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Abstract 

Natural Flood Management (NFM) focusses on the use of natural catchment 

characteristics and processes to complement the traditional approach based on 

hard structures in adapting to the increasing flood risk. The Eddleston Water 

Project began in 2009 and has led to the implementation of a large number of NFM 

measures within this 69 km² rural catchment of the Scottish Borders. One type of 

measure is the re-meandering of a 1.6 km long reach (final length) of the Eddleston 

Water in its central part. This PhD thesis assesses the impact from this re-

meandered reach on flood attenuation using a combination of three methodologies.  

First, the observed hydrologic time series provided by the dense local network were 

analysed before and after the re-meandering, five metrics related to peak flow 

hydrograph characteristics were selected, and statistical analyses were performed 

on their median values. Second, the geomorphic changes of the study reach over 

the period April 2018 - May 2020 were estimated by repeat topographic surveys. A 

sediment budget was estimated and combined with the changes in geomorphic 

units, geomorphic mechanisms at play during that period were identified. Third, 2D 

hydrodynamic models (HEC-RAS) were built to model design flow events of 

increasing magnitudes with return periods from 2 to 50 years (Q2y to Q50y) and 

compare flood dynamics, extents and peak attenuation from three channel 

morphologies: the pre-restoration straightened reach, the re-meandered reach in 

April 2018 and in May 2020.  

The results showed a limited increase in flood attenuation with a maximum of 1.2% 

of peak flow attenuation and 15 minutes of peak travel time delay for a Q5y event. 

Topographic features within the floodplain play a major role in interacting with the 

flow dynamics and limiting the space available for the flood to expand and as a 

consequence limited flood attenuation. The channel incision identified by the repeat 

topographic surveys was found to have reduced the expected flood attenuation by 

0.5% for small flood events (Q2y). The combined use of these three methodologies 

has proved to be complementary. The limited amount of flood attenuation from this 

re-meandering was first identified from analysing the observed hydrological time 

series, then the topographic datasets identified channel incision that opposes flood 
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attenuation and lastly the 2D modelling helped to understand further reasons 

behind this limited flood attenuation. 
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1 Chapter 1.  

Introduction, background and aims 

 

My initial interest in freshwater was fulfilled by working as a hydrogeologist in an 

environment consultancy for more than a decade. I gradually took interest in 

surface water while seeing river restoration projects implemented by colleagues. 

When I moved to Scotland, I learnt about the Eddleston Water Project through the 

University of Dundee. As I started to grasp the extent of the project, the issues at 

stake and the potential for further research, I developed a research proposal based 

on my understanding of the current state of knowledge and gaps in the research 

evidence base around Natural Flood Management (NFM).  

1.1 The rise of NFM measures 

Extreme floods were recorded in Central Europe in the last two decades leading to 

extensive damage and losses which are expected to rise further by 2050 (European 

Environment Agency, 2016). Unusually frequent major floods took place in 

Scotland and elsewhere in the UK in the late 1990s and early 2000 (Elgin 1997 - 

Midlands 1998 - southeast England and Edinburgh 2000 - northern England, Elgin, 

Edinburgh, Glasgow 2002 - Carlisle 2005) (Werritty, 2006, Spray et al., 2009). This 

situation, exacerbated by increasing urban development and the threat of climate 

change, raised awareness about the limits of the flood defence strategy in the UK 

to protect people, assets and land. Up until then, hard engineered structures had 

been widely used to provide protection. However, as effective and efficient as these 

had been, alternative solutions of a more sustainable and cost-effective nature 

emerged during the period 2000-09 along with new concepts (e.g. resilience, 

awareness, avoidance, alleviation, assistance) and new pieces of legislation 

(Werritty, 2006, Spray et al., 2009). Similar observations and thinking occurred in 

other countries at the same period, such as with the development of the “Room for 

the River” programme in the Netherlands (Busscher et al., 2019).  

In 2001, the Institution of Civil Engineers published a report entitled “Learning to 

Live with Rivers” and in 2004 the Department for Environment, Food & Rural Affairs 
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(DEFRA) led the consultation on a new strategy for flood risk management “Making 

Space for Water”. These were the early stages of a more formal shift in paradigm 

(Werritty, 2006). The EU Water Framework Directive was transposed into the 

Scottish Law in 2003 with new Water Environment and Water Services (Scotland) 

Act (WEWS). It defined for the first time in the UK legal framework the concept of 

“sustainable flood management” as providing “the maximum possible social and 

economic resilience against flooding, by protecting and working with the 

environment, in a way that is fair and affordable both now and in the future” (Spray 

et al., 2009).  

Following the 2007 floods in England and Wales, the Pitt Review made a series of 

similar observations and recommendations that influenced policies on flooding 

(Cabinet Office et al., 2016), one of them being to better “work with natural 

processes” (Lotsari et al., 2015). It is finally in 2009 that Scotland developed a new 

major piece of legislation, the Flood Risk Management (Scotland) Act (FRM(S) 

Act). As well as transposing the European Floods Directive, this act built on the 

work done over the past decade and modernised flood protection. It provided the 

framework to develop a catchment-wide approach to flood risk management and 

played a major role in promoting the potential value of Natural Flood Management 

(NFM) measures in reducing this risk (Spray et al., 2009). NFM measures are part 

of the Nature Based Solutions (NBS) which are being promoted for their potential 

to reduce flood risk by copying nature functions (European Commission, 2015, 

Hartmann et al., 2019). 

1.2 The Eddleston Water Project 

The Eddleston Water is a tributary of the Tweed, flowing north to south before 

joining it at Peebles after draining a rural catchment area of 69 km² (Figure 1-1).  

The Eddleston Water Project (EWP) started in 2009 from an initial scoping study 

(Werritty et al., 2010a). It has since developed into a long-term national research 

project funded by the Scottish Government as part of its programme of research 

on nature-based solutions for flood risk reduction. It was also supported by the EU 

Interreg North Sea Region “Building with Nature” programme over the period  

2016-20. It aims at increasing the knowledge on the potential effectiveness of NFM 
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measures working at a catchment scale to reduce flood risk for downstream 

communities and to improve riverine habitats.  

This project was set up from the outset as mainly an empirically based study. 

Modelling was seen as a key part, however not at its heart. Following 

recommendations in the Scoping Study, an intensive monitoring network has been 

set up from 2011 to collect baseline data and subsequent measurements. While 

NFM measures were implemented, data collection carried on and the network was 

extended. It is still on going and now covers hydrology, hydro-geomorphology and 

ecology. The Tweed Forum, acting as project manager, is now working voluntarily 

with 21 farmers (so far) and together they have implemented an increasing number 

of NFM measures in the whole catchment. They cover a wide range of measures 

including 116 high flow restrictors, 29 run-off attenuation features and ponds, 207 

hectares of riparian woodland, 2.9 km of re-meandering (see section 3.5). These 

features aim at slowing water flow from the hills, creating floodwater storage areas 

and reconnecting the river with its floodplain.  

There is a general paucity of research studies examining re-meandered reaches in 

the context of low to medium energy rivers. Within the Eddleston catchment, one 

of the NFM measures is the re-meandering of a historically straightened reach of 

the main stem of the Eddleston Water, between Lake Wood and Nether Kidston 

(Figure 1-1). It is the main re-meandered reach of the EWP and with a final length 

of around 1.6 km long (+18% in length) it is among the 15% longest re-meandered 

reaches in UK according to the National River Restoration Inventory (RRC, March 

2022). It is the focus of this thesis. 
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Figure 1-1: The Lake Wood - Nether Kidston reach as part of the Eddleston Water catchment; a) 
the former straight alignment of the reach, b) the new re-meandered alignment (source: National 

Library of Scotland) 

1.3  NFM measures in the context of the Eddleston catchment 

NFM is a form of flood management that seeks to restore and enhance processes 

at catchment scale. It is in that sense that it is considered as a more natural 

approach than traditional ones which rely on hard structures. NFM aims at reducing 

flood risk through decreasing runoff generation, temporarily storing water during 

high flow events and slowing the flow along its pathways. Additional co-benefits are 

also expected to the terrestrial, riparian and aquatic ecosystems (Dadson et al., 

2017).  

Flood flows are routed by the rivers and their floodplain where complex processes 

and interactions take place. High flows are exacerbated by disruptions of water 

sources and flow pathways such as for example, land use changes, over-grazing 

and urban development. Longer-term processes such as climate change alongside 

other catchment and land management influences can also play a role (Wheater et 

al., 2008, Lane, 2017). Some NFM measures are designed to reduce rapid runoff 

generation on hill slopes and on valley floor by changing land uses and land 

management practices. They aim at promoting infiltration, limiting land drainage, 

through for example afforestation (Thomas, 2016), peatland restoration 

(Shuttleworth et al., 2019), decrease in land drainage, ditch blocking or buffer strips 
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(Blanc et al., 2012a). Other NFM measures are located close to the river channel 

such as temporary storage ponds on the floodplain (Nicholson et al., 2020) or 

instream such as leaky woody dams (Black et al., 2021), floodplain restoration 

through its reconnection with the river by lowering embankments and river 

restoration through reinstating a more sinuous natural channel, removing weirs are 

other measures (Sear et al., 2006, Clilverd et al., 2016). All NFM measures aim at 

slowing down the flood peak and reducing it. Studies show that the scale at which 

NFM measures are implemented and their spatial location are key factors in 

controlling their effectiveness (Dixon et al., 2016, Metcalfe et al., 2018). 

Rivers are dynamic and complex systems which geomorphology adjusts to the 

modifications that take place at different timescales, spatial scales and locations 

within their catchment, floodplain, bed or reaches (Wohl et al., 2015). The extent of 

these modifications also varies with the characteristics of the river, the flood events 

and their sequence (Hooke, 2015). In this context, NFM measures can affect the 

hydrological and sediment regime of a river as they interact with its wider 

catchment. Therefore, understanding the interactions between hydrological and 

geomorphological processes are essential for the design of NFM measures and for 

assessing their long-term effects on the river system and on their potential impact 

on flood risk.  

Re-meandering is a common river restoration technique in response to widespread 

historical river channelisation and associated detrimental effects on river systems 

(Brookes, 1987a, Eekhout et al., 2015). Done well, it is expected to provide an 

enhanced diversity of bed forms, resulting in more natural flow patterns and hence 

improving habitats (Lorenz et al., 2009). It is thought to increase flood attenuation 

by delaying the flow because of the increase in channel length and the decrease 

in slope (Wyzga, 1996). However, this has rarely been proven either by empirical 

data analysis or modelling, or at the scale of most river restoration projects. Re-

meandering is also often implemented with embankment removal and/or decrease 

in channel capacity to increase connectivity with the floodplain which role in flood 

attenuation is more documented (Hammersmark et al., 2008, Clilverd et al., 2016).  
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In this context, the EWP is a rare example of a long-term data rich project with 

significant river re-meandering that provides an ideal research platform given the 

quantities and diversity of information which have been obtained.  

1.4 Aims and objectives 

The overall aim of this thesis is to assess the impact of re-meandering to reduce 

flood risk at the scale of a 1.6 km long reach (final length), in the context of a 

rural mid-catchment stream the size of the Eddleston Water.  

Research questions that are addressed are: 

1. Has re-meandering the Lake Wood - Nether Kidston reach had a positive 

impact on flood attenuation by increasing it based on the analysis of empirical 

long-term data? 

2. Has re-meandering the Lake Wood - Nether Kidston reach led to 

geomorphological changes and how have these influenced its capacity to 

attenuate flood events over a two-year period? 

3. How is the re-meandering of the channel from Lake Wood to Nether Kidston 

impacting flood risk for flood events of different sizes compared to its former 

straightened channel?  

Objectives to answer these questions and meet the project aim are:  

1. To analyse the changes in the characteristics of hydrographs in high flow 

events before and after re-meandering, using empirical time series (Chapter 4). 

2. To quantitatively describe geomorphologic changes in the channel of this re-

meandered reach over a period of two years (April 2018 - May 2020) and link 

them to geomorphic processes (Chapter 5). 

3. To investigate further the impact of these short-term geomorphic changes on 

flood risk, as determined at the downstream end of the re-meandered study 

reach, using a 2D hydrodynamic model (Chapter 6). 

4. To describe and quantify the differences in flood extent and its characteristics 

between the study reach in its former straightened morphology (prior to 2013) 

and in its latest recorded re-meandered morphology (May 2020), using a 2D 

hydrodynamic model (Chapter 6). 
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1.5 Thesis structure overview 

The thesis is structured in 8 chapters (Figure 1-2). The three core chapters 

(Chapters 4, 5, 6) directly address an individual research question. 

 

Figure 1-2: Thesis structure summary. 
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Chapter 1 introduces a brief background to the thesis and identifies a research 

rationale with is aim and related objectives. 

Chapter 2 contextualises the technique of re-meandering within the field of river 

restoration and more recently as a Natural Flood Management (NFM) measure. It 

highlights the complex interactions between flow and coarse sediment resulting in 

a dynamic equilibrium of the channel which justifies the importance of considering 

channel geomorphology if its potential for flood attenuation is to be assessed. It 

identifies knowledge gaps about the efficiency of re-meandering and the role of 

geomorphic changes in attenuating flood events. 

Chapter 3 presents an overview of the Eddleston Water catchment and the study 

reach, located in the Scottish Borders, United Kingdom. The main physical 

characteristics are described (topography, geology, hydrography) along with a 

detailed presentation of the study reach which was re-meandered between 2013 

and 2016. 

Chapter 4 explores the empirical hydrologic data at the two gauging stations on 

each side of the study reach to identify signs of flood attenuation. The methodology 

used to analyse and compare the data is detailed. It is based on 5 metrics applied 

to selected high flow hydrographs classified in two periods: before and after the re-

meandering. It follows preliminary stages necessary to select the gauging stations, 

the peak flow events and defines the categories of events. The results are 

presented and discussed in the context of the changing climatic conditions over the 

period of analysis. 

Chapter 5 examines the geomorphic changes of the study reach over the period 

April 2018 - May 2020 and how they might influence flood attenuation. The 

methodology used to process and analyse the topographic data, identify changes 

in channel geomorphology and geomorphic units and estimate coarse sediment 

budgets is detailed. The results are presented at the sub-reach and the reach 

scales and are linked to geomorphic mechanisms. The impact of these changes 

on this channel evolution and on its hydraulics are discussed. 

Chapter 6 provides an analysis of the difference in flood extent, dynamics and 

timing for a range of design events of increasing magnitudes with return periods 
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from 2 to 50 years (Q2y, Q5y, Q10y, Q20y, Q50y) as a result of the different 

channel geomorphologies: before re-meandering, after re-meandering in a two-

year interval. The calibration and validation of the 2D hydrodynamic model (HEC-

RAS) used to simulate flow routing within the channel and on its floodplain are 

presented. The overall performance is examined. The results are discussed in the 

wider context of floodplain connectivity and its impact on flood attenuation while 

considering model uncertainty. 

Chapter 7 synthesises the findings and discuss them in the wider context of river 

restoration and NFM.  

Chapter 8 reviews the main findings and their wider implications for flood 

management and suggests further research directions. 
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2 Chapter 2.  

Literature review 

 

2.1 Introduction 

This chapter covers the main themes and the associated literature relevant to the 

current PhD work. It contextualises the technique of re-meandering within the fields 

of Natural Flood Management (NFM) and river restoration. It highlights the complex 

interactions between flow and coarse sediment resulting in a dynamic equilibrium 

of the channel. That justifies the importance of considering channel geomorphology 

if the potential of re-meandering for flood attenuation is to be assessed. It identifies 

knowledge gaps about the efficiency of re-meandering and the role of 

geomorphological changes in attenuating flood events. 

Some additional sources are introduced at the beginning of each of the results 

chapters (chapters 4, 5, 6) in the introduction and the methodology paragraphs. 

2.2 Context 

The EU Water Framework Directive (WFD) is the main piece of legislation whose 

role is to protect and improve the freshwater ecosystem. Achieving “good status” 

for all water bodies is one of its key aims. The concept of “hydromorphology” has 

been introduced in the WFD to integrate channel geomorphology with the flow 

regime. This move recognises the importance of geomorphology in supporting 

physical habitats and biodiversity (Newson and Large, 2006). 

In coordination with the WFD, the European Floods Directive came into force in 

2007 with the aim to manage and reduce the risks that floods cause to humans, 

the environment, and the economy. It was transposed into Scottish law in 2009 as 

the Flood Risk Management (Scotland) Act (FRM(S) Act) that introduced the 

concept of a holistic catchment-wide approach to sustainable flood risk 

management and required all parties to take action to mitigate flood risks (Spray et 

al., 2009). It provided the framework to develop a catchment-wide approach to flood 

risk management, focussing on the use of ‘natural characteristics’ of the catchment 
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to adapt to the challenge of increasing flood risk. It has played a major role in 

promoting the potential value of Natural Flood Management (NFM) measures to 

contribute to reducing this risk, and its acceptance in policy and legislative terms 

including within Scotland, with the increasing promotion of Scottish Environment 

Protection Agency’s (SEPA) NFM Handbook (SEPA, 2015). 

A sign of strong interest in this field is the major review paper published in 2017 

(Dadson et al., 2017) that summarizes the evidence base about catchment-based 

natural flood management in the UK. A NERC research programme entitled 

“Understanding the Effectiveness of Natural Flood Management” was funded for 

the period 2017-22. Three projects are part of this programme: LANDWISE NFM 

focusses on natural land-based measures (https://landwise-nfm.org/), PROTECT 

NFM investigates headwater land restoration (https://research.reading.ac.uk/nerc-

nfm/protect-nfm/), and Q NFM extends the focus to large catchment scale 

(https://research.reading.ac.uk/nerc-nfm/q-nfm/). Tools, guidance and lessons 

learned on NFM measures effectiveness in flood attenuation are starting to emerge 

(Thames Regional Flood and Coastal Committee, 2018, Environment Agency and 

CaBA, 2019, Environment Agency, 2019). 

Floods are caused by disruptions of water sources and flow pathways that can 

stem from short-term processes such as land use changes, over-grazing, soil 

sealing and urban development (Wheater et al., 2008). Longer-term processes 

such as climate change are also playing their parts as a source of change in rainfall 

patterns and increase frequency of more extreme weather, alongside other 

catchment and land management influences (Lane, 2017). It is therefore of 

importance to consider the catchment scale when studying flood events. Floods 

are routed through rivers which are dynamic and complex ecosystems with 

entangled processes at work. Rivers adjust their sediment load and transport, 

slopes, lateral migration, bank erosion and other processes to reflect modifications 

taking place at different scales and locations within their catchment, floodplain, bed 

or reaches and at different timescales (Wohl et al., 2015). Depending on their 

nature, size and the characteristics of the river, the extent of these modifications 

varies (Hooke, 2015).  
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NFM measures can be seen as a deliberate part of these disruptions as they can 

affect the river’s hydrological regime but also its morphology, structure and habitats 

(Lane, 2017). For instance, by capturing sediments, woodland planting on a former 

grazed pasture or flow restrictors can lead to a deficit in sediments in the river 

downstream. Planting riparian woodland can increase banks’ stability and reduce 

the source of sediments. Re-meandering the reach of a river changes its sediment 

dynamics and can change the lateral connectivity between the channel and its 

floodplain. Therefore, understanding the controls on the sediment flux at the 

catchment and the river scale (Brierley et al., 2011) and the interactions between 

hydrological and geomorphological processes are essential in both the design of 

NFM measures and in assessing their long-term effects - either beneficial to 

prevent flooding or detrimental to the river morphology (Grabowski et al., 2014). 

2.3 Natural Flood Management (NFM) 

2.3.1 Definition 

As a result of a long reflective process starting around the turn of the 21st century, 

the Flood Risk Management (Scotland) Act (FRM(S) Act) introduced the concept 

of a holistic catchment-wide approach to sustainable flood risk management in 

2009. The term Natural Flood Management (NFM) measures is now part of the 

flood policy within Scotland. During the same period, similar concepts have 

developed across Europe, such as Nature-based Solutions (NBS), Natural Water 

Retention Measures (NWRMs) and Working With Natural Processes (WWNP) 

showing its relevance (Metcalfe et al., 2017).  

In February 2018, the Environment Agency (EA) and DEFRA released a major 

work on natural flood management as part of the research programme “Flood and 

Coastal Erosion Risk Management Research and Development”. In this report 

“Working with Natural Processes - Evidence Directory” (Burgess-Gamble et al., 

2018), the Environment Agency synthesises the current scientific evidence of 

Working with Natural Processes (WWNP). It specifically focusses on the 

effectiveness of a range of measures with respect to Ecosystems Services (ES) 

and flood risk. WWNP is defined as a form of flood and coastal risk management 

that “aims to protect, restore and emulate the natural functions of catchments, 
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floodplains, rivers and the coast” (p4) as previously defined in Environment Agency 

(2012). It can be considered equivalent to Natural Flood Management (NFM) 

(Figure 2-1). 

 

Figure 2-1: Alternative terms used to mean WWNP/NFM (from Burgess-Gamble et al. (2018)). 

. 

While reducing flood risk is a major component of the NFM and pilot studies 

underway in different parts of the UK suggest beneficial impacts on flooding 

(Wheater et al., 2008, Iacob et al., 2014, Dadson et al., 2017, Shuttleworth et al., 

2019, Nicholson et al., 2020, Black et al., 2021), NFM measures also deliver other 

ecosystem services. For example, increasing woodland cover can decrease runoff 

by increasing infiltration rates (Archer et al., 2016) but also intercept sediment and 

nutrient, reduce soil erosion and as a consequence river water quality can improve 

(Wilkinson et al., 2014). This measure can also increase carbon storage (Iacob et 

al., 2014). Re-meandering sections of a river and re-establishing the connection 

with its floodplain can improve floodwater storage but also increase the river 

biodiversity and habitats (fish density and biomass, macro-invertebrate 

recolonization) as seen on the River Cole (Addy et al., 2016).  

The approach of NFM has been developed as a complementary way of dealing 

with flooding to the traditional and hard engineering techniques. While traditional 

techniques build local defences or change river channels to protect infrastructure 
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and population from flooding, the NFM approach works at a wider scale (Dadson 

et al., 2017, Iacob et al., 2014). It is based on using natural features and processes 

at the catchment scale in order to attenuate flooding downstream (SEPA, 2015). 

Looking at this wider scale allows a better understanding of the sources and 

pathways of flood flows and therefore to manipulate them by reducing the rate of 

rapid runoff, slowing and storing flood peaks (Lane, 2017). It is in that sense that 

NFM is considered as a more sustainable concept. Therefore, traditional 

techniques and NFM measures can be combined in order to increase the overall 

resilience of an area or catchment especially in the context of changes in the 

frequency of extreme events linked to climate change (Wentworth and Ermgassen, 

2020). 

