enters the River Foss.  Similarly, where the tributaries drain
steeper land bunds or shelter belts can be used to reduce the rate of runoff. The large areas of
open grassland, used for grazing, provide an opportunity for afforestation in both the floodplain
and wider catchment which will increase infiltration and reduce runoff.  However the buy-in of
landowners will be critical to their success.

B.7.2 Tang Hall Beck
Tang Hall Beck perhaps presents the best opportunity for implementation of a suite of different
measures within a discrete area of the catchment.  The tributary is predominantly rural and, at
15km2, is of a size where NFM has been shown to be effective at providing flood risk benefits.
In particular Tang Hall Beck appears to represent a good opportunity to carry out grip blocking
in the upper catchment.

The model results were similar to those of the Foss in that it was Scenarios 1 and 5 which were
found to exert the largest impact reducing peak flows.  A key difference being that the
roughness measures of Scenario 1 reduced flows across all three AEP events.  Scenario 1
simulated 15 measures to achieve a reduction in peak flow of between 2-3%.  Scenarios 2, 3,
and 4 only introduce two additional measures therefore it is not surprising that there is no
change in the flows.  Scenario 5 then introduces a further 37 interventions to see flows reduced
reduce a further 2-5% compared to Scenario 1.  From which it could be concluded that the NFM
interventions of Scenario 1 are more effective.

B.7.3 Osbaldwick Beck
The modelling results suggest that there are limited benefits from NFM measures on
Osbaldwick Beck.  No measurable impact on the flood peak was observed for any of the events
modelled and the delay in the timing of the peak flow is small.  This is however, a result of the
relative few opportunities that were identified and modelled: two measures in Scenario 1 and an
extra 13 in Scenario 5.

B.7.4 Limitations
It is important to acknowledge that there are limitations to the conclusions that can be drawn
from this study, and in particular the modelling.  The optioneering carried out was an entirely
desk based exercise and no ground truthing or verification of catchment characteristics was
carried out.  There is the potential that this has resulted in an over, or under, estimation of the
number of viable measures that have been identified, and therefore modelled within the
catchment.

Additionally, the representation of the model has a number of limitations associated with it which
could be influencing the results. Whilst based on the best available research at the time of
writing, there is still little empirical evidence outlining the impact of NFM measures, and even
less that have attempted to quantify those impacts.  As such, whilst some of the greatest
changes to flows arise from the runoff based measures, this is the area of the modelling in
which there is the greatest uncertainty. To attempt to quantify the runoff based measures within
the routing model the Tp value used in the inflow boundary was based on studies carried out
into the impact of runoff based measures in Belford, Northumbria. Whilst not a completely
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arbitrary number, there is a likelihood that this has over-estimated the impact that these
measures could have on downstream flood levels.

Across the three watercourses the modelling has shown reductions in the peak flow by a
maximum of 10%, when 130 NFM interventions were simulated in the Upper Foss.  It could be
argued that changes of less than 10% are within the uncertainty parameters of the model given
its limitations however, broadly speaking the results are consistent with those of other studies.
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B.8 Recommendations
The results of the study indicate that implementation of NFM could play a role in flood risk
management through potentially delivering small reductions in peak flow and delaying the time
at which the peak occurs.  More importantly, NFM has the potential to provide a wide range of
other benefits across the Foss catchment, such as water quality or ecosystem improvements for
example.

In terms of reducing the uncertainty in the model outputs the following steps are recommended:

 A catchment walk over should be carried out to verify catchment characteristics and
determine the feasibility of the short listed measures.  This will enable development of a
more robust baseline and more accurate representation of opportunities within the
catchment;

 Liaison with landowners will not only gain buy-in, but their local knowledge will identify
other opportunities to implement NFM measures;

 Further work is required to improve the modelling carried out in order to increase
confidence in the results. As NFM is implemented in the Foss a 1D / 2D model should be
developed based on topographic surveys and LiDAR data – this will require LiDAR data
to be flown. This will enable development of a more detailed model of the watercourse
and enable more explicit modelling of measures in the floodplain such as removal of
embankments and floodplain tree planting. This should provide greater confidence in the
model results that NFM will benefit and not exacerbate flood risk;

 As and when opportunities arise to deliver NFM, there should be a requirement to carry
out monitoring (both pre and post implementation). This will improve understanding of the
responses within the Foss catchment and feed into the wider understanding of the impact
of NFM measures on peak flows;

 Development of a high level implementation and funding strategy should be undertaken
to identify organisations that could be involved in NFM within the Foss catchment and
different sources of funding.