NFM measures consist of a range of techniques that spread over a continuum 

defined by the Flood and Coastal Risk Management (FCRM) from restoring natural 

processes to emulating them and finally working against natural processes - such 

as traditional hard engineered defences that stop the movement of the coastal line 

or river banks (Burgess-Gamble et al., 2018). Amongst all the forms of NFM 

measures, the EA directory focusses on 14 of them that are believed to have the 

greatest potential to achieve the goal of reducing flood and coastal risk. Out of 

these 14 measures, three are related to coast and estuary management, 11 to run-

off, woodland, river and floodplain management (Table 2-1). 

Table 2-1: WWNP measures covered in the Evidence Directory  
(from Burgess-Gamble et al. (2018)). 

 

2.3.2 “River and floodplain management” NFM measure 

implementation 

The NFM approach is not limited to the UK. Similar approaches have been 

developed in other countries and projects have been implemented such as 
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INTERREG projects across Europe to study “building with nature” solutions to 

improve flood risk management whilst enhancing ecosystem services. As part of 

the EU INTERREG North Sea Region Building with Nature programme, projects 

have been implemented across Europe. Four “living catchment laboratories” 

located in Belgium, the Netherlands, Sweden and the UK have been studying NFM 

impacts on flood risk reduction. The IUCN promotes Nature-based Solutions for 

flood protection. The US Army Corps of Engineers has developed the Engineering 

With Nature initiative to combine ecology and engineering in a common approach. 

As a result, such schemes implement projects and produce guidance to develop 

best practices in this field. As shown later in this chapter, references to more 

international projects are also provided. 

In the context of the UK, focussing on the 11 “terrestrial” NFM measures and 

specifically on the four grouped in “River and floodplain management”, the case 

studies presented in the Evidence Directory (Burgess-Gamble et al., 2018) show 

that they are implemented in various ways. Their size is usually not limited to local 

scale but encompasses long stretches of rivers and significant areas. NFM 

measures are also often of multiple types within one project, and their 

implementation could have been spread over a long period.  

For example, the Mill Brook project (Tattenhall, Cheshire) constructed in 2016 

consisted in lowering the river embankments along 230 m, excavating the 

floodplain over 1.5 ha and installing two woody dams to create priority habitats 

(case study 7 in Burgess-Gamble et al. (2018)). A larger scale project on the Mayes 

Brook (eat London) was completed in 2012 and consists of 1.6 km of river 

restoration, 1.5 ha of floodplain storage and 3 ha of woodland creation to transform 

a park into a sustainable landscape to help the community cope with climate 

change effects  ((Everard and Moggridge, 2012); case study 2 in Burgess-Gamble 

et al. (2018)). Whereas the project “Slowing the flow at Pickering” (Pickering, North 

Yorkshire) has been defined at the scale of two catchments aiming at reducing 

flood risk and provide wider multiple benefits. Within the Pickering Beck catchment, 

seven types of NFM were implemented including low-level bunds to increase flood 

storage capacity within the floodplain, 100 large woody debris dams, 50 ha of 

riparian woodland and 5 ha of farm woodland on sensitive soils plantation, 
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moorland drains blocking, farm-scale measures to improve soil infiltration and 

reduce rapid run-off ((Thomas, 2016); case study 12 in Burgess-Gamble et al. 

(2018)). The Belford NFM Scheme (Belford, Northumberland) completed in 2015 

has the particularity of concentrating a total of 45 measures spread over a 

catchment of 6 km2 including corner of field ponds and overland flow disconnection, 

flow diversion structures, leaky dams, offline floodplain storage, online ditch 

management features, wooden screens, large woody debris dams. Their 

implementation has stretched out from 2007 to 2013 and were aiming at flood 

protection ((Wilkinson et al., 2014);  case study 16 in Burgess-Gamble et al. 

(2018)). As for the Eddleston Water project (Eddleston, Scottish Borders), the first 

NFM measures were implemented in 2011 and the latest to date in 2019, aiming 

at flood attenuation and wider benefits ((Spray, 2016); case study 9 in Burgess-

Gamble et al. (2018)). 

Whilst most of the projects’ primary aim is to reduce flood risk, for some it is a 

secondary aim. However, the complex interactions between the river and the 

floodplain allows to meet both aims. For example, the Belford NFM Scheme has 

been developed following repeated floods of the Bedford village. The adopted 

strategy consisted in installing additional storage in various forms and locations in 

the upland catchment due to the unfavourable cost-benefit assessment of using 

traditional flood defences and the lack of storage space. Secondary objectives 

included to assess other environmental co-benefits and enrol the local community 

to define the measures (Wilkinson et al., 2014). As for the River Glaven, the 

primarily aim was to improve the river and floodplain biodiversity by restoring river 

processes and improving the river and floodplain connection (Clilverd et al., 2016). 

This followed historical modifications of the river channel and its floodplain 

(dredging, embankments and weirs). By reconnecting the river and its floodplain, 

the project was aiming at reducing flood peak. In the case of the Eddleston Water, 

the restoration strategy was aiming at the same time at reducing flood risk for the 

two settlements of the Eddleston Village and Peebles, and improving the ecological 

status of the river through the multiple benefits provided by each NFM measure 

(Werritty et al., 2010a). 
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2.4 What is river restoration? 

2.4.1 The reasons behind river restoration 

There is a long history of degradation of the state of rivers as a result of human 

interventions. These occurred for various purposes, from aesthetic and recreational 

ones to enhancing navigation, producing energy, dredging, reducing the risks of 

flood, gaining agricultural lands, preventing erosion, agricultural land drainage… 

(Wohl et al., 2015, Addy and Wilkinson, 2019a). They took place directly on the 

river channels, on the floodplains and at a larger catchment scale altering sediment 

and water delivery to the rivers.  

A common practice was to channelise the river channels as means to control their 

flow and capacity, keeping fields and properties out of reach from floods and to 

gain agricultural lands. Brookes (1985) describes the main methods that included 

actions on the channel such as the recalibration of its width and depth or sediment 

dredging to increase its capacity, the realignment of its planform by cutting off 

meanders to increase the velocity by increasing the slope and decreasing the 

channel length. Actions on the banks and the floodplain such as building 

embankments were used to confine flood waters and bank protection were used to 

control bank erosion. Aquatic plants and trees clearance were used to avoid 

obstructions and increase the velocity.  This practice was common in many 

countries.  

In the UK, Sear et al. (2000) identify the period between 1930 and 1990 as the 

most intensive in terms of channel modifications by large drainage schemes as a 

consequence of increasing agricultural demand. Using data from the River Habitat 

Survey (RHS) method from the Environment Agency (1998), the authors show the 

large distribution of rivers that have experienced main channel modifications, with 

a majority concentrating on lowland regions and clear regional variations. The 

channel modifications include “straightening, resectioning, reinforcing, embanking, 

culverting and the construction of weirs and sluices” (p63). In Brookes et al. (1983), 

the authors had quantified the proportion of channelised river length in England 

and Wales over the period 1930-1980. Using data from individual Water Authority 

regions, including maps of actual works that had been carried out and length of 
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river that had been frequently maintained, they estimated the percentage of the 

main river that had been channelised from 12% to 41% depending on the Water 

Authority Area.  

The development of this practice led to many undesirable negative effects (Brookes 

et al., 1983, Brookes, 1990, Wilcock and Essery, 1991, Smith et al., 2014b, 

Landemaine et al., 2015, Eekhout et al., 2015) that affect the different components 

of the river systems such as the river ecology, its flows and its geomorphology. 

Channelisation alters the physical characteristics of the channel cross sections, 

resulting in channels of uniform, smooth and of regular forms. This destroys the 

diversity of geomorphic units such as bends, pools, riffles and submerged bars of 

sediment that provide a variety of flows conditions and therefore of diverse types 

of habitats (Brookes, 1987a). As a consequence, habitat diversity becomes uniform 

and can adversely impact the ecology of the river leading to the reduction of macro-

invertebrate and fish populations (Brookes, 1985). These populations can also be 

affected by the removal of the riparian vegetation from the banks. That is a common 

effect of the channelisation which can result in an increase of the water temperature 

and the decrease of quantity of large woody debris that play a role in habitat and 

macro-invertebrate diversity (Cashman et al., 2019, Grabowski et al., 2019).  

By increasing the channel bed gradient and decreasing the flow resistance, 

velocities increase (Wilcock and Essery, 1991). The decrease in flow resistance is 

a result of additional and common practices such as the removal of the vegetation 

within the channel and on its banks, along with the introduction of artificial materials 

to protect the modified channel form from erosion. These changes result in 

constraining the flow and increasing its energy, which can then have knock-on 

effects such as excessive erosion of the realigned section leading to erosion in the 

downstream reaches in lowland context or deposition in higher energy contexts 

(Brookes, 1987b) or disconnection of the river and its floodplain that can increase 

flood risk downstream (Wilcock and Essery, 1991, Wyzga, 1996). 

2.4.2 The complexity of finding a unique definition 

In response to the alteration of the rivers and in order to reverse these impacts, 

river restoration started developing as early as 1975 in the USA by considering 

alternatives to channelisation. They were the most advanced country in this field. 
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This was probably due to a longer history of river channelisation and more visible 

effects related to larger rivers (Brookes et al., 1983). Denmark was a precursor in 

Europe by stating in its Watercourse Act (1982) that “major river works and 

maintenance procedures must be planned and undertaken with regard to water 

quality […] and the physical form of the river channel” (p34) (Brookes, 1987a) and 

procedures for channel restoration where added to the law in 1983. England and 

Wales followed from the 1980s and early 1990s in Scotland (Brookes, 1990, 

Gilvear et al., 2012).  

In the UK, the River Restoration Project (RRP) was founded in 1992 and 

implemented three of the main river restoration schemes in the country and Europe 

at demonstration sites to test state of the art restoration techniques: the River 

Skerne, the River Cole and the Brede River (Denmark). It later became the River 

Restoration Centre (RRC), an independent not-for-profit organisation that provides 

expert advice, support and aim to develop good practice to river restoration projects 

in the UK. At the European scale, the European Centre for River Restoration 

(ECRR) established in 1995 is also encouraging and supporting sound river 

restoration practices. Successive environmental legislation and, in the case of 

European countries, especially the Water Framework Directive (WFD, 2003) have 

been a major driver to develop this field further (Smith et al., 2014b, Smith et al., 

2014a).  

A unique definition of river restoration does not exist as motivations, targeted 

species or processes, and scales vary (Boon, 1998, Gilvear et al., 2012, Smith et 

al., 2014b, Wohl et al., 2015). For example, in Scotland, (Gilvear et al., 2012) shows 

that early projects in the 1990s started with local fisheries wishing to improve their 

viability then widely diversified with time into biodiversity, socio-economic and 

achievement of WFD objectives, hydromorphological or water quality improvement, 

sustainable flood management, climate change concerns. However, the definition 

given by Wohl et al. (2015) can be adopted: as the “variety of modifications of river 

channels and adjacent riparian zones and floodplains” (p5974) with the aim of 

returning the river to a more natural state than the current degraded one.  

This natural state is difficult to define as it consists of interlinked physical, 

hydrological, geomorphological and ecological processes that are characteristic of 
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a river (Burgess-Gamble et al., 2018) and that have influence at different scales. 

There have been discussions about what is and how to define the natural state that 

is to be achieved by a river restoration project. This reference condition could be 

the static state of the river prior to any human disturbance, but it is impossible to 

find and define such a state when human imprint was non-existent; or a process-

based reference, but systems are dynamic and follow non-linear complex 

trajectories therefore defining one single reference state is hard to choose and to 

justify (Downs and Thorne, 2000, Dufour and Piégay, 2009, Wohl, 2011, Comiti, 

2012). The reference condition also varies depending on the part of the world the 

project is located, whereby Pinter et al. (2019) explain that the “pre-disturbance” 

conditions in North America consist of conditions prior to the arrival of European 

populations, while in Europe where the disturbances have been so much frequent 

and persistent over long periods of time that it is more about “integrating native 

ecosystem functions into human‐shaped ecosystems” (p6). 

One general reference condition is the “high ecological status” as defined in the 

WFD as the status reference condition against which all the classes defining the 

quality of water bodies are measured. The WFD requires at a minimum that all 

water bodies from all Member States must achieve or be restored to a lower level 

of quality known as “good ecological status”. That is defined as “values of the 

biological quality elements […] show(ing) low levels of distortion resulting from 

human activity, but deviate only slightly from those normally associated with the 

surface water body type under undisturbed conditions” (p52) (The European 

Parliament, 2000, Wharton and Gilvear, 2007). The detailed definition of this 

ecological status takes into account not only biological elements, but also 

hydromorphological and physicochemical, showing the importance of the 

interlinked processes to consider. In a more applied approach, if considering rivers 

as dynamic ecosystems that change over time and space, then the notion of 

Historical Range of Variability (HRV) should be considered when defining the final 

state of restoration to be achieved (Wohl et al., 2015) and it should therefore not 

aim at simply reconstructing a fixed river bedform or structure. 
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2.4.3 A new process-based approach 

Approach to river restoration has evolved over time. A classification approach has 

been used since the 1990s and is still quite widespread today. It consists of 

quantifying channel forms and designing the channel with the aim that these forms  

remain stable over time (Small and Doyle, 2012, Palmer et al., 2014, Pinter et al., 

2019). In that case, the river system is considered as static and the larger temporal 

and spatial contexts it evolves in and that control its dynamics and its forms is not 

taken into account. 

Approaches with a more integrated catchment scale thinking have been developing 

since. They recognize the multiple sources of pressure and limiting factors on rivers 

and the multiple beneficial effects river restoration can have on natural processes 

at the scale of the restored reach and beyond (Gilvear et al., 2012). During the last 

10 years, a process-based approach has developed (Palmer et al., 2014, Wohl et 

al., 2015, Gurnell et al., 2016). This more holistic approach, although still promoting 

channel design around its morphology, prioritizes the restoration of physical, 

chemical, ecological processes of the river (i.e. erosion, sediment transport, 

nutrients cycles, plant growth…). By considering the river in its wider context within 

its floodplain and catchment, its temporal and spatial variabilities, its dynamics, its 

historical changes the causes of the river alteration can be identified (Beechie et 

al., 2010, Wohl et al., 2015). Interventions that address the roots of the alterations, 

identify the processes at play, match the capacity of the river, can then be defined 

at the right scale and have more chances to be self-sustaining (Kondolf et al., 

2006). 

The aim is to re-establish a more natural river that conforms to its own and its 

catchment characteristics although knowing that reaching totally undisturbed states 

is not achievable. As a consequence, the re-established natural processes will 

bring back more diverse habitats, flows, bed textures, gradients of velocities and in 

turns these processes will establish. The river will then be able to adjust to later 

disturbances in a more sustainable within its dynamic equilibrium (Beechie et al., 

2010). The risk in not considering the dynamics of river system is to design and 

implement restoration interventions that will fail in fulfilling their objectives and will 
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not improve the condition of the river as it has occurred many times (Beechie et al., 

2010, Palmer et al., 2014, Wohl et al., 2015). 

Concomitantly with the knowledge development on the links between catchment 

scale processes and river health, the drivers behind river restoration projects have 

shifted in time (Gilvear et al., 2012). Specificities of each country (e.g. fisheries in 

Scotland, floodplain reconnection in the Netherlands), the legislative context and 

societal values are also playing an important role in this shift (Smith et al., 2014b). 

The enforcement of the WFD has also been reported as a driver for more integrated 

catchment-scale restoration (Wharton and Gilvear, 2007, Gilvear et al., 2012). 

Based on interviews of key stakeholders promoting or delivering river restoration 

projects in Scotland over the period 1990-2009, Gilvear et al. (2012) identified the 

shift in primary drivers behind such projects. From species specific (fisheries) they 

opened up to larger biodiversity conservation scope, then water quality and 

hydromorphological improvement and more recently “sustainable flood 

management” started to appear from the end of the 1990s (Figure 2-2). The need 

for a catchment scale approach of the processes at play was recognised by 64% 

of the interviewees.  

 

Figure 2-2: Cumulative number of river restoration projects over time (1990-2009)  
(from Gilvear et al. (2012)). 
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2.5 The importance of geomorphology and coarse sediment 

2.5.1 The relevance of a geomorphological approach 

Sear et al. (1995) highlighted the utility a geomorphological approach could offer to 

sediment related maintenance issues faced by river managers. By considering the 

processes at a large scale, cause of the problems could be identified and help with 

a more sustainable maintenance. Gilvear (1999) emphasised the contribution a 

geomorphological approach could make for successful river engineering projects if 

taken into consideration along the whole process (as of projects built to prevent 

flood hazards). He also flagged the importance of the links between river 

geomorphology, habitat diversity and ecology.  

The geomorphic approach is based on the principles that rivers are dynamic 

systems that depend on their wider catchment in terms of water and sediment 

fluxes through longitudinal, lateral and vertical connectivity. Changes in channel 

morphology over space and time are due to these dynamic interactions between 

the flow and the coarse sediment (Hooke, 2003).  

This approach has been developed since, in parallel with the advances in 

understanding the geomorphology of rivers (Grabowski, 2014, Brierley, 2015). The 

WFD is one example as it now considers a hydromorphological element (including 

“river continuity” and “morphological conditions”) as well as biological and physico-

chemical elements to define the ecological status of rivers. Now, it recognizes the 

importance of geomorphology in maintaining healthy rivers (The European 

Parliament, 2000, Wharton and Gilvear, 2007). 

Coarse sediment is an important component of the channel geomorphology as the 

way the channel adjusts depends on the nature and the quantity of coarse 

sediment. It is also responsible for the heterogeneity of the bed texture and the 

presence of diverse geomorphic units that generate a diversity of flows which in 

turn create different habitats. The transport of coarse sediment depends on the 

connectivity within the channel that can be disturbed by barriers such as dams, 

weirs and therefore has different degrees (Hooke, 2003, Fryirs, 2013). Connectivity 

can be defined as “the degree to which matter (water, solutes, sediment, organic 

matter) and organisms can move among patches in a landscape or ecosystem” 
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(p345) (Wohl, 2017). In the context of a river, the patches can be of various size 

depending on the scale of consideration, from geomorphic units (pool, riffle) to 

reaches or channel and floodplain. The transport of coarse sediment will only take 

place if flow is sufficient and therefore needs flood events to start its motion and 

then be transported along the river. Coarse sediment transport is also 

characterised by a partial mobility, with only specific size classes of sediment 

moving during flood events of specific magnitudes (MacVicar et al., 2015). 

Sediment transport and the related morphological changes are dependent on flood 

events. This link is complex as shown by the concepts of geomorphic effectiveness 

and variations in flood magnitude-effect relations (Hooke, 2015, Lisenby et al., 

2018). Research in this field shows that the response of a channel to flood events 

of similar amplitude will not be equal because of numerous factors that interact, 

such as sequence of flood events, feedback effects on subsequent flood events, 

geomorphic thresholds, sediment supply, seasonality (Fieman et al., 2020). 

Because of all these complex interactions and the sensitivity of the river channel to 

changes, restoring a reach can be considered as a disturbance like its original 

“degradation” (Addy and Wilkinson, 2019a). Indeed, by changing the geometry of 

the channel, the flow, the erosion or deposition patterns, the coarse sediment 

connectivity is disrupted and can potentially create adverse effects such as 

increased flood risk through bed aggradation. Examples of the morphological 

impacts from restoring a river are given by Eekhout et al. (2015). The restoration 

in the Netherlands of the three rivers included re-meandering, weirs removal, 

floodplain lowering between June 2010 and October 2011. Post-restoration 

monitoring data documented the emergence of a change from initial trapezoidal 

cross-section geometry into the typical asymmetrical shape of natural meanders 

within the first year for one of the river and more gradually for the others. In Williams 

et al. (2020), the authors analysed the geomorphological changes of the Allt Lorgy 

(UK) following the restoration of the channel along 500 m including embankment 

removal, wood placement, gravel injection. Channel erosion was reported two and 

four years after the completion of the works. In Addy and Wilkinson (2021), the 

geomorphological outcomes from lowering an embankment along 130 m in an 

outer bend of the River Dee (UK) were analysed. Bed deposition was recorded 
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over each of the three years after the end of the restoration. In Eschbach et al. 

(2021), the reconnection of a side channel of the Rhine canal (France) by a re-

meandered reach 1 km long was followed by channel erosion as recorded four 

years after the implementation of the restoration. 

2.5.2 The impact of geomorphological changes on flood extent or 

pattern 

There are examples of detrimental impacts from channel geomorphological 

changes on flood risk at various temporal scales. Based on the analysis of 45 years 

of historical datasets, Stover and Montgomery (2001) reported the increase in flood 

frequency along the main stem of the Skokomish River. The authors explained it 

by a decrease in channel conveyance resulting from bed aggradation linked to land 

use changes within the catchment. More recently, links between flood frequency 

and channel capacity have been investigated from extended hydrometric records 

(Slater et al., 2015, Slater, 2016). In Slater (2016), the author analyses the 

hydrometric records from 41 gauging stations in England and Wales. Statistical 

analysis of the records over 26 years on average of cross-sections and flow data 

show that a change in channel capacity of ±10% could increase flood frequency by 

±1.5 days per year. These results show the influence of geomorphological changes 

on flood risk over decadal scales. Geomorphological changes over short-term 

scales are also able to impact flood risk as exemplified by the recurring problem of 

aggradation in the lower part of the Upper Wharfe catchment over 16 months and 

linked to the increase in flood risk  (Lane et al., 2007, Reid et al., 2007, Lane et al., 

2008, Raven et al., 2009). The authors studied the coarse sediment delivery 

through the river and at the catchment scale. The 16 months long monitoring of 

coarse sediment transport, channel geomorphology and hydrology as well as some 

numerical modelling helped to identify the change in channel geometry and to link 

it to excessive coarse sediment aggradation at two locations with a natural break 

of the channel slope. As a consequence, this aggradation decreased the channel 

capacity leading to an increase of flood frequency. In the same catchment, the 

impact of coarse sediment aggradation on flood frequency and overbank flow time 

has been demonstrated based on six years of empirical monitoring data (Raven et 

al., 2009). 
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Although the impact of morphological changes within channels caused by coarse 

sediment transport on flood risk has been recognised as exemplified by the 

FRMRC research report “Accounting for Sediment in Rivers” (Wallerstein, 2006), 

most numerical modelling studies used to evaluate flood risk consider the channel 

morphology as static (Hooke, 2015, Slater, 2016, Pender et al., 2016). 

Development in numerical modelling has taken place, however even if model 

capacities have increased with multidimensional models now available to simulate 

flow and sediment transport, their uncertainties remain important with “difficulties 

in calibration and validation as well as to the correct determination of the user-

defined parameters, which are used to adjust and control many processes in the 

models” (p551) (Kasvi et al., 2017).  