B.8.1 Monitoring
The analysis completed to assess the effectiveness of measures has aimed to understand the
existing research on those measures. This process has highlighted that for runoff based
measures, such as farm based storage, there is extremely limited information to determine how
parameters should be modified. Other NFM schemes, such as the work undertaken in Belford
and in Pont Bren, may contribute to the knowledge base for measures such as small scale on
farm storage, but it is clear that further studies are required.

As changes to runoff based measures exert the greatest impact on the model results, the
modification of Tp values is the key area where development based on pre and post monitoring
of the implementation of specific NFM measures is required.

The implementation of NFM in the Foss catchment should be a gradual process that takes place
over a time-scale of years to decades as opportunities arise. The implementation of measures
within the Foss could provide a good opportunity to undertake monitoring of their effectiveness.
Where proposals to implement NFM measures are made, monitoring should be a key
component of this process (including developing a robust baseline) to help understand how
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measures  impact flows within the Foss catchment and also to feed into the wider evidence
base that is being developed across the country.

B.8.2 Funding
The range of NFM measures that have been identified can be implemented through utilising a
range of funding sources. Some of the on-site measures could be implemented by individual
landowners by providing information on the economic advantages of implementing these
measures. Working with a range of Environment Agency departments and other organisations,
including the local authorities and Foss IDB, can help understand the multiple benefits of
measures such as moorland grip blocking and storage and identify a range of potential funding
streams.

B.8.3 Implementation
Successful implementation of NFM on the Foss requires the willingness, co-operation and
funding of a range of organisations and landowners within the Foss catchment. The range of
NFM and associated benefits highlights the diverse approaches to how the measures are
implemented and potential funding sources.

Implementation of NFM measures within the Foss catchment is likely to be as a result of small
groups seeking guidance from the Environment Agency as opposed to a centrally driven
catchment wide initiative.

Modelling carried out within this report suggests that the implementation of runoff based
measures, particularly farm scale land use management, and roughness based measures, in
particular riparian planting (buffer strips or tree planting) and installation of Large Woody Debris,
were most influential in the Upper Foss catchment and on Tang Hall Beck.
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B.9 Conclusions
Following the major flooding in York in December Capita AECOM was commissioned by the
Environment Agency to complete a study of NFM within the River Foss catchment, upstream of
York.  This study aims to provide evidence on the effectiveness and applicability of NFM within
the Foss catchment.

The Opportunity Mapping carried out indicates that there are many opportunities to implement a
range of NFM measures within the various sub-catchments of the River Foss. The timing of the
flows from the various sub-catchments needs to be carefully considered to ensure the flows are
de-synchronised and the resulting flow hydrograph is longer and flatter.

In all three of the tributaries modelled, the largest reduction in peak flow and delay in peak flow
time was observed for the 20% AEP event.  This is the lowest magnitude (i.e. more frequent)
event that was modelled.  These findings align with the available research.

Implementation of measures affecting in-channel roughness (woody debris) and runoff (Land
Use Management) are shown to give the largest impact on the magnitude and timing of peak
flows across the modelled watercourses in different  design events, with the reduction in flows
being greater in percentage terms at lower magnitude (i.e. more frequent) events.

Modelling suggests that the implementation of runoff based measures, particularly farm scale
land use management, and roughness based measures, in particular riparian planting (buffer
strips or tree planting) and installation of Large Woody Debris, should be targeted in the Upper
Foss catchment and on Tang Hall Beck.
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B.11 Glossary
General

NFM Natural Flood Management (NFM) uses or emulates natural features, such as
woody debris dams, to store or slow down the flow of water before it reaches
communities downstream.

NFM Measures Different types of interventions that can be used for NFM such as woodland
planting, moorland grip blocking, and increasing storage.

NFM Option Site specific identification of NFM that includes types of intervention.

Manning’s ‘n’ Coefficient used to represent surface roughness along a river reach of for a
hydraulic structure.

Reach Short section of watercourse with similar characteristics.

Hydrological
FEH Flood Estimate Handbook (including FEH CD ROM that includes catchment

descriptors for UK.

ReFH Revitalised Flood Estimation - model which has been developed to replace the
unit hydrograph and losses model at the
core of the FSR/FEH rainfall-runoff method.

Tp Time to peak factor of unit hydrograph.

Modelling

Flood Modeller
/ ISIS

1D hydraulic modelling software. Flood Modeller is the revised and updated
version of ISIS. Can be linked to TUFLOW model.

TUFLOW 2D hydraulic modelling software. Can be linked to Flood Modeller / ISIS.

LiDAR Light Detection and Ranging – airborne method to measure elevation across
wide area.