Recent modelling studies that take into account the effects of morphological 

changes on flood risk are uncommon and have applied different strategies to 

account for the changes in channel geomorphology: 

- Lane et al. (2007), Lane et al. (2008) built a 1D-2D hydrodynamic model to 

analyse the effects of bed aggradation and the additional effects from 

climate change on flood risk in the case of a 5.6 km long reach of the Upper 

Wharfe (UK). The channel geomorphological changes (bed aggradation) 

were represented by two different static geometries measured during two 

topographic surveys at 16 months interval. Small flood events (1 in 0.5 and 

1 in 2 year) were simulated and results showed an increase in inundated 

area (5.7% and 7.1%) and in out-of-bank flow duration linked to bed 

aggradation. Adding climate change scenarios amplified these effects. 

- Neuhold et al. (2009) built a 1D morphodynamics model (including 

sediment transport) to represent a 60 km reach of the River Ill (Austria) and 

a Q100y flood event. A total of 138 scenarios were run to represent varying 

hydrographs of this event and the related varying sediment inputs from 

tributaries. The results showed an increase in overbank flow probability for 

some areas and an overall increase of 1.6% in probability for the entire 

reach from having taken into account sediment input in the modelling.  

- Wong et al. (2015) built a 1D-2D hydrodynamic model to analyse the effect 

of bed incision on flood dynamics in the case of a 32 km long reach of the 
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River Derwent (UK) for an extreme event (estimated 1 in 2,000y return 

period). The channel geometry was represented as a rectangular shape. 

Hypothetical channel bed geometry scenarios were built to represent 

vertical channel incision using a Monte-Carlo approach. Within this high 

uncertainty context, the authors concluded that for such extreme event, 

channel geomorphological changes have a negligeable impact on flood 

inundation extent compared to the other uncertainties at play. 

- Guan et al. (2016) built a 2D morphodynamics model (including sediment 

transport) to analyse the impacts of four successive extreme flood events 

from a hypothetical glacial outburst in Iceland on channel conveyance and 

flood extent. The model showed that this succession of events led to 

channel incision increasing its conveyance capacity. As a result, the 

channel becomes straighter and propagates the floods faster, the flood 

frequency is changed, and downstream area will probably experience 

greater flood risk. 

- Pender et al. (2016) built a 1D morphodynamics model (including sediment 

transport) to analyse the effects of changes in channel morphology on the 

flood extent in the case of a 4.4 km reach of the River Caldew (UK). A 

stochastic model generated the 100 flow sequences used to run 50 years 

long simulations and quantify the resulting overall geomorphological 

changes.  The results showed the sensitivity of inundation to sediment 

transport as an increase in surface water levels was identified in relation 

with the general aggradation of the river, but mainly for flood events that 

remain within the channel. 

- Nones (2019) built a 2D morphodynamics model (including sediment 

transport) to analyse the differences in flood extent and channel planform 

of a 1.3 km reach of the Secchia River (Italy) represented first as a static 

channel morphology and second with a mobile morphology. Although the 

calibration of the model lacks data on sediment, the results for a Q20y flood 

event showed a greater flood extent from the mobile channel than for the 

static one, changes linked to sediment aggradation on the floodplain. 

- Fieman et al. (2020) built a 2D morphodynamics model (including sediment 

transport) to analyse the geomorphological changes over the 140 km of 
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the River Dee (UK) after an extreme flood event (Storm Frank). Its impact 

on subsequent smaller floods was assessed. The results showed the 

decrease in flood risk where erosion is recorded as the channel 

conveyance capacity has increased. The opposite is reported where 

deposition is increasing flood risk. 

These examples highlight the importance channel geomorphological changes can 

have on flood risk. 

2.6 Meandering and floodplain reconnection as river restoration techniques 

2.6.1 River restoration techniques 

River restoration is implemented using various techniques. The choice of which 

depends on the characteristics of the catchment, the river and the process-based 

aims and objectives (River Restoration Centre, 2019). Some of these techniques 

are direct as they are applied to the altered reach and aim to improve its capacity 

to react more naturally to processes (Figure 2-3); others are indirect as they are 

applied at a larger scale to re-establish natural processes that are causing the 

alteration (Burgess-Gamble et al., 2018).  



- 52 - 
 

 

 

 

Figure 2-3: Summary of process-based aims and associated techniques of river restoration (from 
Burgess-Gamble et al. (2017) - Figure 2.1).  

Among the four NFM measures grouped in “River and floodplain management” in 

the Evidence Directory of the Environmental Agency (Burgess-Gamble et al., 

2018), river restoration and floodplain restoration are two types of interventions that 

occur for the first within and along the channel, and for the second on the nearby 

floodplain. Floodplains are areas that have developed over large timescales in 

relation with the changes of trajectory of a river. River and floodplain are originally 

connected but human interventions have often disconnected them. This 

disconnection can be direct for example by building embankments between the 

channel and its floodplain, or indirect for example when the sediment regime of a 

river is so disturbed that the incision of the channel reduces or even stops overbank 
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flows. As these two measures are so closely connected, both are often 

implemented together. 

In the UK, the River Restoration Centre (RRC) has been proactive in developing 

good practice and whenever possible working with natural processes. The Manual 

of River Restoration Techniques first issued in 1997 with a fourth edition in 2019 

(River Restoration Centre, 2019) puts stress on the necessity to consider every site 

in its wider context and catchment in order to choose a relevant technique to restore 

the degraded part of the river. It assembles the existing techniques in 12 groups, 

details each of them and links them to restoration overall aims using existing case 

studies. “Restoring meanders to straightened rivers”, “Improving sinuosity of 

current planform” and “NFM: Managing overland floodwaters” are three of these 

groups. The first two consist of a set of techniques to recreate a more sinuous 

planform.  The third one consists of reconnecting the river and its floodplain. 

At a European scale, the RRC manages the RiverWiki, an interactive database for 

sharing river restoration knowledge that was created as part of the EU LIFE+ 

RESTORE project (RESTORE EU LIFE+ partnership, 2022). Although this is not 

an exhaustive list of all the European existing projects of river restoration, it gives 

some information about the type of restoration techniques used. Selecting all the 

“natural flood management case studies”, 430 projects were listed and 340 were 

recorded with at least one measure (accessed on 08/03/2022). For each project 

the type of measures implemented is categorised into three groups “Bank and bed 

modifications measure”, “River corridor measure” and “Channel pattern measure”. 

Out of the 340 projects listed, 63 (19%) have specified a type of measure linked to 

re-meandering using words such as “Meanders”, “Re-meander”, “Meandering 

channel”, “Adding sinuosity”. This shows the importance of meandering (or re-

meandering) as a river restoration technique.  

2.6.2 The technique of (re)meandering 

Meandering is a technique commonly applied to rivers that had previously been 

channelised. It consists of reconstructing a more natural type of channel pattern by 

physically changing its course over a certain distance, recreating a longer and more 

sinuous channel. With the design being often based on historical channel patterns 

visible on aerial photos or on historical maps, it consists either of reconnecting a 
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former and more sinuous channel or creating a new one partly following the 

historical channel.  

The aim is to recreate more natural flows and sediment transport conditions that 

are characterised by a greater complexity (Addy and Wilkinson, 2019a). As a 

consequence, a greater diversity of bed slopes, water depths, gradient of velocity, 

geomorphic units, bed texture and sediment distribution will develop as opposed to 

uniform characteristics in an artificially straightened channel. This complexity will 

bring benefits to the entire river system. 

Meanders are very common in natural rivers and are known for being relatively 

mobile and evolving over time with downstream migration, lateral shift and changes 

in their morphology. The complex flow patterns within meanders, the nature and 

characteristics of the channel and banks material and the gradient are primary 

controls on the evolution of meanders (Hooke, 2013). When recreated as part of a 

restoration project, a high mobility of the channel is not always sought, unless there 

is sufficient land and related landowners willing to give such space to the channel. 

It is therefore common practice to use bank protections in order to prevent 

excessive erosion and lateral movement. The complex flow patterns are 

responsible for creating typical asymmetrical cross-sections in bends. This can be 

achieved quite rapidly when restored meanders are created with a trapezoidal 

shape. Examples are given by Eekhout et al. (2015) with three projects in the 

Netherlands where asymmetrical form were reached within one to two years. The 

complex flow patterns are also responsible for a diversity of flow profiles and 

sediment transport patterns with sub-bend scale processes at play (Kasvi et al., 

2017).  

The recent development of new techniques in bathymetry, topography and 

modelling has helped improve the understanding of the processes within meanders 

but their application to real rivers to understand sub-bend scale dynamics, the 

dynamics of change within different river types or environment, the feedback 

effects of changes in morphology are lacking (Hooke, 2013, Kasvi et al., 2017). 
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2.6.3 (Re)meandering river restoration projects with morphological 

outcomes 

There are few examples of outcomes of restored rivers by re-meandering with 

monitoring of channel geomorphological changes within European countries. The 

identified projects are listed below.  

- The River Cole (UK), Skerne (UK) and Brede (DK) as part of a joined 

Danish and British EU-LIFE demonstration project: restoration works have 

been implemented in 1994-95 and consisted of meandering each river over 

a distance of 1.3 to 2 km, raising bed elevation and decreasing bank 

elevation to reduce bankfull capacity and allow more overbank flows and 

connection with the floodplain (Kronvang et al., 1998, Sear et al., 1998). 

- The same lowland River Cole (UK) with the re-meandering of another 

reach of 0.5 km in 2002 (Gurnell et al., 2006). 

- The River Skjern (DK): the largest project in Northern Europe to date 

implemented in 2001-02 included the creation of a new meandering 

channel, increasing the river length from 19 to 26 km, the removal of some 

of the dikes, filling the old channelised reaches, creating a permanent 

shallow lake. The aims were to restore physical and hydrological dynamics 

of the river and the floodplain to enhance the biodiversity (Kristensen et al., 

2014). 

- The Rivers Lunterse beek, Hagmolenbeek and Tungelroyse beek 

(Netherlands) implemented in 2010-11 in a lowland and consisted of 

meandering each river over a distance of 1.7 to 9 km, recreating meanders, 

removing weirs and lowering floodplains with the main objective of 

improving their ecological status context (Eekhout et al., 2014, Eekhout et 

al., 2015). 

- The New Forest LIFE-3 programme where, from 2003 to 2006, two sub-

catchments of the River Lymington (Highland Water and Blackwater) have 

been partly re-meandered adding a total of 1.4 km (+6.4%) to the existing 

channel and beds have been raised to reconnect the floodplains, Large 

Woody Dams (LWD) have been introduced and some of the floodplains 
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have been planted; some monitoring has been carried out two years after 

the completion of the works (Sear et al., 2006). 

- The River Bocq in Belgium as part of the Life Environment project 

WALPHY has run from 2009 to 2013 and consisted mainly in removing four 

weirs to improve longitudinal connectivity but some parts were locally re-

meandered to improve the lateral connectivity (up to 200 m at Emptinale) 

with some before and after monitoring of the substrate diversity and types, 

biodiversity, bank erosion and clogging of the river bed (Castelain et al., 

2018). 

- The Logie Burn (UK) where the channelised channel was reconnected in 

2011 to its former sinuous course over a 236 m long reach to improve 

habitats and reduce nutrient transfer (Addy and Wilkinson, 2019a). 

- The ephemeral Ben Gill (UK) was reconnected to the main River Ehen in 

2014 by re-designing its meandering channel over its last 300 m (Marteau 

et al., 2020). The aim was to reconnect the source of sediment (Ben Gill) 

to the main river and improve the pearl mussels’ habitats. 

- An artificial side-channel of the Rhine canal on the Rohrschollen Island 

(France) was reconnected in 2012 by constructing a new re-meandered 

channel of 1 km length (Eschbach et al., 2021). The aim was to re-establish 

a dynamic flooding regime of the island and its habitats. 

Outside Europe, the Provo River Restoration Project (PRRP) is one of the largest 

projects in the USA. The channel over 16 km downstream from the Jordanelle Dam 

was restored between 1999 and 2006 by recreating a meandering and multithread 

channel, setting back levees, reconnecting secondary channels and planting 

riparian vegetation (Erwin et al., 2016). The aim was to restore the ecological 

function and more natural river patterns. A seven-year post-monitoring programme 

was carried out including channel geomorphological changes. 

Post-project appraisal (PPA) monitoring programs are essential in recording the 

changes of the river systems following the implementation of river restoration 

projects and have been advocated since the 1990s (Brookes, 1990, Kondolf and 

Micheli, 1995, Downs and Kondolf, 2002, Angelopoulos et al., 2017). However, 

they are often lacking or do not cover a large enough period of time (Bernhardt et 
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al., 2005, Smith et al., 2014a). The consequence is to limit the understanding of 

the processes and the causes of success or failure of restoration works. In Erwin 

et al. (2016), the authors distinguish two phases of channel geomorphological 

adjustment; a first rapid phase for the new channel to adjust to the hydraulics and 

a second phase characterised as a broader river behaviour. In Downs and Kondolf 

(2002), the authors argue for more than five years PPA, as long-term sustainability 

of a river restoration project can only be estimated if it has encompassed sufficient 

extreme events and/or climatic trend which only long-term scale are likely to 

provide. In the European cases listed above, programs extended over two to three 

years after completion of the restoration. The River Skjern in Denmark is the 

exception. As the largest project in Northern Europe to date (Kristensen et al., 

2014), some additional monitoring was carried out in 2012, ten years after the 

implementation of the works. The channelised river of 19 km was meandered into 

a 26 km more sinuous course.  When shorter-term monitoring from other projects 

shown rapid changes in the river morphology within 6 to 12 months (Sear et al., 

1998, Gurnell et al., 2006, Eekhout et al., 2015, Addy and Wilkinson, 2019a), so 

does the monitoring of the River Skjern. Its long-term data (10 years) show further 

morphological changes with sediment deposition leading to a potential increased 

risk of flooding (Kristensen et al., 2014).  

Pre-restoration monitoring is as important as post-monitoring because it allows 

before and after comparisons. The Highland River from the New Forest project 

(Sear et al., 2006) is a rare example of long-term pre-restoration data which relies 

on 30 years of hydrological time-series giving access to seasonal and annual 

variations in rainfall and flow conditions. The River Skjern has only one year of data 

which would not give such information on seasonal or annual variations. 

Among these projects, channel morphological changes are investigated but their 

links with potential impacts on flood attenuation are only considered for two of them 

(Kronvang et al., 1998, Kristensen et al., 2014). 

2.6.4 Linking (re)meandering and flood attenuation 

Evaluating the impact of NFM measures whatever their type in attenuating floods 

is a difficult task. First, the implementation of multiple NFM measures at a time 

within a project and often with more than one aim pursued at a time makes it difficult 
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to identify their individual impact. Using the study cases from the River Restoration 

Centre (RRC 2017), Nilsson et al. (2018) pointed out that although 27.3% of them 

mentioned flood attenuation as one of theirs aims, only 1% had this as the single 

aim. Then, the numerous processes at play which interact, show variability and 

operate at various spatial and temporal scales within the catchments where the 

measures are implemented, adding complexity to the interpretation of the signal 

coming from these measures (Beechie et al., 2010, Lane, 2017). Also, the spatial 

scale at which the measures are implemented plays a role and can lead to 

unexpected and adverse feedback effects such as for example synchronization of 

flood flows from tributaries (Blanc et al., 2012b, Pattison et al., 2014). Moreover, 

the time to recover for the river system from the restoration works can be long and 

therefore the effectiveness of a measure can be temporarily unnoticeable for some 

time. For example, after meandering works, the riparian vegetation or the return of 

sediment to rebuild bed roughness will take several years to recover (Eekhout et 

al., 2014). Finally, the lack of post-project appraisal (PPA) monitoring programs 

that would bring evidence of the effects of such measures is also a limit (England 

et al., 2008, Buchanan et al., 2012, Angelopoulos et al., 2017). Some of these 

programs focus on specific parameters excluding other important ones, or they 

cover only a relative short time period that is not sufficient to encompass the 

relevant scales of the recovering processes (Brierley et al., 2010, Addy and 

Wilkinson, 2019a, Beechie et al., 2010).  

Meandering has mainly been used for nature conservation purposes in order to 

improve habitats, species diversity, fish and water quality (Hooke, 2013). In the 

global review carried out by Roni et al. (2008) on the physical and biological 

effectiveness of river habitat rehabilitation techniques, 20 out of the 345 identified 

studies applied the technique of “recreating meanders”. The authors concluded that 

“most studies on re-meandering have shown short-term success, long-term 

monitoring either has not been conducted or has not yet been reported” (p865) 

(Roni et al., 2008). With the recent development of NFM measures aiming at flood 

attenuation, meandering could be one measure with such a potential. 

Considering the Manning-Strickler’s equation: 
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where: 

- V is the cross-sectional average velocity of a channel (m/s) 

- n is the Manning coefficient f roughness 

- A is the cross-sectional area of flow (m²) 

- P is the wetted perimeter (m) 

- S is the slope of the linear hydraulic head loss equivalent to the channel 

bed slope for a constant water depth 

theoretically, the following physical mechanisms can play a role on flood 

attenuation from re-meandering: 

- Re-meandering a channel increases its length which in turn decreases its 

slope and consequently the flow velocity decreases delaying the flood peak 

downstream. 

- The change in channel geometry from the transport of coarse sediment 

can either create more space for the storage of water within the channel 

from erosion or less from deposition. 

- The designed channel geometry can decrease the channel conveyance 

capacity (width, bed raised) allowing smaller flood discharge to get 

overbank more frequently; by changing the bankfull discharge capacity and 

its frequency the connection with the floodplain increases allowing more 

space to store water and therefore delaying the flood peak.   

- The changes in channel geometry can also come from the coarse sediment 

movement as a response to the restoration works and especially in the 

case of aggradation this can decrease the bankfull discharge such as 

reported by Lane et al. (2007). 

- The erosion and deposition processes within and downstream from the 

meanders, due to the complex flow patterns and erosion forces, create 

more varied bed textures and bedforms; this complexity increases the bed 

hydraulic roughness that can delay the flood peak (Buffington and 

Montgomery, 1999, Keesstra et al., 2012). 
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Estimations of the changes in flood attenuation in relation to re-meandering are 

few. Among the river restoration projects cited previously, neither the Bocq River, 

the Logie Burn, the Ben Gill or the side-channel of the Rhine canal on the 

Rohrschollen Island did investigate flood attenuation. In the cases of the rivers 

Cole, Skerne, Brede and Skjern restoration projects,  hydrodynamic models were 

used to estimate the induced increase of residence time of flood water from 

allowing more frequent overbank flows on the floodplain (Kronvang et al., 1998, 

Kristensen et al., 2014). In the case of the New Forest LIFE-III project, where the 

measures included meandering, bed-level raising, introduction of large woody 

debris and planting on floodplain along the River Lymington, flood attenuation was 

studied by analysing empirical hydrographs (Sear et al., 2006). The combined 

measures show “21% reduction of flood peak magnitude and a 33% increase in 

flood peak travel time for flows that were less than 1m3/s-1 (equal to a 2 year 

recurrence interval)” (p998) (Dixon et al., 2016). 

The research from Sholtes and Doyle (2011) is the only one found to be focussing 

on the efficiency of channel re-meandering on flood attenuation. Using 1D 

hydrodynamic models, the authors modelled two existing and one hypothetical re-

meandered reaches of less than 1 km long. For each, two scenarios were 

modelled: the existing impaired reach and the restored reach. The effects from 

flood events of different return periods and for different parameters (slope, 

roughness, floodplain width, wetted perimeter, sinuosity, river length) were tested. 

The results showed for the restored hypothetical reach an instantaneous peak flow 

Q10y with the greatest peak attenuation (1.2%) and a much more extended area 

of floodplain inundated; and for a Q100y event a lower attenuation (0.7%). For the 

field-based reaches, one showed an attenuation at Q10y of 0.8% and slightly more 

at Q100y (1.8%) and this effect is linked to the assumed increase of floodplain 

roughness. The other field-based reach showed less attenuation in the restored 

reach than before the restoration works, and this was linked to a flaw in the design 

with a more confined restored channel. 

Other pieces of research present outcomes from river restoration projects that 

include some re-meandering and floodplain reconnection. In Hammersmark et al. 

(2008), the authors studied the restoration of the mountain meadow the Bear Creek 
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(US) using a coupled 1D hydrological-hydrodynamic model. They analysed how 

the creation of a new re-meandered channel 3.6 km long associated with its bed 

raising and narrowing, the creation of floodplain ponds and partial filling of the 

former channel were impacting flood risk. A similar method was used by Clilverd et 

al. (2016)  who studied the impacts from removing the embankment along 400 m 

of the River Glaven (UK) on floodplain inundation and groundwater levels.  In 

Acreman et al. (2003), the authors used a 1D hydrodynamic model to analyse the 

impact from a hypothetical scenario of channel width, bankfull depth reduction of a 

5 km long reach of the River Cherwell (UK) on flood risk. They all demonstrated a 

decrease in peak flow at the downstream end of the restored reaches and larger 

flood extents along the floodplain connected with the restored reaches. 

2.7 Summary and research gaps 

Implementation of Natural Flood Management (NFM) measures is part of a process 

to develop more natural approaches to flood risk. In February 2018 the 

Environment Agency published the “Working with Natural Processes - Evidence 

Directory” and in its Literature Review identified research gaps including “the 

quantity of field-based empirical evidence of the flood attenuation and FCERM 

benefits of river restoration is very limited” (p17) (Burgess-Gamble et al., 2017). In 

parallel, research in geomorphology has shown the importance of coarse sediment 

in changing the river morphology and the complexity of the processes at play. 

These changes are in practice rarely taken into account when it comes to flood risk 

estimation. It is therefore of interest to combine these two aspects. 

In the Literature Review of the Evidence Directory (Burgess-Gamble et al., 2017), 

the Environment Agency points out that although recent empirical studies that 

“consider the impact of river restoration on flow hydraulics, sediment dynamics and 

morphology are becoming increasingly available” (p11), empirically based studies 

showing that river restoration has an effect on flood attenuation, either through 

changing the channel form or through restoring processes, are lacking. It calls for 

more field-based evidence along with model-based understanding. The Eddleston 

Water study is a field-based project with long term monitoring data although not 

with respect to sediment (see Chapter 3). The restored meanders are between 5.5 

and 8.5 years “old”, therefore studying them as part of this PhD project will add to 
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the post-project appraisals (PPA) examples that are more commonly done two to 

three years after the completion of restoration, with the Skjern River being an 

exception (10 years). 

Sholtes and Doyle (2011) highlighted the general lack of studies looking at the 

effects of channel restoration on flood wave attenuation at the scale they usually 

take place in the USA. This view could be extended to the case of the restoration 

projects in the UK and the technique of meandering as very few studies have been 

identified. In the case of the Eddleston Water, out of the two main re-meandered 

sections, the downstream one between Lake Wood and Nether Kidston with a 

succession of four re-meandered sub-reaches has a total length of around 1.6 km 

(+259 m or +18% overall) and therefore their study could add to this topic. 

In Addy and Wilkinson (2019a), the authors identified a lack of “case studies of 

range of river types and restoration techniques” (p132) to predict future outcomes 

and help with restoration practice in the context of process-based approach. They 

also identify the scarcity of case studies of channel reconnection (in their case of 

the Logie Burn a restored reach 236 m long) and in the context of restoring 

geomorphic complexity. The Eddleston Water by its nature and characteristics can 

bring interesting results on that matter. 

In Hooke (2015), the author stated that “At present flood risk mapping and 

modelling are almost entirely static [3 refs] and do not incorporate the effects of 

changes in morphology, either within-event process effects [2 refs] or the feedback 

effects of morphological change in resetting the conditions for the next flood” (p92). 

Looking at individual flood effects on the Eddleston Water and modelling the 

morphological effect can add to this point. 

In Kasvi et al. (2017), the authors state that “The use of computational models to 

support field investigations is limited to a few exceptions” (p559). Using a numerical 

model in studying the Eddleston Water could support the long-term monitoring data 

in understanding the effects of re-meandering on flood attenuation. 
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3 Chapter 3.  

Study reach and catchment description 

  

3.1 Introduction 

This chapter describes the general physical context of the Eddleston Water within 

its catchment prior to the re-meandering works and the evolution of this study reach 

since the works have been implemented. As the study reach sits in the wider 

context of its catchment, changes (e.g. land use, channel maintenance, 

infrastructure) can cause impacts at the river reach scale on the hydrology and 

sediment supply. Such data is given whenever possible with a focus on fluvial 

geomorphology. However, analysing the whole catchment is not within the scope 

of this chapter, rather the aim is to give an understanding of the context in which 

the study reach has evolved. The geological, geomorphological, historical and 

regulatory settings are detailed. 

Starting at the broad scale (Figure 3-1), data is focussed on the study reach that 

was re-meandered between Lake Wood and Nether Kidston (Figure 3-1c). It is 

referred to the “Lake Wood - Nether Kidston” re-meandered reach in the remaining 

of the thesis.  Finally, the re-meandering works are presented. 

3.2 Environmental context 

The Eddleston Water is a left bank tributary of the River Tweed in the Scottish 

Borders, United Kingdom (Figure 3-1a). Within the Scottish Government 

classification, it belongs to the “Source to Ettrick Water” sub-catchment in the 

upstream part of the River Tweed catchment (Figure 3-1b). 

Its main stem flows north-south and stretches over 19.2 km before joining the River 

Tweed at Peebles (Figure 3-1c). The lower 12 km of the Eddleston Water, from 

Waterheads to Peebles is part of the EU Special Area of Conservation (SAC) of 

the River Tweed; its qualifying habitat for designation being as a “river with floating 

vegetation often dominated by water-crowfoot (Ranunculus fluitans)”. It drains the 

Eddleston catchment (69 km²) that extends between the Cloich Hills to the west 
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(up to 466 mAoD) and the Moorfoot Hills to the east (up to 600 mAoD). The area 

east of the main stem is characterised by slopes locally exceeding 30°, drained by 

the Harcus Burn and the Longcote Burn whereas the western area displays slopes 

rarely exceeding 10° drained by the Cowieslinn Burn, Middle Burn and Shiplaw 

Burn (Werritty et al., 2010a). 

 

Figure 3-1:The Eddleston catchment and its locations within the River Tweed catchment and in 
Scotland (source: EDINA Digimap Ordnance Survey Service).  

The catchment is underlain by fractured sandstones and siltstones greywackes 

from the Ordovician and Silurian periods (Figure 3-2a). The bedrock is exposed 

especially in the eastern steeper areas. The superficial geology of the catchment 

was updated in 2010/11 by the British Geological Survey (BGS) (Figure 3-2b). 

Variable superficial Quaternary deposits from the last glaciation overlay the 

bedrock, with from bottom to top: glaciolacustrine silts, clay and till, followed by 
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glaciofluvial sand and gravel, and finally alluvium with sandy gravel sometimes 

overlain by silt and fine sand and/or peat (Ó Dochartaigh et al., 2019). Geological 

analysis suggests that an ice-damned glacial lake existed upstream from the 

Eddleston village (Auton, 2018). Glacial till is predominant in the west of the 

catchment and alluvium along the main stem (Figure 3-2c). No borehole was 

recorded in the vicinity of the re-meandered reach. 
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Figure 3-2: a) Simplified Bedrock geology map of the Eddleston Water catchment. b) Superficial geology. c) Superficial geology along the re-meandered 

reach. (source: British Geological Survey (Auton, 2011)).  
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In this rural catchment, land use varies from extensive coniferous forestry in the 

western headwaters to extensive improved pasture for grazing sheep and cattle in 

the lower valley. Industrial sites include the Cowieslinn Quarry which has been 

extracting sand and gravel since the 1950s at Waterheads, and a large poultry farm 

upstream from Waterheads. Both are extracting groundwater and possibly 

discharging surface water in either the Eddleston Water or the Cowieslinn Burn. 

The mean annual rainfall is 900 mm (Black et al., 2021) with flashiest response to 

rainfall from the eastern catchment where the glacial till rich in clay is affecting 

runoff. 

In the context of the EU Water Framework Directive (WFD), the catchment of the 

Eddleston Water is recorded as two separate water bodies: the Cowieslinn Burn 

(SEPA identifier (ID) 5308) which is the largest northwest tributary, and the main 

stem the “Eddleston Water/Cuddy Burn” (SEPA ID 5307). The Cowieslinn Burn is 

recorded as good ecological status in 2020 and in previous years. The classification 

of the main stem under the WFD is more complex, partly due to changes in 

methodology introduced by SEPA at various points, and is summarised below: 

Table 3-1: Evolution of the WFD classification of the Eddleston Water/Cuddy Burn (ID:5307) 
(SEPA, 2022). 

Parameter / Year 2009 2012 2018 2020 

Overall status poor bad poor moderate ecological 
potential 

Overall ecology poor bad poor poor 

 - physico-chem high high high high 

 - biological elements poor moderate moderate moderate 

 - specific pollutants pass pass pass pass 

 - hydromorphology moderate bad poor poor 

 

The reported change in hydromorphology in 2012 from “moderate” to “bad” reflects 

a reassessment of this status following a detailed field survey specifically 

undertaken to help prioritise reach lengths to target for hydromorphological 

improvement in the Eddleston. The change of terminology for the “overall status” 

in 2020 is related to a change in methodology from SEPA. The water body has 

been designated by SEPA as “a heavily modified water body on account of physical 
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alterations that cannot be addressed without a significant impact on the drainage 

of agricultural land”. 

3.3 Hydrography and geomorphology 

The historical map of the Lowlands by the Roy Military Survey of Scotland (1752-

55) displays a highly sinuous channel of the Eddleston Water and its tributaries 

(Figure 3-3a). Until the late eighteenth century, lands close to the channel and liable 

to flooding were managed as meadows or water meadows, before the channel was 

straightened in many areas (Harrison, 2012). By 1813, the study reach (Lake Wood 

to Nether Kidston) had been totally straightened, and then in 1856 with the building 

of the new railway, this formed a hard embankment along the left bank (Figure 

3-3b). The overall channel length loss from the mid-18th century until 2009 has 

been estimated up to 25% (Werritty et al., 2010a). 

 

Figure 3-3: Historical maps of the re-meandered reach Lake Wood - Nether Kidston  
(National Library of Scotland, 2022). 

Major floods on the Eddleston Water or the River Tweed were recorded in 1757, 

1832, 1839, 1875, 1876, 1881 (Harrison, 2012). More recent events were listed as 

part of the Peebles Flood Study (Table 3-2): 
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Table 3-2: Eddleston Water recent flood history  
(from Table 2-1, Mott MacDonald and JBA Consulting (2019)).  

 

An initial fluvial audit was carried out during summer 2009 when the study reach 

was still channelized. Covering 12.2 km from Waterheads to Peebles, it assessed 

the spatial distribution of reach types, morphological units, sources of sediment, 

engineering features and riparian trees (Cbec eco engineering, 2009). Based on a 

qualitative assessment of the geomorphic regime and the apparent degree of 

human impact, the river was subdivided into four sections (Table 3-3). Detailed 

maps of the results are available in the Appendix 1.  

Table 3-3: Characteristics of the stream sections from the initial fluvial audit 2009  
(Table 1, (Cbec eco engineering, 2009)). 

Section River (km) 
Upstream 
NGR 

Length 
(km) 

Engineering 
impact 

Geomorphic regime 

1 11.4 - 
13.3 

3245 6510 1.96 Moderate recent 
engineering 
impact. 

High bankside tree-
covers and LWD, 
moderate evidence of 
dynamic sedimentary 
and geomorphic 
process. 

2 4.6 - 11.4 3243 6493 3.77 Moderate impact 
with some 
evidence of 
canalization. 

Moderate bank-side tree 
cover and LWD 
influence and 
geomorphic process. 

3 5.4 - 7.6 3238 6463 2.20 High impact. 
Highly 
canalised, non-
natural channel 
planform. 

Little evidence of natural 
sedimentary process 
and moderate bank-side 
tree cover. 

4 1.2 - 5.4 3238 6442 4.20 Low-moderate 
impact. Near-
natural channel 
planform, some 
engineering 
pressures.  

Low energy geomorphic 
regime means limited 
dynamic sedimentary 
process. 

In this survey, Section 3 and the very start of Section 4 included the reach that was 

to be re-meandered in the future, from Lake Wood to Nether Kidston. It was the 

most impacted reach with the least dynamic geomorphic regime and had the 
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highest proportion of slow-glide units. It was characterised by low physical 

variabilities of reach type and morphological units. Some localised significant bank 

erosion was identified as well as near vertical unvegetated banks. However, they 

were not actively supplying significant amount of sediment. Very low proportion of 

depositional sedimentary features was recorded and low level of tree cover and 

some large wood (LW) features. 

At that time (2009), the upstream Section 2 displayed a more dynamic geomorphic 

regime, high rates of sediment input from bank erosion, the greatest proportion of 

sediment storage with unvegetated bars and two small weirs. 

This fluvial audit highlighted the poor condition of the reach between Lake Wood 

and Nether Kidston and the availability of sediment within the upstream reach 

which could ultimately feed into the study reach if necessary. 

3.4 Catchment scale changes 

Other major changes have occurred at the catchment scale over the last 200 years 

and impacted the river flows. In his historical analysis of the Eddleston catchment, 

Harrison (2012) reported the development of land drainage with initial settlement 

followed by a marked increase due to intensive farming and improved pasture over 

this period. The railway construction in the mid-1800s led to the major straightening 

of the Eddleston Water. More recently, large scale planting of conifers has 

developed in the upland parts of the catchment (Werritty et al., 2010a).  Now 

climate change is predicted to impact the catchment rainfall patterns and river flows 

(Barnett et al., 2006, Reynard et al., 2009). 

3.5 Eddleston Water project 

The EWP is part of the Scottish Government’s programme of research on nature-

based solutions, with a specific focus on the potential effectiveness of NFM 

measures to reduce flood risk for downstream communities and improve riverine 

habitats. It is led by the Tweed Forum and for the period 2016 - 2020 was also 

supported by the EU Interreg North Sea Region “Building with Nature” programme. 

The Project began with a scoping study and a fluvial audit in 2009 (Werritty et al., 

2010a), it has led to the implementation of a large number of NFM measures (116 

high flow restrictors, 29 run-off attenuation features and ponds, 207 hectares of 
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riparian woodland, 2.9 km of re-meandering) in the whole catchment (Figure 3-4). 

An intensive monitoring programme has covered hydrology, hydro-geomorphology 

and ecology to assess the impact of the measures on flood risk reduction and river 

habitats on large spatial and a decadal timescale so far. 

 

Figure 3-4: Map of the NFMs implemented as part of the Eddleston Water Project as of 2019  
(source: Tweed Forum). 
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3.6 River re-meandering between Lake Wood and Nether Kidston 

3.6.1 Choice of location 

The scoping study identified a set of catchment-wide potential restoration 

measures. Based on the characterisation of the catchment and the fluvial audit, the 

section 3 of the Eddleston Water was identified as the most severely degraded with 

sufficient lateral space and a willing landowner to consider channel re-meandering 

(Werritty et al., 2010a). Using additional information from the Morphological Impact 

Assessment System tool (MImAS) developed by SEPA in the context of the WFD, 

it was concluded that the re-establishment of a more natural meandering channel 

had a good potential to improve the channel hydromorphological status that in turn 

would significantly improve the ecological status of the Eddleston Water. Therefore, 

re-meandering the section 3 was set as a proposed measure.  

3.6.2 Implementation 

The Eddleston water is a stream of third order (Strahler method) when it reaches 

the Lake Wood - Nether Kidston study site. Re-meandering the study reach was 

implemented in phases between 2013 and 2016 and not in a logical way from 

upstream to downstream; a timetable that was determined largely by the need to 

obtain voluntary agreements with the different landowners (Figure 3-5). 

The first meanders to be implemented were Lake Wood and Cringletie sub-reaches 

during the autumn 2013, leaving a stretch of river unchanged between them. The 

third re-meandered sub-reach, Nether Kidston located at the downstream end, was 

connected during the spring 2016. The fourth sub-reach, Milkieston, was 

connected in early September 2016, bridging the first two sub-reaches together. 
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Figure 3-5:  Phasing of the re-meandering on the Lake Wood - Nether Kidston reach,including the 

location of the gauging stations (aerial photo from Google Earth). 

The re-meandering of the Nether Kidston sub-reach was implemented in two 

stages. Works started in July 2015 but had to be stopped in early September 2015 

due to unforeseen equipment and weather issues. The new channel was almost 
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finished but the connection was incomplete, therefore flow remained in the old 

straight channel. However, later that winter, high flow events caused the river to 

spill over the right bank and into the new waiting re-meandered channel, as 

revealed by photos on 27/01/2016 and 02/02/2016 (Figure 3-6). The situation 

remained the same until spring 2016 when the new re-meandered channel was 

finally connected to the main stem and the old channel blocked by rebuilding the 

left bank (Figure 3-7). Major geomorphological changes were subsequently noticed 

in November 2016 with the development of a large gravel bar in the inner bend and 

significant left bank erosion on the outer bend (Moir, 2016). Following 2D hydraulic 

modelling of the bend, reinforcement works of the left bank utilising root wads were 

carried out during the winter 2016/2017 to prevent the flow reverting into the old 

channel.  

a) 27/01/2016 - Photo from Cringletie Bridge (cbec) 

 

b) 02/02/2016 - Photo from Cringletie Bridge 
(Tweed Forum) 

 

Figure 3-6:  Main channel flow avulsing into the waiting new re-meandered channel, Nether 
Kidston sub-reach a) on 27/01/2016, b) on 02/02/2016. 

a) 15/03/2016 - Connection of the 
old and re-meandered channels 

(Tweed Forum) 

  

b) September 2016 - 
Consolidated left bank 

(Tweed Forum) 

c) February 2017 - Bank protection of 
the left bank  

(Tweed Forum) 

 

Figure 3-7:  Evolution of the bend separating the old and the new channel of Nether Kidston sub-
reach between 15/03/2016 and January 2019. 



- 75 - 
 

 

 

A summary of the timing of the re-meandering works is shown on Figure 3-8. 

 

Figure 3-8: Summary of the re-meandering over the Lakewood - Milkieston - Cringletie - Nether 
Kidston reach. 

3.6.3 Design of the re-meandered reach 

The channel planform after re-meandering the Lake Wood - Nether Kidston reach 

is shown on Figure 3-9 with the division in sub-reaches. A continuum of approaches 

was adopted to design the re-meandered reach. A process-based approach was 

applied whenever possible, but hard bank engineering was also chosen where 

infrastructure needed protection to prevent erosion and channel migration. In such 

cases rip-rap was used as bank protection (Figure 3-9). One aim of the design was 

to increase flood storage through greater river-floodplain connectivity (Cbec eco 

engineering, 2012b, Cbec eco engineering, 2012a). That was achieved by 

designing a channel geometry of smaller size to allow more frequent overbank flow. 
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Figure 3-9: Re-meandered reach and its characteristics in May 2020 (aerial photo June 2018 from 
Google Earth). 

The design took into account the following major constraints: 

- the existing power line and the poles supporting it, 

- the existing main road (A703) and the risk of destabilisation by lateral 

migration of the new meanders (bends #10 to 12), 

- the existence of the Cringletie bridge and the need to align any new 

channels design so as to ‘fit’ with the exact direction and longitudinal 

depths of flow patterns entering the bridge section (bends #19 to 20), 

- the provision of flood defence to the silage field located immediately south 

of Lake Wood by building a bund for Q2y and above (Gillies et al., 2013), 

- the avoidance of avulsion into the old channel once the re-meandering had 

been implemented, and 

flow 
direction 
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- the need to obtain agreement for the chosen options from the respective 

landowners. 

Agreement was not reached over the Cringletie sub-reach to implement a much 

more sinuous re-meandered channel than over Lake Wood sub-reach. Agreement 

was not reached either over the Nether Kidston sub-reach to re-meander along the 

bottom line of the valley. As a result, the new channel was implemented with limited 

sinuosity and at slightly higher elevation across an old water meadow.  

Bank protections were added in some of the bends and consist of root wads for 

bends #1-9-11-13-14-19-20 and rip-rap in bends #10-12-19 (Figure 3-9). 

The channel cross section was designed to mimic flow structures, with bends built 

asymmetric in shape; the outer being steep and deep, the inner being a much 

shallower angle. No bed material or sediment was taken from the old to the new 

channels (though some vegetation was transferred between the two), with the 

exception of the Cringletie sub-reach. Here, the material underlying the route of the 

new channel was so soft that some coarse sediment was excavated from the old 

channel and brought across and added into the new channel as a series of riffles. 

The fate of the old channel was determined by the requirements of Scottish Natural 

Heritage (reflecting the SAC status of the river) and the wishes of respective 

landowners. In the Lake Wood sub-reach, the old channel was only partially filled, 

using soil excavated from the line of the new channel, but was mainly left open to 

create four new ponds. The old channel in the Nether Kidston sub-reach was 

blocked at its entrance, but otherwise not infilled, whereas the old channels in both 

the Milkieston and Cringletie sub-reaches were entirely infilled. A large pond was 

created in Lake Wood south-west of bend #8 abutting the new flood embankment 

which the landowner uses for duck shooting. In addition to the re-meandering, 

saplings were planted along part of the banks and throughout Lake Wood, 

dependent on landowner agreement, whilst the river edge was fenced to avoid 

poaching from sheep and cattle.  

The sub-reaches, as of May 2020, represent an overall increase in length of 18% 

and display low values of planform sinuosity (Table 3-4). 
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Table 3-4: Physical characteristics of the study reach post re-meandering. 

Sub-reach 
Planform 
sinuosity 

Initial 
length* (m) 

Length in 
May 2020* 

(m) 

Length 
increase (%) 

Lake Wood 1.5 260 393 51% 

Milkieston 1.2 202 235 16% 

Cingletie 1.1 565 614 9% 

Nether Kidston 1.2 392 436 11% 

*estimation from low flow centrelines  

3.6.4 Channel confinement 

The study reach sits in a valley where the floodplain extends either side of the 

channel, except where it is constrained by the embankment and abutments of 

Cringletie Bridge (Figure 3-10). It is not at the bottom of the valley through the 

Nether Kidston sub-reach. 

 

Figure 3-10: Confinement of the study reach  
(source: Crown copyright Scottish Government, SEPA and Fugro (2020) 

Using the classification by Fryirs et al. (2016), the valley margin confinement (CV), 

the valley bottom confinement (CVB) and the anthropogenic confinement (CA) of the 
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channel have been estimated (Table 3-5). Embankments and bank protection have 

been considered as anthropogenic features. These indicators consider the 

proportion of the channel length along either bank that abuts either against a valley 

margin (i.e. hillslope, bedrock, inactive floodplain), or against a confining margin 

(i.e. fans, terraces) or against an artificial constructed feature (i.e. embankment, 

fence, road…). 

Table 3-5: Channel confinement evolution. 

Confinement indicator 
Before re-

meandering 
May 2020 

valley margin 
confinement 

CV 0% 1% 

valley bottom 
confinement 

CVB 0% 0% 

anthropogenic 
confinement 

CA 100% 32% 

Before re-meandering, the straightened channel was confined by the railway 

embankment on its left bank, therefore had a CA of 100%. With the re-meandering, 

this proportion has decreased by two thirds (32%), however the valley-setting 

remains  anthropogenic as defined by Fryirs et al. (2016) (Table 3-6). 

Table 3-6: Classification of valley setting and river type (Fryirs et al., 2016). 

 

3.6.5 Evolution over time  

Frequent site visits by Tweed Forum identified one tree that had fallen across the 

bend #7 in Lake Wood in February 2014 and one across the bend #20 in Nether 

Kidston during the winter 2017/18. Both were left to remain in place since then, 

spanning the whole channel and partially obstructing the flow.  

Evolution of the re-meandered study reach was assessed in 2015-16 during a first 

fluvial audit, then in April 2018 during a second fluvial audit (both carried out by a 

sub-contractor), finally in May 2020 during the topographic survey part of this 
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current PhD work. Only the 2018 fluvial audit covered all the main stem between 

Waterheads to Peebles (ca. 12 km), as did the initial audit carried out in 2009. 

These fluvial audits are based on the process-based ‘Fluvial Audit’ methodology 

(Sear et al., 1995). They were carried out by the consultancy cbec eco-engineering 

(cbec). They recorded the channel morphology and the factors influencing the 

geomorphic processes including the physical form of the reach (morphology and 

sedimentology), key habitats, sediment sources and size, tributaries inputs, 

riparian vegetation, erosion and deposition areas, and engineering structures. The 

2018 fluvial audit highlighted a greater morphological unit complexity than prior to 

the re-meandering, but slightly reduced compared to 2016 as the channel 

attempted to reach equilibrium. Detailed maps are presented in the Appendix 2. 

Observations during the topographic survey in May 2020 confirm the areas of bank 

erosion and sediment deposition. The following photographs show the type, nature 

and range of sediment available from bank erosion. 
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The following photographs show some examples of sediment bars, either 

vegetated or active in May 2020.  
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The geomorphic evolution of the study reach between April 2018 and May 2020 is 

detailed in Chapter 5 in parallel with the geomorphic budget and more photographs 

of the reach are provided. 
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4 Chapter 4.  

Assessment of the flood attenuation by analysing 

hydrological empirical time series 

  

This chapter explores the empirical hydrologic data at the two gauging stations on 

each side of the study reach to identify signs of flood attenuation. The methodology 

used to analyse and compare the data is detailed. It is based on five metrics applied 

to selected high flow hydrographs classified in two periods: before and after the re-

meandering. It follows preliminary stages necessary to select the gauging stations, 

the peak flow events and defines the categories of events. The results are 

presented and discussed in the context of the changing climatic conditions over the 

period of analysis. 

4.1 Introduction 

When routed along the river channel, peak flow events travel as waves and 

attenuate gradually. This attenuation is visible through a decrease of the peak 

discharge, a flattening of the hydrograph and change of hydrograph shapes. It is 

linked firstly to the hydraulics in the channel (Dingman, 2009), water storage, 

friction from sediments and aquatic vegetation and secondly to the interaction 

between the flow and the floodplain when the bankfull discharge is exceeded.  

Above the bankfull discharge, overbank events celerity (speed) decreases as the 

flow spreads on the floodplain where the riparian vegetation increases the 

roughness and the areas of low topography help store water (Figure 4-1). 
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Figure 4-1: Idealized flood wave celerity–discharge relationships for a river with and  
without floodplain (Meyer et al., 2018) 

Re-meandering changes the geometry of the channel. By increasing the length of 

the reach and decreasing the slope of the channel, the flow is expected to slow 

down as opposed to the impacts recorded from straightening a meandering river 

(Wilcock and Essery, 1991) . Some re-meandered reaches are also designed to 

increase the frequency of reconnection of the channel with their floodplain. By 

introducing meanders and sinuosity, more diverse flow patterns develop and 

generate processes of erosion and deposition. These in turn change the geometry 

of the channel, the banks and the channel bed roughness as opposed to the 

impacts of channel straightening where the roughness decreases (Wilcock and 

Essery, 1991). In some cases, this leads to a local reconnection with the floodplain. 

In both cases, such reconnections are meant to slow down the flow by spreading 

it on a wider and rougher area. By doing so, it increases the flow attenuation. The 

magnitude of this impact is dependent on many factors such as the scale of the 

peak flow event, the topography of the floodplain, the type of vegetation in place 

on the floodplain, the season as there is more vegetation in summer than in winter. 

Characterising storm hydrographs brings valuable information on how catchments 

and rivers respond to natural factors (rainfall, snow, storm) or human activities 

(urbanisation, timber exploitation, river restoration). To assess flow attenuation in 

the contexts of catchment management (peatland restoration, urbanization), 

NFMs, channel-floodplain connection and riparian vegetation, changes in 

hydrograph characteristics are used. The main focus is often on quantifying the 

peak flow reduction after changes (Grayson et al., 2010, Shuttleworth et al., 2019, 
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Prince Czarnecki et al., 2014, Hung et al., 2018). A second common metric is the 

increase in lag time as an evidence of a slowdown of the flow (Grayson et al., 2010, 

Alderson et al., 2019, Black et al., 2021). The changes in hydrograph shape are 

also often characterised using a range of metrics: changes in intensity (less flashy 

response) (Grayson et al., 2010, Shuttleworth et al., 2019, Holden et al., 2006), 

skewness and kurtosis (Hung et al., 2018, Collischonn et al., 2017, Fleischmann et 

al., 2016), slope of rise and fall (Tardif et al., 2009, Prince Czarnecki et al., 2014, 

Suman and Bhattacharya, 2015). When projects focus more explicitly on flood-

wave propagation and interactions with river hydraulics, floodplain and riparian 

vegetation, the analysis tend to be more on flood wave velocity, peak travel times 

and flow attenuation (Anderson et al., 2006, Wenzel et al., 2014), skewness as a 

sign of floodplain interaction (Collischonn et al., 2017, Fleischmann et al., 2016). 

They also tend to make use of models.  

This shows the range of parameters and metrics available to assess flow 

attenuation. The description of the chosen metrics is given later in the methodology. 

The aim of this chapter is to answer the following research question: Has re-

meandering the Lake Wood - Nether Kidston reach had a positive impact on flood 

attenuation by increasing it based on the analysis of empirical long-term data? 

There were five hypotheses tested to answer it, each based on comparing the 

variation of a metric characterising one parameter of the hydrographs. There are: 

1. Flow attenuation is provided by the meanders through the increase of the 

peak flow travel times over the two periods (metric M0). 

2. Flow attenuation is provided by the meanders through the change in 

hydrograph shapes, with a decrease of the rate of rise and fall over the two 

periods (metric M2). 

3. Flow attenuation is provided by the meanders through the change in 

intensity of the hydrograph shapes, with a decrease of flashiness between 

the two periods. The metrics M1 (ratio of the peak flow value over the volume 

of the peak flow event) and M3 (ratio of the volume of the peak flow event 

over its duration) are used. 
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4. Flow attenuation is provided by the meanders through the change in 

intensity of the hydrographs, with a decrease of the peak storm flow values 

between the two periods (metric M1’). 

5. Flow attenuation is provided by the meanders through the change in 

hydrograph shapes with a widening of the Empirical Median Hydrograph 

(EMH) over the two periods (metric M4). 

4.2 Methodology 

The hydrological impact of re-meandering the reach Lake Wood - Milkieston - 

Cringletie - Nether Kidston was investigated based on hydrological time series from 

the gauging stations located on both ends of the reach. They are part of the long-

term catchment monitoring network setup as part of the EWP (see Chapter 3). It 

provides two years of baseline data prior to the implementation of the meanders 

(Baseline period) and up to 7 years of data post implementation (Meanders period).  

The data consist of water levels recorded at 15 minutes intervals. Stage-discharge 

relationships were established for most of the gauging stations from repeated flow 

measurements. These time series and the rating curves are reviewed annually by 

Wallingford HydroSolutions Ltd. (WHS Ltd, 2020). 

The methodology consists of comparing peak flow hydrographs characteristics 

before and after the implementation of the meanders using five metrics. The 

characteristics that were chosen are i) the peak flow travel times (metric M0) 

between Eddleston Village gauging station (EdV GS) (upstream) and Nether 

Kidston gauging station (NK GS) (downstream) on both ends of the re-meandered 

reach; ii) the shape of the peak flow hydrographs using five metrics (M1 to M4): 

- M1 - Hydrograph Shape Index (HSI): Peak flow / Volume of the peak flow 

event, 

- M1’ - Peak storm flow value (baseflow excluded), 

- M2 - Slope of rise and fall from baseflow to the peak, 

- M3 - Ratio: Volume of the peak flow event / Duration of the peak flow event, 

- M4 - Empirical Median Hydrograph (EMH): the reconstructed median 

hydrograph at a gauging station. 
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For the metric M4, the analysis was done as a before-after-control-impact (BACI) 

study. 

Prior to the calculation of these metrics, preliminary stages were necessary: 

- to define the two periods of comparison (Baseline and Meanders periods), 

- to select the metrics, 

- to select the gauging stations useful for this analysis, 

- to select peak flow events, 

- to define overbank and in-channel events. 

4.2.1 Preliminary stages to calculating the five metrics 

4.2.1.1 Defining the “Baseline” and “Meanders” periods 

The initial hydrological monitoring network was put in place in March 2011 (WHS 

Ltd, 2011) and has been expanded since. This is the start of the “Baseline period” 

where no meander had been implemented yet. It ends on 30/09/2013 when the 

first two re-meandered sub-reaches, Lake Wood and Cringletie, were connected 

and became part of the main channel. Then, starts the “Meanders period” on 

01/10/2013 with the first meanders starting to impact the flow. It runs until now. As 

presented in the Figure 4-2 and explained in section 3.6.2, the meanders have 

been implemented in phases. 
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Figure 4-2: Phasing of the re-meandering over the Lakewood-Milkieston-Cringletie-Nether Kidston 
reach. 

To account for this staged implementation, the Meanders was split into three 

groups of years of equal duration: 

- Group 2 - 01/10/2013 to 30/09/2015: two meanders, 

- Group 3 - 01/10/2015 to 06/09/2016: three meanders, considering that the 

NK sub-reach was acting partially as a new meander even if it was left 

incomplete in September 2015, 

- Group 4 - 07/09/2016 to now: all four meanders. 

For the remaining of the analysis the time frame is split as shown in Table 4-1: 

Table 4-1: Correspondence of years, periods and meanders implemented. 

Group of 
years 

Year of 
reference 

Date 

BASELINE PERIOD (2 years 7 months) 

G
ro

up
 1

 

Year 0 1/03/2011 - 30/09/2011 

Year 1 1/10/2011 - 30/09/2012 

Year 2 1/10/2012 - 30/09/2013 
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Group of 
years 

Year of 
reference 

Date 

MEANDERS PERIOD (7 years) 

G
ro

up
 2

 

Year 3 1/10/2013 - 30/09/2014 

Year 4 1/10/2014 - 30/09/2015 

G
ro

up
 3

 

Year 5 1/10/2015 - 30/09/2016 

G
ro

u
p

 4
 

Year 6 1/10/2016 - 30/09/2017 

Year 7 1/10/2017 - 30/09/2018 

Year 8 1/10/2018 - 06/09/2019 

Year 9 07/09/2019 - 30/09/2020 

 

4.2.1.2 Selecting the metrics 

M0 - peak flow travel time 

Peak flow travel time is the time for a well-defined hydrograph peak to travel the 

distance between gauging stations. There are some examples of research using 

this metric to quantify the impact some features within and nearby river channels 

have on flood wave propagation. Gregory et al. (1985) used it to show the effect 

vegetation debris dams had on delaying flood peaks in the context of a 4 km reach 

of the Highland Water before and after vegetation dams clearance. Based on the 

empirical data, 67 events recorded over 6 months (winter) with a 5 minutes interval, 

an equation was fitted through the scattered dataset and was used to compare the 

travel times with and without vegetation dams. A delay was found in relation to the 

presence of these dams and it decreased as the peak flow increased. Acreman et 

al. (2003) studied the effects removing embankments along part of the River 

Cherwell might have on flood risk by modelling hypothetical restoration scenario. 

They used the delays in peak hydrographs and the decrease in peak flow values 

of their simulated events as characteristics to estimate the impacts of such 

scenarios.  Sear et al. (2006) and Kitts (2010) took part in the New Forest EU LIFE3 

project where river and floodplain restoration and reconnection were implemented, 

as well as addition of large wood debris (LWD). The pre-restoration period lasted 
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7 months with 30 events selected and the post-restoration 8.5 months with 40 

events. The peak travel times were measured between two gauges with a 5 

minutes interval, over a 4 km long reach of which around 1/4 has been re-

meandered and 1/2 had LWD added. The authors found an increase in the average 

peak travel time. They highlighted the fact that such delay can affect the 

synchronisation of flood peaks with downstream tributaries, that in turn might lead 

to an overall increased flood risk. Wilkinson et al. (2010) compared the peak travel 

times of flow events before and after one pilot large offline runoff attenuation feature 

(RAF) was implemented in the Belford catchment (6 km²). The average peak travel 

time between 8 events pre-RAF and 3 events post-RAF had increased. The 

experiment ran by Wenzel et al. (2014) on a 282 m reach showed an increase of 

travel times due to one LWD for one flow of 3.5 years return period on a small 

mountainous stream in Germany. 

M1 - Hydrograph Shape Index (HSI) 

In the context of blanket peat restoration various metrics have been extracted to 

look for evidence of flood attenuation (Grayson et al., 2010, Shuttleworth et al., 

2019). In the final report of the “Making Space for Water project”, Allott et al. (2015) 

and Shuttleworth et al. (2019) using four key metrics (lag time, peak storm 

discharge, Hydrograph Shape Index (HSI) and rainfall runoff coefficient) to analyse 

the hydrological effects of blanket peat moorlands restoration in three micro-

catchments located in the South Pennines (UK). The methodology consisted in a 

before-after-control-impact (BACI) approach (over 15 and 32 months). The metric 

HSI is defined as the ratio of the peak storm discharge (l.s-1.ha-1) over the total 

storm discharge (m3.ha-1) (Figure 4-3). It is presented as a measure of the overall 

hydrograph shape and its intensity.  
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HSI = (P – C) / S 

A - I: separation of the baseflow and storm 

components 

C: baseflow value coincident to the peak 

flow value P 

P: peak flow 

S: volume of the storm event 

Figure 4-3: Hydrograph Shape Index calculation. 

It was used to describe the difference between the control catchment and the two 

restored micro-catchments. For both parameters, the baseflow component has 

been removed using the ‘constant slope’ method (McCuen, 1998) to only account 

for the storm-flow component of the hydrographs. It was then standardised against 

the control catchment to give a relative HSI (restored minus control) to separate 

the signal due to the restoration from the natural variation. For a storm event of a 

specific volume, if restoration works provide extra flow attenuation, the peak flow 

value will decrease and the ratio HSI also. This metric is considered to assess the 

potential enhanced flow attenuation from the meanders. 

M1’ - peak storm flow 

In the same context of peat blanket as for the metric M1 (Grayson et al., 2010, 

Shuttleworth et al., 2019), the peak storm discharge is used to estimate flow 

attenuation. Here, only the recorded peak flow value minus the related baseflow at 

is considered. In Sholtes and Doyle (2011) peak flow values are used directly for 

flood attenuation estimation, without removing the baseflow component. For the 

current research, the peak storm flow removing the baseflow component is 

considered. 

M2 & M3 - slopes to peak & volume to event duration ratio 

Other metrics can be used to assess the shape of catchment responses and 

hydrographs. Anderson et al. (2006) modelled the effect riparian revegetation might 

have on the flood wave celerity and on hydrograph shape. The slope of the 

hydrograph rising limb was used to compare the changes of hydrograph shapes 
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downstream from the vegetated areas for the different scenarios of vegetation and 

flow hydrographs. In the context of agricultural systems, Prince Czarnecki et al. 

(2014) analysed the impact low-grade weirs, usually used for nutrient 

management, had on increasing the flood risk of adjacent fields. Two of the metrics 

used were the “time to peak” and the “time to base” from the peak value between 

pre and post weir-implementation. Acreman et al. (2003) reported that more rapid 

rises and falls of hydrographs’ limbs would occur if a river channel was 

disconnected from its floodplain storage because of embankments.  

The rate (or slope) of rise and the rate of fall of the hydrographs limbs have been 

selected as ways to assess the change in hydrograph shapes. They are the metrics 

M2 (a and b).  

Grayson et al. (2010) used a metric to assess how the restoration of a peatland 

blanket changed how flashy the catchment runoff response was. The ratio of ‘Total 

stream discharge (area S under the hydrograph in m3) divided by the total duration 

of the event (tEvent in hour)” (Figure 4-3) was defined for each flow event. A flashier 

response would be characterised by higher values of this ratio. This was selected 

and defined as the metric M3. 

As hydrographs are becoming less flashy as flow attenuation increases, a 

decrease over the two periods of the metrics M2 and M3 would suggest flow 

attenuation is occurring. These metrics were used to estimate the impacts of re-

meandering. 

M4 - Empirical Median Hydrograph 

In the context of flood studies, design flood hydrographs are necessary and are 

built from a characteristic hydrograph shape and a design peak flow. The 

commonly used methods combine statistical data of extreme rainfall events and 

modelling of the catchment. An alternative method was developed by Archer et al. 

(2000) that consists of building an empirical median hydrograph (EMH) from the 

observed annual maximum events available at a gauging station. This EMH is then 

considered as more realistic and representative of the river and its catchment than 

design hydrographs defined from models using static characteristics of 

catchments. The process to build it is as follows. For each event, selected 



- 94 - 
 

 

 

percentages of the peak flow value are computed. For each of these percentages, 

the duration of exceedance (DOE) relative to the time at the point of peak flow are 

computed for each the rising and the receding limbs. Then for each of the 

percentages, the median duration (DOE) is determined, and a non-dimensional 

empirical median hydrograph (EMH) with respect to the discharge is built.  

The Office of Public Works of the Republic of Ireland has updated the Flood Studies 

Report (NERC, 1975) through the Flood Studies Update (FSU) Research 

Programme. In the Volume III of the FSU Technical Research Report,  O’Connor 

et al. (2014) presents the method from Archer et al. (2000) as the starting point of 

the Hydrograph Width Analysis (HWA) method that has been chosen to construct 

the hydrograph to accompany a flood peak of given return period at gauged and 

ungauged sites in Ireland (O’Connor et al., 2014). As part of this research 

programme, a standalone software package called Hydrograph Width Analysis 

(HWA) was created and made available to construct such EMHs. 

As an EMH is meant to be more realistic and characteristic of a catchment at its 

gauging station, the assumption is made that it should not change over time if no 

major changes take place within its catchment limits. On the contrary, if NFM 

measures were implemented and were enhancing flow attenuation, the EMH 

should change, with a shape becoming wider to account for the storage 

(Woltemade and Potter, 1994) and slowing down of the flow. Therefore, the 

amplitude of change in the shape between these two EMHs (with and without 

NFMs) is meant to indicate the presence of flow attenuation.  

This approach has then been selected as the last metric M4 to assess the change 

of hydrograph shapes downstream from the meanders. 

4.2.1.3 Selecting gauging stations 

The metrics used to look at the effects of the meanders on peak flow attenuation 

were calculated using the recorded water levels time series (15 minutes interval) 

and the rated flow time series at individual gauging stations.  

Depending on the metric (Error! Reference source not found.), different gauging 

stations were used among the following (Figure 4-4): Darnhall Mains (DM GS), 
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Eddleston Village (EdV GS), Nether Kidston (NK GS) and Burnhead Farm 

Upstream (BHFu GS). 

a)  

 
 

 

b) 

 

 
Figure 4-4:  Study reach showing a) gauging station locations b) at the scale of the re-meandered 

reach. 
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Table 4-2: Gauging stations used for the metrics. 

Metric / gauging station DM GS EdV GS NK GS BHFu GS 

M0 - Peak travel times  X X  

M1 - HSI   X  

M2 - Rate of rise and fall   X  

M3 - Ratio (Vol./t)   X  

M4 - EMH X  X X 

 

Around 1.7 km downstream from NK GS is the Kidston Mill gauging station (Figure 

4-4a). It has a more accurate rating curve due to an increasing number of gaugings, 

its setting and the channel geometry. Its dataset is therefore considered as more 

consistent than for NK GS. It could have been used as the reference instead of NK 

GS. However, a large pond was created in 2017 next to it to act as a NFM measure, 

provide flood storage and benefit the local biodiversity. As a result, it influences the 

hydrological time series recorded at this gauging station. Using them to analyse 

the flood attenuation from the re-meandered reach would have been unsuitable as 

the influence from the pond would have been included in the dataset. 

The Milkieston Toll (MT GS) and Cringletie (CR GS) gauging stations are located 

within the re-meandered reach (Figure 4-4). The second replaced the first one 

when the re-meandering occurred. There were not used in this research as the 

dataset for MT GS had not been georeferenced and was therefore not useful for 

making comparisons. 

 

Darnhall Mains GS 

Darnhall Mains gauging station is located on the main stem, 3 km upstream from 

the re-meandered reach and drains a catchment of 35.2 km². It consists of an 

automatic weather station and a stream gauging station (Figure 4-4a). 
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Eddleston Village GS 

Eddleston Village gauging station is located 1945 m upstream from the start of the 

re-meandered reach (Lake Wood). Peak flow events were used as the starting 

point of the travel times. This gauging station is the closest to the re-meandered 

reach in the upstream direction. Over this distance of 1945 m, three tributaries join 

in (Figure 4-4b): 

- the Dean Burn joining 315 m downstream from the gauging station on the 

right bank, which drains a 1.76 km² sub-catchment of rural lands to the 

confluence, 

- the Longcote Burn joining 50 m downstream from the gauging station on 

the left bank, which drains a 7.28 km² sub-catchment of rural lands to the 

confluence, 

- the Wormiston Dean joining 105 m upstream from the start of the re-

meandered reach (Lake Wood) on the right bank, which drains a  

3.51 km² sub-catchment of rural lands to the confluence. 

Over this distance, high flows can go over bank and spread within the fields 

immediately downstream the Eddleston Village. 

Nether Kidston GS 

Nether Kidston gauging station is located 188 m downstream from the lower end 

of the re-meandered reach (Nether Kidston). This gauging station was used as the 

end point for the travel times. A small nameless tributary joins in on the right bank, 

immediately upstream from Cringletie Bridge. It drains a sub-catchment  

<0.3 km². Immediately downstream from NK GS (25 m), the Windylaws Burn joins 

in after draining a 2.6 km² rural sub-catchment to the confluence (Figure 4-4b). 

BHFu GS 

Burnhead Farm Upstream gauging station (BHFu) is located in the eastern part of 

the catchment (Figure 4-4b). It records water levels on the Burnhead tributary that 

flows into the Longcote Burn before joining the Eddleston Water on its left bank in 

Eddleston Village. It is operated by Forest Research and is part of a larger scale 

monitoring network that monitors the effectiveness of woodland planting on the 

Longcote catchment. This station only drains a 0.43 km² catchment with pasture 



- 98 - 
 

 

 

as land use and where no NFM measures have been implemented. Therefore, it 

can be used as a control catchment. 

4.2.1.4 Selecting peak flow events 

With a focus on estimating the impacts from the re-meandered reach, NK GS was 

used as the starting point for the analysis of the time series as it is located 

immediately downstream from it. Distinct peak flow events were then selected 

using a Peak-Over-Threshold (POT) approach. With a value of 3.7 m3/s, 50 initial 

events were selected for the Baseline period and 85 for the Meanders period. As 

the number of suitable events for the calculation of the five metrics decreased 

during the selection process, a few additional small events were added to extend 

the sample size to 59 events for the Baseline period and 93 events for the 

Meanders period (Figure 4-6). 

Two software packages were used to select these events: HWA and HEC-

DSSVue. HWA is a free software developed by the Department of Engineering 

Hydrology of the National University of Ireland Galway as part of the Flood Studies 

Update (FSU) programme for the Office of Public Works, Ireland. It is used to select 

peak flow events, then filter them and derive the characteristic hydrograph at the 

selected gauging stations. The characteristic hydrograph is a “semi-dimensionless 

hydrograph defined to represent the characteristic shape of flood hydrographs” 

(O’Connor et al., 2014). The second software, HEC-DSSVue, is one of the free 

software utilities developed by the U.S. Army Corps of Engineers as part of their 

“Hydrologic Engineering Center (HEC)”. It is based on HEC-DSS, a database 

system designed to store and retrieve sequential data such as time series. It allows 

editing, manipulating, and graphing these data.  

The final number of events was dependent on the metric (Figure 4-5): 

- M0 required paired events with peaks clearly identifiable at the two gauging 

stations (EdV and NK GS). 

- M1, M1’ to M3 required events with smooth shape and receding limbs 

returning to baseflow levels. So-called smooth shape stands for continuous 

limbs without secondary smaller rises related to additional rainfall events. 
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- M4 required events with smooth shape but not necessarily returning to 

baseflow level. 

 

 

 

 

Figure 4-5:  Examples of the hydrographs’ selection criteria. 

The selection process remains subjective, but the use of the two software systems 

helped minimize this bias. The number of selected events is limited especially for 

the metrics M1 to M3. This is due to the number of multiple peaks, the very quick 

response of the catchment to rainfall multiplying successive events with the flow 

having insufficient time to recede to baseflow levels. 

The selection process and final number of events are presented in Figure 4-6 and 

Table 4-3. 
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Figure 4-6: Workflow of selecting peak flow events for the different metrics M0 to M4 (M0: peak 
flow travel times; M1: Hydrograph Shape Index; M1’: Peak storm flow value; M2: Slope of rise and 

fall from baseflow to the peak; M3: Volume of the peak flow event / Duration of the peak flow 
event; M4: Empirical Median Hydrograph). 
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Table 4-3: Sample size for all the metrics. 

 Baseline period Meanders period 

 M0 
M1  

M2 M3 
M4* M0 

M1  
M2 M3 

M4* 

Initial events 59 93 

All final events 46 17 36 / 42 / 
38 

68 18 45 / 49 / 
66 

Overbank events 24 7  41 7  

 - Winter & overbank events 11   37   

 - Summer & overbank events 13   (4)   

In-channel events 22 10  27 11  

 - Winter & in-channel events 8   23   

 - Summer & in-channel events 14   (4)   

* sample size at the three gauging stations BFU / DM / NK 

4.2.1.5 Defining overbank and in-channel events 

Overbank events encounter different processes as the river flow spreads on the 

floodplain.  Consequently, it is relevant to make a distinction between in-channel 

and overbank events to assess the potential impacts from the re-meandering of the 

Lake Wood - Nether Kidston reach on flood attenuation. 

This distinction involves defining a water level or discharge threshold above which 

the flow spills over bankfull in the Lake Wood-Nether Kidston reach. It must be 

made separately for the Baseline and the Meanders periods as the geometry of the 

channel has changed due to the re-meandering and might involve a change in this 

threshold. The precise timing, locations and nature of flow at the point it goes over 

bank is not homogenous along the reach. Connections between river channel and 

floodplain can be very localised due to variable low bank topography (Fleischmann 

et al., 2016). Therefore, defining this threshold value remains approximative. 

To define this threshold, it is however possible to use data such as: field 

observations during high flow events correlated with water level recordings, or 

reference discharges from long term hydrological time series, or outputs from 

modelled storm events done by the subcontractor cbec eco engineering (Cbec eco 

engineering, 2016b) during the design phase of the re-meandering. 
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For the Baseline period 

Field observations 

During the Baseline period, no relevant field observations of storm events have 

been identified to help defining the overbank threshold over the future re-

meandered reach. Field observations were made during fieldwork (flow gauging) 

focusing on other areas than the future re-meandered reach. If storm events were 

witnessed at NK GS on 17/06/2012 and 22/06/2012, there is no observation of its 

extent in the upstream reach. 

Estimates of reference flow values 

In the absence of field observation, reference discharges can be used. Although 

defining bankfull conditions is known to be uncertain (Johnson and Heil, 1996), its 

equivalent in return period is often reported as being between one and two years 

(Wilkerson, 2008, Schneider et al., 2011). Therefore, the return period of two years 

can be considered as a reasonable equivalent to the bankfull discharge. Analysis 

of the scoping report (Werritty et al., 2010b) and modelling reports (Cbec eco 

engineering, 2013, Cbec eco engineering, 2016b), gives very variable estimations 

of Q2y for existing conditions: 

- Q2y = 15.3 m3/s at Cringletie Bridge, from bankfull stream power 

calculations done as part of a geomorphologic audit (Werritty et al., 2010b). 

- Q2y = 17.2 m3/s at Eddleston Village, from desk-based calculations using 

FEH v3 (Flood Estimation Handbook) and ReFH (Revitalised Flood 

Hydrograph) as an input for modelling the reach from upstream Lake Wood 

to downstream Nether Kidston and analyse the effects of scenarios of river 

restoration on the flood extents (Cbec eco engineering, 2013). The author 

explains that “there is some uncertainty as to the magnitude of the ‘bank-

full’ flow at the study site. The statistical 2-year event (as calculated using 

the WinFEH methodology) is ‘out-of-bank’ at a number of locations through 

the site (for both design and existing conditions). […] There therefore 

appears to be a lot of out-of-bank flow at WinFEH-defined 'bank-full'. In 

reality, it is likely that geomorphic bank-full flow for the site is at a return 

interval of between 1 and 2 years” (p12). 
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- Q2y = 13.3 m3/s at Cringletie Bridge, from the calculation from ReFH v2 as 

an input for modelling the bend immediately downstream from Cringletie 

Bridge (Cbec eco engineering, 2016b). 

Value of Q2y has also been estimated using available outputs (Q2y) from ReFH at 

8 different gauging sites along the Eddleston Water. They were used to define 

specific Q2y discharge in relation with the catchment area drained at each location. 

These areas were reduced by -0.75 km² following a detailed analysis of the 

topography close to the source of the Eddleston Water run by Dr Leo Peskett 

(Peskett, 2020). All the points scale with area, including Nether Kidston and March 

Street (Figure 4-7).  

 

 
 

 
Figure 4-7: Specific Q2y along the Eddleston Water main stem using values from ReFH. 

March Street GS is the gauging station with the longest record of the Baseline 

period with recorded water level time series starting in July 2005. Using work done 

in July 2020 by a subcontractor, available annual maximums (AMs) were estimated 

at this gauging station and used to calculate Q2y over the period 2006-2013. It was 

then scaled down to NK GS, considering the linear relationship identified previously 

(Figure 4-7) between the catchment area at the gauging sites and the reference 

flow values Q2y. The result is a value of 16.3 m3/s (Table 4-4). 
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Table 4-4: Q2y estimate at March Street and NK GS from annual maxima values  
(data from SEPA). 

 

The summary of the estimated reference flows Q2y close to NK GS are presented 

in Table 4-5: 

Table 4-5: Summary of Q2y estimation close to NK GS. 

 

For both locations (Cringletie Bridge and NK GS), these estimations vary but 

remain close. Comparison of the values from ReFH and the time series analysis at 

NK GS gives two estimates: 16.29 and 18.06 m3/s. The difference is small but still 

important for a river the size of the Eddleston Water. 

These estimations must be considered with their sources of uncertainty. Some are 

linked to the field measurements from the equipment used to measure flow velocity 

or discharge (accuracy of the Acoustic Doppler Current Profiler (ADCP) or current 

meter), from measuring high flow values when the flow spills over bank (part of the 

flow uncounted for), the errors during the manipulation of the field equipment or the 

changes over time of channel cross sections used for flow measurements in the 

case of natural channels (morphological changes, erosion). Other arise from the 

desk-based methods such as the method of interpolation with rating curves 

(approximation of cross sections and velocity field), the FEH method and ReFH 

software to estimate reference flow values (uncertainty of the catchment 

descriptors and models). 

Year 
beginning

Q peak 

(m3/s)

Ranked 

AMs (m3/s)
at March 
Street GS

Best estimate 
at Cringletie 

Bridge

Best 
estimate at 

NK GS
15/07/2005 20.50 14.62 CA (km²)* 68.55 53.25 54.09

15/07/2006 14.62 17.42 Q2y (m3/s) 16.04 16.29
15/07/2007 m 20.50 * CA reduced by 0.75 km²

15/07/2008 20.65 20.65 QMED
15/07/2009 23.89 23.89
15/07/2010 17.42 28.40
15/07/2011 28.40 34.36
15/07/2012 34.36

Date Source Q2y (m3/s)

2010
bankfull stream 
power calculations 

15.3 Cringletie Bridge

2013 ReFH 17.2 Eddleston Village
2016 ReFH 13.3 Cringletie Bridge
2016 ReFH 18.06 NK GS

AMs 16.29 NK GS
AMs 16.04 Cringletie Bridge

2020

Location of the Q2y estimation
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Modelling outputs 

Hydraulic models have been built by Cbec to analyse the impact of scenarios of 

river re-meandering of the reach Lake Wood - Nether Kidston. Some outputs show 

the extent of storm events under baseline conditions as water depths or absolute 

water levels (AOD). 

Modelled absolute water levels can be compared with recorded water level from 

data logger at NK GS or MT GS (Figure 4-4b) and threshold water level can be 

inferred.  

Outputs as water depth are of no use as they consist of water depth above the 

channel bed. The exact location of the loggers used at NK GS and MT GS is not 

known with respect to the channel bed. The channel bed heights in the models are 

interpolated from one-off points. Outputs as absolute water levels are of no use as 

the only result available shows the extent of Q2y reaching far overbank (Cbec eco 

engineering, 2013). As explained above, the author of the model notes “some 

uncertainty as to the magnitude of the ‘bank-full’ flow at the study site” (p12). 

Consequently, the uncertainty from modelled water depths and absolute water 

levels is considered too high to be useful for defining the threshold value.  

Another issue was also the fact that these hydraulic models were built using 

different software (SRH-2D), some of them being commercial software that require 

a licence that was not available (MIKE FLOOD, SMS). 

Conclusion 

This analysis shows that, for the Baseline period, there is no data available with a 

sufficient level of accuracy to define the threshold water level to split storm events 

between overbank or in-channel events. The decision was made to use a common 

threshold with the Meanders period as defined below. 

 

For the Meanders period 

During the Meanders period, observations were made during two field visits for the 

storm events on 06/10/2019 and 09/02/2020. Photographs of the re-meandered 
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reach taken at a known time and the associated recorded water levels at NK GS 

can be used to estimate a limit for overbank events: 

- on 06/10/2019 at 15:00 the water level at NK GS reached 1.09 m and the 

river was overbank along most of all the re-meandered sub-reaches, 

- on 09/02/2020 at 15:00 the water level at NK GS reached 0.89 m and with 

an extent effectively smaller than on 06/10/2019, the river was overbank 

on all the re-meandered sub- reaches (Figure 4-8). 

 
Photos of the 09/02/2020 flood event from upstream to downstream the re-meandered reach 

Location LW - #34 (15:00 hrs) 

 

Location LW - #39 (15:20 hrs) 

 
Location MK - between #41 & 42 

 

Location MK - #45 
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Location CR - #47 (15:25 hrs) View of CR upstream from Cringletie Bridge 

View of NK downstream from Cringletie Bridge: 

09/02/2020 at 15:00 January 2019 (from Tweed Forum) 

 

Figure 4-8:  Photos of the water levels along the re-meandered reach during the storm event  
on 09/02/2020 at 15:00. 

 
These photos show the extent of the storm event on 09/02/2020 around 15:00. The 

water did not spread evenly along the whole reach, as some banks are high in 

some areas (especially in outer bends), and in other areas localised connections 

between river channel and floodplain can occur. However, the four sub-reaches 

show evidence of overbank flow. 

The two photos across Cringletie Bridge show water on the right bank after a strip 

of non-flooded land. From field observations, it is known that these two areas are 

low point areas and vegetation from wet environment is visible. This corroborates 

with topographic LiDAR data. It is therefore possible that this water could be made 

of water from the river that bypassed the channel upstream through a low point 

area then accumulated there, or runoff water seeping at the feet of the nearby 

hillslopes then accumulating as a higher river level stopped it from reaching the 
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channel, or groundwater following the same process, or the water table within the 

floodplain alluvium aquifer fed by the river flow an accumulating in the low point 

areas. Such occurrence of runoff and groundwater interaction with lagged river 

stage or the opposite is described by Ó Dochartaigh et al. (2012) in another part of 

the catchment three kilometres upstream and with a similar geology. 

Defining one specific water level at NK GS as a threshold to separate overbank 

and in-channel events remains an approximation. It lies mostly in the variability of 

the topography that lets the flow go over bank in some areas only, groundwater 

and runoff from hillslopes can impact the amount of water from the river in 

floodplain areas and the amount of vegetation on the banks can make it difficult to 

clearly delineate the bank. Although part of the water visible on these two photos 

can have multiple sources, evidence of river levels higher than bankfull on most of 

the photos prove that the storm event on 09/02/2020 at 15:00 was an overbank 

event. 

Conclusion 

From these data, the decision was to set the threshold at 0.90 m for the recorded 

water level at NK GS. It equals a discharge of 5.6 m3/s and a return period of one 

year (Q1y) according to the flow time series analysis over the period 2011-2021  

(Figure 4-17). Events during the Meanders period were then split into two groups: 

>0.90 m for overbank events, <0.90 m in-channel events.  

 

Overall conclusion 

Sufficient data was available to define a threshold for the Meanders period, but that 

was not the case for the Baseline period. The re-meandering has been designed, 

at least for Cringletie sub- reach, to “improve connectivity between the channel and 

its floodplain”. That was to be achieved by designing “a bed to bank-top elevation 

that permits a more natural frequency of over-bank flow” (p1) (Cbec eco 

engineering, 2012a). Although the design is meant to reduce the bank-full depth 

compared to the Baseline period, as described before there is no data, or the data 

is not available, to estimate this difference.  
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The decision was made to use a common threshold of 0.90 m to make the 

distinction between overbank and in-channel event for both periods. This means 

the number of overbank events during the Baseline period will be somehow 

overestimated. 

This distinction between overbank and in-channel events was only possible at NK 

GS. Efforts were specifically made at this gauging station, with field visits to check 

the extent of individual flood events. The data for the other gauging stations used 

for this research (DM GS, EdV GS, BHFu) were not suitable. No efforts were made 

to collect field data as these stations were too far away from the re-meandered 

reach. 

4.2.2 Calculation of the five metrics 

4.2.2.1 M0 - Peak travel times 

As described on Figure 4-6, once the initial events were scrutinized, they were 

paired between the two gauging stations EdV GS and NK GS.  

Using the water level time series, the times of arrival of each individual peak value 

at both stations were extracted using HEC-DSSVue. Travel times were then 

calculated as the time difference between the paired peaks from the downstream 

NK GS to the upstream Edv GS. Events with negative or equal to zero travel time 

were discarded. Indeed, such cases do not relate to the channel itself but rather to 

the complexities of the catchment such as the inflows from the two tributaries (Dean 

Burn, Worminston Dean) between the two gauging stations or the variations of 

response from the Longcote Burn sub-catchment. Acreman et al. (2003) and 

Phillips (2020), recorded the same situations and related them to rainfall spatial 

variations and inflows from the various tributaries.  

The sample of peak flow events was split into categories to analyse the change in 

travel times: overbank events, in-channel events, winter events (1st Oct to 31st 

March) and summer events (1st Apr to 30th Sept) (Table 4-3).  

As the distance travelled by the flow has increased between the two periods by  

231 m (Figure 4-9), it was expected travel times would increase. 

The list of the selected events for this metrics M0 is presented in the Appendix 3.  
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Figure 4-9: Distances between gauging stations. 

4.2.2.2 M1 - Hydrograph Shape Index (HSI) 

The metric HSI was calculated at NK GS, therefore the catchment area was not 

considered, and the unit was (s-1). 

Using the flow time series at NK GS, and as described on Figure 4-6, once the 

initial events were scrutinized, only hydrographs with smooth rising and falling 

limbs, reaching the inflection point on the recession curve that separates the storm 

event and the baseflow components were selected.  

Data analysis and graphing software packages (OriginPro2020b, HEC-DSSVue, 

Excel) were used to define the inflection point, estimate the baseflow component 

and calculate the volume of each flow events. For each flow event, this process 

was followed (Figure 4-10): 

- the flow time series were transformed into log values, 

- from the semi-logarithmic plot, the best two linear curves were 

automatically fitted on the recession limb to define the inflection point (I), 

- the initial flow value when the storm component separates from the 

baseflow (A) was identified, then the linear equation of the baseflow 

component was defined between points A and I, 
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- this equation was then used to determine the baseflow value (C) coincident 

to the peak flow value (P) and to calculate the area (S) between the 

hydrograph and the baseflow as the volume of the storm event, 

- HSI was calculated as the ratio: (P – C) / S. 

 

 
Figure 4-10: Workflow applied to calculate the baseflow component (red lines are the best fitted 

linear curves, grey area is the volume of the storm event). 
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The sample of peak flow events was split into categories to analyse the change in 

HSI: overbank events and in-channel events. The final sample sizes are presented 

in Table 4-3. The list of the selected events for this metric M1 is presented in the 

Appendix 3 and their hydrographs in Appendix 4.  

4.2.2.3 M1’ - peak storm flow 

As described above, M1’ is the difference between the peak flow of the hydrograph 

and its baseflow value (Q – C). The same events as the ones for M1 were used. 

The list of the selected events for this metric M1’ is presented in the Appendix 3 

and their hydrographs in Appendix 4. 

4.2.2.4 M2 & M3 - Rates of rise and fall & Ratio (S/tEvent) 

As described on Figure 4-6, the same smooth flow events selected for the metric 

M1 were used to calculate the metrics M2 and M3. 

Using the flow time series at NK GS, the parameters to calculate the rate of rise 

M2a, the rate of fall M2b and the ratio M3 were available from the analysis done to 

calculate M1 (Figure 4-3): 

- M2a (m3/s/h) was calculated as the time to rise from baseflow (A) to the 

peak (P) divided by the time to rise, 

- M2b (m3/s/h) was calculated as the time to fall from the peak (P) to the 

baseflow (I) divided by the time to fall, 

- M3 (m3/h) was calculated as the ratio: S / tEvent. 

The sample size was the same as for the metric M1 (Table 4-3). The list of the 

selected events for this metric M2 presented in the Appendix 3 and their 

hydrographs in Appendix 4. 

4.2.2.5 M4 - EMH 

Contrarily to the initial method to build EMH (Archer, 1989), the following analysis 

was not carried out with annual maxima, but with peak flow events based on a 

Peak-Over-Threshold (POT). As described on Figure 4-6, only flow events with 

smooth rising and falling limbs were selected. 

For Darnhall Mains and Nether Kidston gauging stations, the metric M4 consists of 

two EMHs built for the selected flow events of the Baseline period and the 



- 113 - 
 

 

 

Meanders period, respectively. Because of the limited extent of the time series, 

especially for the Baseline period that is limited to 2 years and 8 months, the EMH 

have been built using events with a peak flow value larger than 3.7 m3/s at NK GS 

and 2.5 m3/s at DM GS to reach a similar sample size. 

Using the flow time series, these initial events were filtered with unsuitable peaks 

being discarded, with exclusion typically involving multiple peaks, incorrect 

identification of the peak by HWA, uncommonly very flat peaks, and barely 

distinguishable peaks. Single-peaked hydrographs were favoured, but to achieve 

a larger sample size, some events with hydrographs without full rise or receding 

limbs and from complex hydrographs were selected (example from Figure 4-11). 

Care was taken to select the components that were showing a reasonably 

representative shape.  
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Figure 4-11: Examples of selected hydrographs and their components where only the black part is 
considered for further analysis, the blue part is discarded - Events #2, 11, 21 at NK GS during the 

Baseline period. 

Because the range of the peak flow values is large (between 3.7 to 17.9 m3/s), and 

HWA does not adjust its vertical scale to very small flows, selecting the components 

of the small hydrographs with HWA would lead to inaccurate results. They were 

scrutinized with HEC-DSSVue which is more flexible in order to select the 

components of the limbs more accurately.  

The dataset at Burnhead Farm Upstream gauging station consisted of recorded 

water levels. There was an insufficient number of flow gauging to define a rating 

curve, therefore there is no flow value at this station. Tests were made at NK GS 

to compare the EMHs built from water levels and from flow values (Figure 4-12). 

As the results display differences, it is not possible to compare EMHs built from 

flow values at NK and DM GS and EMHs built from water levels at BFU GS. 

Consequently, the control gauging station Burnhead Farm Upstream was 

eventually dropped from the analysis. 
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Figure 4-12: Differences of the EMHs at NK GS for the water levels dataset  
(black line) and the flow dataset (blue line). 

For the remaining two gauging stations (DM GS, NK GS), the EMHs were built 

automatically by HWA, based on the final selected events. Because of the lack of 

information on how to define the limit between overbank and in-channel events at 

DM GS, only one EMH was built for each of the gauging stations considering all 

the events together and drawing comparisons. Finally, at each gauging station the 

difference between the two EMHs was calculated to quantify for each percentage 

of the flow, the difference of DOE between the baseline period and the Meanders 

period (Figure 4-13). 
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Figure 4-13: Workflow applied to calculate the EMHs. 

This whole process was carried out at Darnhall Mains GS to compare the effects 

from the other NFMs located in the headwater to the effects from the meanders at 

NK GS, and at Nether Kidston GS to look for evidence of attenuation from the 

meanders. 

The list of the selected events and their hydrographs for this metric M4 are 

presented in the Appendix 5 for NK GS and Appendix 6 for DM GS. 

4.2.3 Assessment of the changes in the metrics over the two periods 

With the intention to assess the presence of significant changes in all metrics 

between the Baseline period and the Meanders period, values were compared to 

identify differences. Then exploratory statistics were calculated with median values 

and quartiles to quantify these changes for each category of events. Finally, 

statistical tests were performed using the open-source software R and RStudio. 

For each metric, the data were first tested for normality with a Shapiro-Wallis test, 

then depending on the result, a parametric or non-parametric test was performed. 

For parametric tests, because the data were split into two groups, either Student t-

test, Welch test or Mann-Whitney-Wilcoxon test was then run to assess the 



- 117 - 
 

 

 

significance of the changes in the metrics. The homogeneity of the variances was 

tested to choose between these three tests. 

The metric M4 consists of curves (EMHs) built from Duration Of Exceedance (DOE) 

values (X) at set percentages of the peak (Y). The rising and falling limbs of the 

two EMHs built at each gauging station for Baseline events and Meanders events 

were tested for normality using a Shapiro-Wallis test. Depending on the result, a 

paired parametric or paired non-parametric test was performed (paired t-test or 

Wilcoxon signed-rank test). 

For all the tests, the values with more than 95% confidence in the final test (p-value 

< 0.05) indicated the change in the metric between the two periods or two seasons 

was significant and could be linked to the re-meandering of the reach.  

The results of the tests are presented in the following section 4.3. 

4.2.4 Sensitivity analysis to the overbank threshold flow value 

As described in section 4.2.1.5, defining the threshold in flow value between 

overbank and in-channel events was challenging. Therefore, a sensitivity analysis 

was carried out by lowering (sensitivity 1) and increasing (sensitivity 2) the flow 

threshold value by 0.8 m3/s.  

The value of the Factorial Standard Error (FSE) attached to the rating curve of the 

Nether Kidston gauging station is defined in the annual review of the water levels 

time series and the gaugings done by WHS Ltd. The standard deviation for the 

rating curve was back calculated using the following equation (Griffin et al., 2021):  

 

with σ the standard deviation and N the sample size of the gaugings. 

With a FSE of 1.14 and a sample size of 39, the standard deviation equals 0.8 m3/s. 

This value represents 14.3% of the initial threshold flow value of 5.6 m3/s.  

Therefore, for the metrics considering separately overbank and in-channel events, 

the core results are considered with a threshold value of 5.6 m3/s (0.90 m water 

level) at NK GS and additional results are presented with a flow value of 4.8 m3/s 

(sensitivity 1) and 6.4 m3/s (sensitivity 2). 
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4.3 Results 

For all these hypotheses that are tested using a before and after approach 

(Baseline period vs Meanders period), underlying assumptions are that flow 

attenuation depends on the size of the event, especially between in-channel and 

overbank events. A further assumption is that the season influences the flow 

attenuation. 

The results of the analysis of the five metrics are presented in the next paragraphs. 

4.3.1 Initial peak flow events seasonality 

As described in section 4.2.1.4, distinct peak flow events were selected at NK GS 

using a Peak-Over-Threshold approach. A total of 50 events in the Baseline period 

and 90 events in the Meanders period were selected. Their season distribution was 

found to have shifted over the two periods (Figure 4-14). During the Baseline period 

(a), events are more evenly distributed with 52% during the summer period (April 

to September) and 48% during the winter one (October to March). During the 

Meanders period (b), the events mostly took place during winter (89%) compared 

to summer (11%).  

 

 

Figure 4-14: Seasonal distribution of the initial flow events at NK GS, the first event as a solid dot  
(from HWA). 

To assess whether this shift was specific to the Eddleston catchment and therefore 

related to the implementation of NFMs, a comparison was made with other nearby 

catchments. The Shiplaw gauging station operated by SEPA and located in the 
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upper half of the catchment was used to represent the behaviour of the Eddleston 

catchment over the period 2001-2020. The data were compared to two nearby 

catchments of the River North Esk at Dalmore Weir GS and the Manor Water at 

Cademuir GS where there has been no NFM measures implemented (Figure 4-15). 

With an extent of 79.9 km² drained at Dalmore GS, 60 km² at Cademuir GS 

(National River Flow Archive, undated), they compare with the catchment drained 

at Shiplaw GS (28.6 km²). 

Using the 15-minutes flow time series from SEPA, the 100 highest peak flow events 

were extracted between 2001 and 2020. They were then split into two periods:  

- 2001-September 2013 as an extended Baseline period, 

- October 2013 - March 2020 as the Meanders period. 

The distribution of the events by month is presented on Figure 4-15. In all three 

cases the same trend is visible. The events during the extended Baseline period 

are more evenly spread over the whole year than the ones during the Meanders 

period which concentrate during winter months. This suggest that the NFMs 

implemented in the Eddleston catchment are not responsible for the shift towards 

more frequent high flow events during winter as the same trend is visible on two 

nearby catchments where no NFMs were implemented. 
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Figure 4-15: Location of the River North Esk and the Manor Water catchments and the 

seasonality of the 100 highest events over the two periods (from FEH) 
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4.3.2 Reference peak flow values 

A flood frequency curve was built at NK GS to compare the magnitude of the events 

between the two periods. It is recognised that the observed data provide a mixed 

sample, which therefore breaches the normal assumption of stationarity, but the 

analysis here is used to provide context in the following section rather than a 

definitive statement of flood risk.  Using 10 years of data (03/2011 to 02/2021), the 

annual maxima (AMs) were identified, ranked and their probability of exceedance 

P(X) and non-exceedance F(X) were calculated using the Gringorten plotting 

positions (Gringorten, 1963). The best fitting curve was defined to give the 

estimated discharges for specific return periods. The results are presented on 

Figure 4-16 and Figure 4-17.  

 

 

 

Figure 4-16: Estimation of the return period at NK GS based on 10 years of data  
(03/2011-02/2021).  
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Figure 4-17: Discharges time series at NK GS and reference values. 

Using these estimations allows to compare the selected events: 

- For the metric M0: 

o for the Baseline period, there is one event above the estimated Q10 

years, three between Q10 and Q5 years, one between Q5 and Q2.5 

years, the rest below Q2.5 years, 

o for the Meanders period, there are two events between Q5 and 2.5 

years, the rest below Q2 years. 

- For the metrics M1, M2, M3: 

o all the selected events for the Baseline period have a peak flow 

value estimated below Q2 years, 

o for the Meanders period, one event has an estimated peak flow 

value around Q3 years while the others are below Q1.5 years. 

4.3.3 M0 - The changes in peak travel times 

As defined in section 4.2.2.1, the metric M0 is the time for a well-defined 

hydrograph peak to travel the distance between EdV GS and NK GS. An increase 

over the two periods would indicate enhanced flow attenuation. 
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4.3.3.1 Overall results 

The selected events, their characteristics and the M0 values are listed in the 

Appendix 3. 

The comparison of M0 values for the selected events over the two periods is shown 

on Figure 4-18. The four largest events from the Baseline periods have some of 

the smallest peak travel times, which is not the case for the largest events from the 

Meanders period. The two samples overlap and no marked difference is visible 

either for all, overbank or in-channel events. The events with the highest flow peaks 

tend to have short travel times as displayed by the events #1 to #4 of the Baseline 

period (green circle on Figure 4-18a). It is also noticeable that the highest flood 

events (>15 m3/s) are recorded within the Baseline period and not within the 

Meanders period. The comparison of the peak travel times with the volume of the 

events (as estimated for the Metric M1) does not show any particular link between 

the two (Figure 4-18b). 

a) 
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b) 

 

Figure 4-18: a) Peak travel time M0 between EdV GS and NK GS by peak flow value (black 
dotted line separates overbank and in-channel events) and b) by volume of events. 

The descriptive statistics are shown on Figure 4-19 and the summary of the 

statistical tests in Table 4-6.  

From the Baseline to the Meanders period, the median M0 did not change when 

considering all the events. However, it shows two opposite trends when 

considering overbank and in-channel events separately: 

- for the overbank events, the median peak travel time decreases by -0.25h 

over the two periods but that is not statistically significant (p-value=0.07), 

- for the in-channel events it increases by +0.375h (+27% of the median 

Baseline value) and that is statistically significant (p-value=0.03).  

These results suggest that in-channel events were delayed since the meanders 

were implemented, showing signs of flow attenuation, but not for the overbank 

events. 
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p-value = 0.97 

 

 

p-value = 0.07 

 

 

 

p-value = 0.03 
 

Figure 4-19: M0 between EdV GS and NK GS - Baseline vs Meanders periods -  
Descriptive statistics and boxplots.  

In conclusion, the significant increase in M0 for the in-channel events indicates 

enhanced flow attenuation between the two periods. 

4.3.3.2 The role of the season 

Further investigations were made with in-channel and overbank events, with tests 

considering the season as another factor influencing the peak travel times. 

Vegetation within the channel and on the floodplain is much more developed in 

summer compared to winter, therefore peak travel times are expected to increase 

in summer due to the friction from the vegetation (Anderson et al., 2006). With only 
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four overbank and four in-channel summer events during the Meanders period, the 

sample size was considered too small to perform statistical tests. Therefore, the 

comparison was made between: 

- overbank winter events, between Baseline and Meanders period, 

- in-channel winter events, between Baseline and Meanders period. 

The same results are found (Figure 4-20 and Table 4-6): 

- overbank winter events median peak travel time decreases by -0.25h, but 

this is not statistically significant (p-value=0.34), 

- in-channel winter events peak travel time increases by +0.625h and this is 

statistically very significant (p-value=0.0005). 

These results suggest that in-channel winter events are delayed in a larger 

proportion (+0.625h) than when considering the whole sample (summer and winter 

events) with an increase of +0.375h. This is counterintuitive as the absence of 

vegetation during winter should lead to a smaller increase of the peak travel times 

compared to summer events. Therefore, this result should be considered 

cautiously, with the limited sample size (8 Baseline events) maybe limiting the 

discriminating ability of the test. 

 

p-value = 0.34 
 

 
p-value = 0.0005 

 

Figure 4-20: M0 between EdV GS and NK GS - Winter events - Baseline vs Meanders periods -  
Descriptive statistics and boxplots  
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Table 4-6: M0 between EdV GS and NK GS - Summary of the statistical tests performed. 

 Categories 
of events 

Sample size by 
period (Baseline / 

Meanders) 

Normality 
p-value 

Statistical test Change 
in M0  Test name p-value 

M0 

 

All events 46 / 68 <0.001 Mann-Whitney-
Wilcoxon 

0.97  

Overbank 24 / 41 0.001 Mann-Whitney-
Wilcoxon 

0.07 (-0.25h) 

In-channel 22 / 27 0.31 Student t-test 2 
samples 

0.03 +0.375h 

Winter & 
Overbank 

11 / 37 0.01 Mann-Whitney-
Wilcoxon 

0.34  

Winter & In-
channel 

8 / 23 0.44 Welch 2 samples t-
test 

0.0005 +0.625h 

A last finding when considering the peak travel times came from comparing the 

median values for summer events and winter events within the Baseline period. As 

detailed in section 4.3.1, the peak flow events during this period are spread over 

more seasons. Therefore, the comparison was made between: 

- overbank events in summer and in winter during the Baseline period, 

- in-channel events in summer and in winter during the Baseline period. 

The results show that summer events have higher median travel times than winter 

ones (Figure 4-21 and Table 4-7). However, it is statistically significant for in-

channel events (p-value=0.02) with an increase of +0.625 h, but not for overbank 

events (p-value=0.18). Here again the sample size is limited to 8 in-channel winter 

events and might limit the discriminating ability of the test.  

 

p-value = 0.18 
 

a) M0 - Baseline period
Overbank events: summer vs winter - Edv to NK GS

M0 (h)
SUMMER 

(n=13)
WINTER 

(n=11)
MAX 4 3

3rd quartile 3 2.25
average 2.25 1.77
MEDIAN 2 1.75

1st quartile 1.50 1.50
MIN 0.75 1
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p-value = 0.02 

 

Figure 4-21: M0 between EdV GS and NK GS – Baseline period - Summer vs Winter events -  
Descriptive statistics and boxplots. 

Table 4-7: M0 between EdV GS and NK GS - during the Baseline period - Summary of the 
statistical tests performed. 

 Category of 
events 

Sample size by 
season (summer 

/ winter) 

Normality 
p-value 

Statistical test Change 
in M0  Test name p-value 

M0 

 

Baseline 
overbank 

13 / 11 0.13 Student t-test 2 
samples 

0.18  

 Baseline in-
channel 

14 / 8 0.46 Welch 2 samples t-test 0.02 +0.625h 

 

4.3.3.3 Sensitivity analysis 

As described in section 4.2.4, a sensitivity analysis is carried out by considering a 

lower and an upper threshold flow value to distinguish overbank and in-channel 

events. The results (Figure 4-22) show the persistent trend in statistically significant 

increase in peak travel time only for in-channel events. The decrease for overbank 

events becomes statistically significant when their number is reduced (sensitivity 

2). 

 

 

 

b) M0 - Baseline period
In-channel events: summer vs winter - Edv to NK GS

M0 (h)
SUMMER 

(n=14)
WINTER 

(n=8)
MAX 2.25 1.50

3rd quartile 1.75 1.25
average 1.52 1.13
MEDIAN 1.75 1.25

1st quartile 1 1
MIN 0.50 0.75
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a) 

 
b) 

 
c) 

 
 

Figure 4-22: M0 between EdV GS and NK GS - Comparison of the core results within the 
sensitivity analysis (yellow cells highlight statistically significant results with a p-value < 0.05; only 

the statistically significant changes in metric are displayed) 

4.3.4 M1 - The changes in HSI at NK GS 

As defined in section 4.2.2.2 the metric M1 is the ratio of the peak flow value of an 

event over its volume, with the baseflow removed. It was calculated at NK GS. A 

decrease over the two periods would indicate enhanced flow attenuation. 

4.3.4.1 Overall results 

The selected events, their characteristics (peak flow value, duration, volume) and 

the M1 values are listed in Table 4-8 and the hydrographs shown in Appendix 4.  
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Table 4-8: M1 - Summary of the selected peak flow events at NK GS and metric values. 

 

Figure 4-23 shows the distribution of the volume of the selected flow events by 

period with respect to their peak value at NK GS. The two samples overlap, with 

the Meanders events spreading over a wider range of volumes. The in-channel 

events from the Meanders period sit above the Baseline ones, while the overbank 

ones overlap more. The data suggest a less linear relationship for the Meanders 

events than for the Baseline ones (smaller R²), but a more pronounced slope. This 

mean that a larger volume would give rise to an equal peak flow rise for Meanders 

events, which suggest enhanced flow attenuation. 
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Figure 4-23: Comparison of the volume of the selected storm events by period at NK GS 
(black dotted line separates overbank and in-channel events). 

The comparison of M1 values at NK GS for the selected events during the two 

periods is shown on Figure 4-24. The data suggest a decrease of M1 for the in-

channel events from the Meanders period compared to the Baseline period. The 

change is less visible for the overbank events.  

 

Figure 4-24: M1 at NK GS (black dotted line separates overbank and in-channel events). 

The descriptive statistics shown on Figure 4-25 and the statistical tests in Table 4-9 

confirm this analysis. From the Baseline to the Meanders period, for the in-channel 

events (c) and all the events (a), the decrease in median and the two quartiles HSI 

is statistically significant (p-value=0.01 and 0.04) and represents -13% for the in-

channel events and -6% for all the events. For the overbank events, the median 

decreases but this is not significant (p-value=0.79). 
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p-value = 0.04 

 

 

p-value = 0.79 

 

 

p-value = 0.01 

 

Figure 4-25: M1 at NK GS - Baseline vs Meanders periods - Descriptive statistics and boxplots. 

Table 4-9: M1 at NK GS - Summary of the statistical tests performed. 

 
Category 
of events 

Sample size by 
period  

(Baseline / Meanders) 

Normality 

p-value 

Statistical test 
Change in 

M1   Test name p-value 

M1  All events 17 / 18 0.31 Student t-test 2 
samples 

0.04 decrease 

Overbank  7 / 7 0.46 Student t-test 2 
samples 

0.79  

In-channel 10 / 11 0.41 Student t-test 2 
samples 

0.01 decrease 

In conclusion, the significant decrease in M1 for the in-channel events indicates 

enhanced flow attenuation between the two periods. 
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4.3.4.2 Sensitivity analysis 

The sensitivity analysis carried out by considering a lower and an upper threshold 

flow value to distinguish overbank and in-channel events shows the following 

results (Figure 4-26).  The statistically significant decrease in HSI for in-channel 

events is also recorded as the number of events increases (sensitivity 2). 

a)  

 
b) 

 
c)  

  
 

Figure 4-26: M1 between EdV GS and NK GS - Comparison of the core results within the 
sensitivity analysis (yellow cells highlight statistically significant results with a p-value < 0.05; only 

the statistically significant changes in metric are displayed). 

4.3.5 M1’ - The changes in peak storm flow 

As defined in section 4.2.2.3, M1’ is the recorded peak storm flow value minus the 

baseflow component at NK GS. A decrease in this peak storm flow between the 

two periods would suggest flow attenuation is occurring. 

4.3.5.1 Overall results 

Using the peak storm flow values calculated as part of the metric M1, the 

descriptive statistics (Figure 4-27) and the summary of the statistical tests (Table 

4-10) identify an increase in peak storm flow for all the events and the in-channel 

events. However, these changes are not statistically significant (p-values > 0.16). 
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The opposite trend is seen for overbank events with M1’ decreasing but this is not 

statistically significant (p-value=0.60). 

 

p-value = 0.68 

 

 

p-value = 0.61 

 

 

p-value = 0.16 

 

Figure 4-27: M1’ at NK GS - Baseline vs Meanders periods - Descriptive statistics and boxplots. 
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Table 4-10: M1’ at NK GS - Summary of the statistical tests performed. 

 Category 
of events 

Sample size by 
period  

(Baseline / Meanders) 

Normality 

p-value 

Statistical test 

  Test name p-value 

M1’  All events 17 / 18 0.003 Mann-Whitney-Wilcoxon 0.68 

Overbank  7 / 7 0.45 Mann-Whitney-Wilcoxon 0.61 

In-channel 10 / 11 0.90 Student t-test 2 samples 0.16 

In conclusion, the absence of significant change in M1’ for any of the categories of 

indicates no significant enhancement of flow attenuation between the two periods. 

4.3.5.2 Sensitivity analysis 

The sensitivity analysis carried out by considering a lower and an upper threshold 

flow value to distinguish overbank and in-channel events shows the following 

results (Figure 4-28).  There is still no statistically significant change in the metric 

M1’ whatever the type of event and threshold flow value. 

a)  

 
b) 

 
c)  

 
 

Figure 4-28: M1’ between EdV GS and NK GS - Comparison of the core results within  
the sensitivity analysis (only the statistically significant changes in metric are displayed). 
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4.3.6 M2 - The changes in the rates of rise and fall 

As defined in section 4.2.2.4, M2a is the rate of rise of the rising limbs and M2b the 

rate of fall of the receding limbs of the selected flow events at NK GS. With 

hydrographs becoming less flashy as flow attenuation is enhanced, a decrease of 

M2a and M2b between the two periods would suggest flow attenuation is occurring. 

4.3.6.1 Overall results 

The selected events and the M2 values are listed in Table 4-11. The details of the 

calculation are presented in Appendix 3. 

Table 4-11: M2 - Summary of the selected peak flow events at NK GS and metric values. 

 

The distribution of M2a and M2b for the selected flow events by period with respect 

to their peak value at NK GS is shown on Figure 4-29. For both metrics, the two 

samples overlap, and no marked difference is visible. The rate of rise is steeper 

BASELINE - Years 0-2

Event 
nbr

Peak date and 
time

Peak Q value 
(m3/s)

Start of 
baseflow rise

Q at start 
(m3/s)

End of baseflow
Q at end 
(m3/s)

time to rise 
to peak (h)

M2a
rate of rise 
(m3/s/h)

time to 
fall (h)

M2b
rate of fall 
(m3/s/h)

#6 05/01/2012 02:45 11.11 04/01/2012 13:30 2.51 05/01/2012 17:30 4.47 13.25 0.65 14.75 -0.45
#7 12/10/2012 09:45 11.01 11/10/2012 18:00 0.57 13/10/2012 01:45 2.56 15.75 0.66 16 -0.53
#8 17/10/2011 21:00 10.20 17/10/2011 10:30 1.60 18/10/2011 19:45 3.48 10.50 0.82 22.75 -0.30
#9 17/06/2012 02:00 9.21 16/06/2012 07:30 1.53 17/06/2012 23:15 3.09 18.50 0.42 21.25 -0.29

#19 21/09/2012 00:30 6.47 20/09/2012 11:45 0.31 21/09/2012 19:45 1.33 11.75 0.52 19.25 -0.27
#20 24/07/2012 02:00 6.45 23/07/2012 07:00 1.18 24/07/2012 21:30 2.06 19.00 0.28 19.5 -0.23
#24 22/11/2012 19:45 5.73 22/11/2012 11:00 0.77 23/11/2012 06:30 2.14 8.75 0.57 10.75 -0.34
#26 02/10/2011 12:15 5.26 01/10/2011 18:30 1.40 03/10/2011 07:45 2.35 11.00 0.35 19.5 -0.15
#27 14/12/2012 22:00 5.18 14/12/2012 15:00 0.63 15/12/2012 16:30 1.93 7.00 0.65 18.5 -0.18
#28 31/10/2012 19:00 5.04 31/10/2012 08:30 0.76 01/11/2012 05:45 1.82 10.50 0.41 10.75 -0.30
#37 20/05/2013 21:45 4.42 20/05/2013 18:00 0.62 21/05/2013 19:45 1.21 3.75 1.02 22 -0.15
#48 31/12/2012 07:15 3.87 30/12/2012 22:00 1.78 31/12/2012 20:15 2.19 9.25 0.23 13 -0.13
#49 11/07/2011 14:00 3.79 11/07/2011 06:30 0.68 12/07/2011 05:30 1.37 7.50 0.42 15.5 -0.16

#51b 26/09/2011 04:00 3.66 25/09/2011 21:00 1.61 26/09/2011 23:45 1.98 8.25 0.25 19.75 -0.09
#52b 30/09/2012 13:15 3.72 30/09/2012 03:00 1.47 01/10/2012 04:15 1.77 11.50 0.20 15 -0.13
#53b 14/02/2013 01:00 3.44 13/02/2013 18:30 0.98 15/02/2013 08:15 1.56 10.25 0.24 31.25 -0.06
#59b 11/09/2012 01:45 1.52 10/09/2012 15:30 0.33 11/09/2012 23:45 0.53 10.25 0.12 22 -0.05

MEANDERS - Years 3-9

Event 
nbr

Peak date and 
time

Peak Q value 
(m3/s)

Start of 
baseflow rise

Q at start 
(m3/s)

End of baseflow
Q at end 
(m3/s)

time to rise 
to peak (h)

M2a
rate of rise 
(m3/s/h)

time to 
fall (h)

M2b
rate of fall 
(m3/s/h)

#2 22/11/2016 14:30 13.53 21/11/2016 18:00 0.82 24/11/2016 16:30 2.29 20.50 0.62 50 -0.22
#10 30/12/2013 17:45 9.1 30/12/2013 10:15 2.36 31/12/2013 05:30 4.25 7.50 0.90 11.75 -0.41
#17 28/11/2019 08:30 7.78 27/11/2019 23:45 1.50 29/11/2019 15:45 2.58 8.75 0.72 31.25 -0.17
#24 24/12/2015 12:00 7.46 24/12/2015 04:30 1.74 24/12/2015 22:15 3.70 7.50 0.76 10.25 -0.37
#25 30/06/2017 03:00 7.36 29/06/2017 06:00 0.23 01/07/2017 12:00 2.02 21.00 0.34 33 -0.16
#36 19/10/2019 15:15 6.31 19/10/2019 06:00 0.96 20/10/2019 18:45 2.03 9.25 0.58 27.5 -0.16
#48 20/12/2015 07:45 5.68 19/12/2015 23:00 0.93 20/12/2015 21:30 2.44 6.75 0.70 13.75 -0.24
#49 04/10/2014 13:15 5.55 03/10/2014 18:00 0.19 05/10/2014 04:45 1.39 19.25 0.28 15.5 -0.27
#51 13/03/2015 01:45 5.49 12/03/2015 15:30 0.73 14/03/2015 02:30 1.56 10.25 0.46 24.75 -0.16
#56 25/12/2017 23:00 5.21 25/12/2017 01:15 0.94 27/12/2017 04:00 2.23 21.75 0.20 29 -0.10
#67 05/10/2017 06:45 4.6 04/10/2017 06:15 0.51 06/10/2017 01:30 1.43 24.50 0.17 18.75 -0.17
#71 02/02/2014 01:00 4.22 01/02/2014 14:30 1.47 02/02/2014 18:00 2.36 10.50 0.26 17 -0.11
#73 15/01/2017 11:00 4.06 15/01/2017 00:30 0.70 17/01/2017 18:45 1.43 10.50 0.32 55.75 -0.05
#77 20/06/2018 09:30 3.94 19/06/2018 23:00 0.25 22/06/2018 00:30 0.59 10.50 0.35 39 -0.09
#79 17/11/2016 07:15 3.9 16/11/2016 16:00 1.03 18/11/2016 14:30 1.64 15.25 0.19 31.25 -0.07
#84 14/11/2014 19:00 3.72 14/11/2014 11:30 0.82 15/11/2014 10:00 1.69 7.50 0.39 15 -0.14
#85 25/09/2017 09:45 3.69 25/09/2017 00:15 0.46 26/09/2017 03:30 1.39 9.50 0.34 17.75 -0.13

#90b 28/10/2014 18:15 3.4 28/10/2014 08:00 0.60 29/10/2014 13:15 1.19 10.25 0.27 19 -0.12

overbank

in-channel

overbank

in-channel
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than the rate of fall, which is a common behaviour of hydrograph named “positive 

skewness’ (Collischonn et al., 2017). The trendlines suggest a smaller rate of fall 

for the events from the Meanders period than from the Baseline period. However, 

this is considering the event #2 from the Meanders period that shows a peculiar 

behaviour with relatively small M2a and M2b values compared to the other high 

flow events from both periods. Removing this event from the trendline reduces the 

difference between the two samples. Another peculiar event is #37 from the 

Baseline period which displays the highest M2a value. This is due to a very short 

time to rise as this event follows a smaller peak event that took place 24 hours 

before. 

 

 
  

Figure 4-29: M2 at NK GS - Comparison of the volume of the selected storm events by period  
(black dotted line separates overbank and in-channel events). 

The descriptive statistics are shown on Figure 4-30 and the summary of the 

statistical tests in Table 4-12. From the Baseline to the Meanders period, the 

median rate of rise M2a decreases for all the events and for in-channel events only, 
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suggesting signs of flow attenuation. On the contrary, it increases for overbank 

events. A decrease is also visible for the median rate of fall M2b and for all the 

categories of events. However, none of these changes are statistically significant 

(Table 4-12).  

 

p-value = 0.83 

 

 

p-value = 0.30 

  

 

p-value = 0.64 
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p-value = 0.31 
 

 

 

p-value = 0.12 
 

 

p-value = 0.64 

 

Figure 4-30: M2 at NK GS - Baseline vs Meanders periods - Descriptive statistics and boxplots. 

Table 4-12: M2 at NK GS - Summary of the statistical tests performed. 

  Category 
of events 

Sample size by period 
(Baseline / Meanders) 

Normality 
p-value 

Statistical test 

  Test name p-value 

M2a All events 17 / 18 0.04 Mann-Whitney-Wilcoxon 0.83 

Overbank 7 / 7 0.91 Student t-test 2 samples 0.30 

In-channel 10 / 11 0.0003 Mann-Whitney-Wilcoxon 0.64 

M2b  All events 17 / 18 0.006 Mann-Whitney-Wilcoxon 0.31 

Overbank 7 / 7 0.42 Student t-test 2 samples 0.12 

In-channel 10 / 11 0.04 Mann-Whitney-Wilcoxon 0.64 
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In conclusion, the absence of significant change in the rate of rise M2a or the rate 

of fall M2b for any of the categories of events indicates no significant enhancement 

of flow attenuation between the two periods. 

4.3.6.2 Sensitivity analysis 

The sensitivity analysis carried out by considering a lower and an upper threshold 

flow value to distinguish overbank and in-channel events shows the following 

results (Figure 4-31).  There is still no statistically significant change in the metric 

M2 whatever the type of event and threshold flow value. 

a)  

 
b) 

 
c)  

 
 

Figure 4-31: M2 between EdV GS and NK GS - Comparison of the core results within the 
sensitivity analysis (only the statistically significant changes in metric are displayed). 
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4.3.7 M3 - The changes in ratio Vol./Duration 

4.3.7.1 Overall results 

As defined in section 4.2.2.4, the metric M3 is the ratio of the total peak flow volume 

(area S) divided by the total duration of the event (tEvent) (Figure 4-3). This metric 

can describe how flashy an event is. Therefore, with hydrographs becoming less 

flashy as flow attenuation increases, a decrease of M3 over the 2 periods would 

suggest flow attenuation is occurring. The selected events and the M3 values are 

listed in Table 4-13. 

Table 4-13: M3 - Summary of the selected peak flow events at NK GS and metric values. 

 

Figure 4-32 shows the distribution of the events duration by period with respect to 

their peak value (a) and their volume (b) at NK GS. The two samples (Baseline and 
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Meanders) overlap in both cases and no marked difference is visible. The event 

duration does not seem to be correlated to the size of the peak (a) for either of the 

two periods. The event duration is poorly correlated to the volume of the events (b) 

for either of the two periods. The event #2 from the Meanders period shows a 

peculiar behaviour with the second highest value in duration and the highest 

volume. 

 

 
Figure 4-32: Comparison of the event duration to peak flow and volume of the selected storm 

events by period at NK GS (black dotted line separates overbank and in-channel events) 

The evolution of M3 for the selected flow events by period with respect to their peak 

value at NK GS is presented on Figure 4-33. The two samples overlap, and no 

marked difference is visible. 
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Figure 4-33: M3 at NK GS (black dotted line separates overbank and in-channel events) 

The descriptive statistics are shown on Figure 4-34 and the summary of the 

statistical tests in Table 4-14. From the Baseline to the Meanders period, the 

median M3 increases for all the events and for in-channel events. However, these 

changes are not statistically significant for both with p-values of 0.49 and 0.15. The 

opposite trend is seen for overbank events with M3 decreasing, suggesting 

enhanced flow attenuation, but this is not statistically significant (p-value=0.96) 

(Table 4-14). 

 

p-value = 0.49 
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p-value = 0.96 

 

 

p-value = 0.15 

 

Figure 4-34: M3 at NK GS - Baseline vs Meanders periods - Descriptive statistics and boxplots  

Table 4-14: M3 at NK GS - Summary of the statistical tests performed. 

 Categories 
of events 

Sample size by period 
(Baseline / Meanders) 

Normality 
p-value 

Statistical test 

 Test name p-value 

M3 

 

All events 17 / 18 0.0025 Mann-Whitney-Wilcoxon test 0.49 

Overbank 7 / 7 0.15 Student t-test 2 samples 0.96 

In-channel 10 / 11 0.57 Student t-test 2 samples 0.15 

In conclusion, the absence of significant change in the metric M3 for any of the 

categories of events indicates no change in the flashy characteristic of the 

hydrographs and therefore no enhancement of flow attenuation between the two 

periods. 

4.3.7.2 Sensitivity analysis 

The sensitivity analysis carried out by considering a lower and an upper threshold 

flow value to distinguish overbank and in-channel events shows the following 

results (Figure 4-35).  While there is no statistically significant change in the metric 

M3 whatever the type of event with the initial threshold flow value, it becomes 

significant for the in-channel events with a lower threshold value (sensitivity 1). This 
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increase in M3 indicates more flashy hydrographs and goes against flood 

attenuation. 

a)  

 
b)  

 
c)  

 
 

Figure 4-35: M3 between EdV GS and NK GS - Comparison of the core results within  
the sensitivity analysis (only the statistically significant changes in metric are displayed). 

4.3.8 M4 - The changes of EMH 

As defined in section 4.2.2.5, the metric M4 is the Empirical Median Hydrograph 

(EMH) built at NK and DM GS for events selected separately during the Baseline 

period and during the Meanders period (Figure 4-13). It is expected that the EMH 

shape will change over time by widening to account for the effect of flood 

attenuation (storage and slowing down of the flow). The selected events and their 

hydrographs are presented in the Appendix 5 and Appendix 6. 

4.3.8.1 Comparison between DM GS and NK GS 

Figure 4-36 shows the EMHs at NK (a) and DM (b) gauging stations considering 

all the events together. In both cases, the EMH from the Meanders period is wider, 

especially on the falling limb. The difference is less visible on the rising limb, and 

as the peak is approached. The shape is more slender at DM GS than at NK GS.  
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Figure 4-36: M4 - EMHs considering all the events a) at NK GS and b) at DM GS  
with quartiles values of DOE. 

The paired statistical tests performed separately on the rising and the falling limbs 

are summarised in Table 4-15. They show that, for both gauging stations, the 
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increase in width of the EMH over the Meander period compared to the Baseline 

period is statistically highly significant with p-values < 0.001. This suggests that 

NFM measures implemented upstream from DM GS have influenced its median 

hydrograph and provided flood attenuation. Flow attenuation is also visible at NK 

GS with a widening of its EMH over the Meanders period. However, it consists of 

the effects from upstream DM GS and from the re-meandering along the Lake 

Wood - Nether Kidston reach. 

Table 4-15: M4 - Summary of the statistical tests performed at NK GS and DM GS. 

 
Gauging station Dataset 

Normality p-
value* 

Statistical test Change 
in M4  Test name p-value 

M4 

 
Nether Kidston 

(NK) 

rising limb 0.78 / 0.42 Paired t-test 1E-5 wider 

falling limb 0.006 / 0.013 Wilcoxon signed-ranked  1.5E-5 wider 

Darnhall Mains 
(DM) 

rising limb 0.69 / 0.37 Paired t-test 3.7E-8 wider 

falling limb 0.20 / 0.32 Paired t-test 7.5E-5 wider 

* normality by period Baseline / Meanders 

At each gauging station, the EMHs from the Baseline period was subtracted from 

the EMH from the Meander period, giving a difference of EMHs (Figure 4-37) to 

show the amplitude of change in EMH between the two periods. The curves 

suggest that the EMH at NK GS is wider especially on the falling limb for the lower 

percentage of flow peak (<75%). The difference is much less visible on the rising 

limb. 

 

Figure 4-37: M4 - Comparison of the amplitude of change in the empirical 
median hydrographs between DM GS and NKGS. 
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The statistical analysis of the curves representing the difference of the EMHs along 

the rising and the falling limbs is presented in Table 4-16. The more pronounced 

widening of the EMHs at NK GS along the falling limb is statistically significant (p-

value=0.03) compared to DM GS. The results are inconclusive for the rising limb 

as one sample is normal and the other is not, both tests display opposite p-values. 

Table 4-16: M4 - Summary of the statistical tests performed between the differences in EMHS at 
NK GS and DM GS. 

 
Gauging station Dataset 

Normality 
p-value 

Statistical test Change 
in M4  Test name p-value 

M4 

 

Nether Kidston (NK) 

rising limb 

0.03 Paired t-test 0.06 

NA Darnhall Mains (DM) 0.06 Wilcoxon signed-
ranked 

0.03 

Nether Kidston (NK) 
falling limb 

0.16 
Paired t-test 0.03 wider 

Darnhall Mains (DM) 0.70 

In conclusion, the amplitude of widening of the empirical median hydrographs (M4) 

at NK GS indicates some significant enhancement of flow attenuation between the 

two periods when all the events are considered together. It is more pronounced on 

the falling limb, suggesting slower decrease of flow levels potentially linked to an 

increase in connection with the floodplain. 

4.3.8.2 Comparison at NK GS between in-channel and overbank events 

Figure 4-38 shows the EMHs at NK GS for in-channel and overbank events. In both 

cases, the EMH from the Meanders period is wider. The change is more visible 

along the rising limb for the in-channel events (Figure 4-38c) and along the falling 

limb for the overbank events (Figure 4-38d).  
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Figure 4-38: M4 - EMHs at NK GS for a) in-channel and b) overbank events and the amplitude of 
changes for in-channel and in-bank events (c, d respectively). 

The paired statistical tests performed separately on the rising and the falling limbs 

are summarised in (Table 4-17). They show the statistically significant increase in 

width of the EMH over the Meander period for the rising limb of the in-channel 

events and for both limbs of the overbank events. These results include the effects 

from the NFM measures in the upper headwater sub-catchment, from the re-

meandering of the Lake Wood - Nether Kidston re-meandered reach and perhaps 

also from the tributaries. 
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Table 4-17: M4 - Summary of the statistical tests performed at NK GS for the in-channel and the 
overbank events. 

 
Type of event Dataset 

Normality p-
value* 

Statistical test Change 
in M4  Test name p-value 

M4 

 

In-channel 

rising limb 0.57 / 0.30 
Paired t-test 9E-5 wider 

Wilcoxon signed-ranked  1E-5 wider 

falling limb 0.002 / 0.06 
Paired t-test 0.89  

Wilcoxon signed-ranked  0.057  

Overbank 
rising limb 0.84 / 0.94 Paired t-test 4E-5 wider 

falling limb 0.01 / 0.007 Wilcoxon signed-ranked  1E-5 wider 

* normality by period Baseline / Meanders 

4.3.9 Summary of the findings 

The results are summarised in Table 4-18 and Table 4-19. Among the five metrics, 

based on median values, only three show statistically significant changes from the 

Baseline to the Meanders period: 

- M0:  

o in-channel events see their median peak travel times increase by  

+0.375 h (p-value=0.03) 

o in-channel winter events see their median peak travel times increase by 

+0.625 h (p-value=0.0005) 

- M1: in-channel events see the ratio of peak flow event over the volume of 

the event (without the baseflow component) decrease by 13% (p-

value=0.01). The same trend is seen (-6%) when considering all the events 

together (overbank and in-channel) with a significant decrease (p-

value=0.04). As there is no significant change for the overbank events, the 

in-channel events drive this change. 

- M4:  

o the falling limb of the empirical median hydrograph is statistically 

significantly wider at NK GS than at the DM GS located upstream (p-

value=0.03). 

o both limbs of the empirical median hydrographs are statistically very 

significantly wider at NK GS for overbank effects (p-value<4E-5) and this 

is true only for the rising limb of the in-channel events (p-value<9E-5). 
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The sensitivity analysis carried out by testing the threshold value discriminating 

overbank and in-channel events doesn’t change drastically these results. The 

increase in peak travel times (M0) for in-channel winter events remains (Figure 

4-22), the decrease in M1 for in-channel events remains (Figure 4-26). Conversely, 

flood attenuation is negatively impacted for overbank events with a statistically 

significant decrease in peak travel time (M0) when the number of overbank events 

increase (sensitivity 2) (Figure 4-22). The ratio of volume over event duration (M3) 

is negatively impacted for in-channel events with a statistically significant increase 

when the number of in-channel events is increased (sensitivity 1) (Figure 4-35). 

The use of these metrics shows mixed results for overbank events with only the 

empirical median hydrographs displaying some very limited increase of flood 

attenuation from the re-meandering the Lake Wood - Nether Kidston.  
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Table 4-18: Summary of the results for all metrics. 
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Table 4-19: Comparison of the results for all metrics considering the sensitivity analysis. 
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4.4 Discussion 

The aim of this chapter is to answer the following research question: Has re-

meandering the Lake Wood - Nether Kidston reach had a positive impact on flood 

attenuation by increasing it based on the analysis of empirical long-term data? 

There were five hypotheses tested to answer it, each based on comparing the 

variation of a metric characterising one parameter of the hydrographs: 

1. Flow attenuation is provided by the meanders through the increase of the 

peak flow travel times over the two periods. The metric M0 is used. 

2. Flow attenuation is provided by the meanders through the change in 

hydrograph shapes, with a decrease of the rate of rise and fall over the two 

periods. The metric M2 is used. 

3. Flow attenuation is provided by the meanders through the change in 

intensity of the hydrograph shapes, with a decrease of flashiness between 

the two periods. The metrics M1 and M3 are used. 

4. Flow attenuation is provided by the meanders through the change in 

intensity of the hydrographs, with a decrease of the peak storm flow values 

between the two periods. The metric M1’ is used. 

5. Flow attenuation is provided by the meanders through the change in 

hydrograph shapes with a widening of the Empirical Median Hydrograph 

(EMH) over the two periods. The metric M4 is used. 

The existing empirical hydrological time series from the long-term network of the 

Eddleston Water Project were used. Some of its gauging stations (GS) were 

selected, focusing on the closest to the re-meandered reach at Nether Kidston (NK 

GS) as it is located immediately downstream from it. A period of two years prior to 

the implementation of the meanders (2011-13) was used as the baseline data 

(Baseline period) and a period of 7 years (2011-20) after the re-meandering was 

used as the impacted data (Meanders period). 

Five metrics were selected and applied to the data to test the hypothesis. M0 

consists of the peak travel times between the Eddleston Village gauging station 

(EdV GS) located 1.94 km upstream from the start of the re-meandered reach and 

Nether Kidston gauging station (NK GS) immediately downstream from it. The 

shape of the hydrographs is considered through the metrics M1, M1’, M2a, M2b, 
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M3 and M4. M1 is the ratio of the peak flow value of an event over its volume, with 

the baseflow removed, at NK GS. M1’ is the peak flow value minus the baseflow 

component. M2a is the rate of rise of the rising limbs and M2b the rate of fall of the 

receding limbs of the selected flow events at NK GS. M3 is the ratio of the total 

peak flow volume divided by the total duration of the event at NK GS. M4 is the 

change in the shape of the empirical median hydrograph (EMH) built at NK GS and 

Darnhall Mains (DM GS) from flow time series. 

4.4.1 Main findings 

The results are summarized in Table 4-18.  

Considering overbank and in-channel events separately led to identifying specific 

trends justifying their separate analysis. Statistically significant changes in the 

metrics M0 and M1 are identified and point toward an increase in flow attenuation 

between the Baseline and the Meanders periods but only for in-channel events. 

The median peak travel time M0 increases by +0.375 h and the median M1 

(Q/Volume) decreases by 13%. When considering all the events, the EMH (M4) at 

NK GS increases in width and this increase is statistically significantly more 

pronounced than at the upstream Darnhall Mains gauging station. If a sensitivity 

analysis is done on the threshold flow value to distinguish overbank and in-channel 

events, these findings stand. However, a statistically significant decrease in M0 for 

overbank events and an increase in M3 for in-channel events appear and go 

against flow attenuation. Metrics applied to the overbank events do not display any 

statistically significant variation. 

4.4.2 Tools and limitations 

The metrics M1, M1’ and M3 rely on the estimation of the baseflow component. 

The chosen “constant method” is a proven one and was used for example by the 

Allott et al. (2015) in the context of peatland restoration. Other methods exist and 

are being developed to improve their accuracy (Brodie and Hostetler, 2005, 

Duncan, 2019). 

The delineation of overbank and in-channel events is a process full of uncertainties. 

The complexity of the topography and the heterogeneous connection between the 

channel and the floodplain makes it difficult to define one specific threshold value. 



- 157 - 
 

 

 

Efforts were made to reduce this inaccuracy by using different sources of data and 

by applying a sensitivity analysis on this parameter. 

It would have been interesting to analyse separately EMHs for overbank and in-

channel events at the two gauging stations (EdV and NK GS). However, no 

threshold flow value was available at DM GS to discriminate the events. The focus 

being on the re-meandered reach and NK GS, thought might have been given to 

collect field observations for the other gauging stations in order to later run a more 

detailed analysis of the metric M4. 

4.4.3 Peak travel time (M0) and limitation from the methodology 

Considering all the high flow events analysed on this research, their distribution by 

peak travel time M0 in relation to peak flow value shows a large scatter of the data 

but no other identifiable trend (Figure 4-39). Only the four largest events from the 

Baseline period display some of the smallest travel times. 

 

 

15 minutes interval 
recording 

 

Baseline period: 46 
events over 2.5 years 

 

Meanders period: 68 
events over 6.5 years 

Figure 4-39: M0 between EdV GS and NK GS (black dotted line separates overbank and in-
channel events). 

The scatter matches the findings from two other studies (Gregory et al., 1985, Sear 

et al., 2006) but the link with the peak flow value is not identified. While both looked 

at the relation between peak travel times and peak flow values along the same 4 

km reach of the Highland Water, the former was in the context of vegetation debris 

dams delaying flood peaks, the latter in the context of the restoration of the reach 
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(2004) by re-meandering over ¼ of its length and adding LWD over ½. None made 

a distinction between in-channel and overbank events, however a later study of this 

reach specified that 1 m3/s was equivalent to a Q2y event in 2004 (Dixon et al., 

2016). Both show two trends: the first is a large scatter of the data, the second is 

that the higher the peak value, the shorter the peak travel time (Figure 4-40). The 

restored reach also displays an increase in peak travel time after restoration (Figure 

4-40b). 

 

 

5 minutes interval recording 

 

67 events over 6 months 
recording: October 1982 - March 
1983 

 

The distance between the 2 
gauging stations is 4 km 

 

 

5 minutes interval recording 

 

Pre-restoration: 

- green: historical data 1987 

- grey cross: historical data 
1989-90, 15 events over 2.5 
months (LWD removal) 

- blue: 40 events over 8.5 
months recording 

 

Post-restoration: 

- red: 30 events over 7 months 
recording 

 

Restoration between 2003 and 
2005 

 

Figure 4-40: Evolution of peak travel times with peak flow values from  
a) Gregory et al. (1985) and b) Sear et al. (2006). 
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The difference in the second trend could be explained by the limited number of 

selected flow events in the current work compared to the works from Gregory et al. 

(1985) and b) Sear et al. (2006). This choice is explained by the POT approach 

that was chosen. Lowering this threshold will increase the sample size and will 

populate the graph. The limited number of selected events for M0 was also due to 

the removal of 13 events from the Baseline period and 24 from the Meanders 

period. This was due to their peak travel times either being negative or equal to 

zero. This phenomenon is related to the distance between the two gauging stations 

(EdV, NK GS) used to measure M0 (1.9 km) and the complexity of the catchment 

with inflows from three tributaries in between. This is also reported by Phillips 

(2020) who recorded a high variability in the peak travel times of hydrographs along 

a stretch of the Merriott Stream where five woody debris dams have been 

implemented. Over the 18-month period of interest, negative peak travel times 

were identified. 

A second explanation could be linked to the data recording interval. It is three times 

longer at the Eddleston gauging stations (15 minutes) than for the Highland