Routing model Coarse representation of watercourse and its floodplain to understand the flow
of water within the catchment. A routing model is an efficient and cost effective
method of representing the catchment.
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B.12 Annex A Environmental Designations
This annexx shows the location of the environmental designations within the River Foss catchment.  The blue line denotes the
approximate Foss catchment boundary.
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B.13 Annex B NFM Ranking Codes (Opportunities and
Constraints)

This appendix provides the codes used to rank each natural flood risk management measure.  The codes were tailored to each type of
measure to ensure that the ranking was representative and appropriate for the feature identified.

The Opportunity Code represents the opportunity for implementation of the measure within the catchment.  1 represents the greatest
opportunity for implementation and 5 represents a poor opportunity for implementation in this location.

The Constraint Code represents the size of the constraint to implementation of the proposed measure within the catchment.  0
represents no constraint and 3 represents the largest constraint to implementation in this location.

Following opportunity and constraint scoring, the scores were added together to provide each measure with an overall rank.

In-channel Measures

Feature
(identification code)

Opportunity
Code

Opportunity
Description

Constraint
Code

Constraint
Description

Woody Debris (WD) 1 Extensive wooded riparian, in-channel debris
absent

0 No constraints

2 Limited / patchy wooded riparian, in-channel
debris absent

1 Land use – low grade grazing

3 Extensive wooded riparian, some in-channel
debris already present

2 Land use – high grade arable

4 Already present 3 Flood risk – infrastructure / housing
/ weirs / watercourse crossing

5 No riparian trees, LWD impractical
Feature Opportunity

Code
Opportunity
Description

Constraint
Code

Constraint
Description

Sinuosity (SI) 1 Substantial opportunity, easy construction 0 No constraints
2 Limited opportunity, easy construction 1 Substantial opportunity, easy

construction
3 Substantial opportunity, difficult construction 2 Limited opportunity, easy

construction
4 Limited opportunity, difficult construction 3 Substantial opportunity, difficult

construction
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5 Increasing sinuosity not possible
Feature Opportunity

Code
Opportunity
Description

Constraint
Code

Constraint
Description

Bed Raising (BR) 1 Substantial in-channel morphology, degraded
riparian

0 No constraints

2 Substantial in-channel morphology, riparian OK 1 Land use – low grade grazing
3 Minor in-channel morphology, degraded riparian 2 Land use –high grade arable
4 Already present 3 Flood risk – infrastructure / housing

/ weirs / watercourse crossing
5 Bed raising not possible

Feature Opportunity
Code

Opportunity
Description

Constraint
Code

Constraint
Description

Bank Irregularity (BI) 1 Substantial opportunity, easy construction 0 No constraints
2 Limited opportunity, easy construction 1 Land use – low grade grazing
3 Substantial opportunity, difficult construction 2 Land use – high grade arable
4 Limited opportunity, difficult construction 3 Flood risk – infrastructure / housing

/ weirs / watercourse crossing
5 Increasing bank irregularity not possible
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Floodplain Measures

Feature Opportunity
Code

Opportunity
Description

Constraint
Code

Constraint
Description

Floodplain
Reconnection (FP)

Floodplain Wetland
(WL)

Palaeo-channel (PC)

1 Substantial, non-functional, easy connection 0 No constraints
2 Local, non-functional, easy connection 1 Land use – high grade arable
3 Substantial, non-functional, difficult connection 2 Flood risk – infrastructure / Housing
4 Already natural functional 3 Not connectable
5 Disconnected - not connectable

Feature Opportunity
Code

Opportunity
Description

Constraint
Code

Constraint
Description

Riparian Tree Belt
(RT)

Grassy Buffer Strip
(BS)

1 Extensive riparian degradation, well connected
large floodplain n

0 No constraints

2 Minor riparian degradation, well connected large
floodplain

1 Land use – low grade grazing

3 Extensive riparian degradation, well connected
small floodplain

2 Land use – high grade arable

4 Already present 3 Flood risk – infrastructure / housing
5 Planting not possible
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Catchment Measures

Feature Opportunity
Code

Opportunity
Description

Constraint
Code

Constraint
Description

Land Use
Management (LM)

Floodplain Woodland
(FW)

1 Intercepts large overland drainage area, easy
construction

0 No constraints

2 Intercepts small overland drainage area, easy
construction

1 Land use – low grade grazing

3 Intercepts large overland drainage area, difficult
construction

2 Land use – high grade arable

4 Already present 3 Flood risk – infrastructure / housing

5 Not constructable

Moorland Grip
Blocking (MG)

1 Extensive grips, significant moorland
degradation 0 No constraints

2 Limited grips, significant moorland degradation 1 Land owner – privately owned land
3 Extensive grips, minor moorland degradation 2 Flood risk – infrastructure/ housing

4 Limited grips, significant minor degradation 3 Expense – prohibitively high - large
area

5 Functional Moorland


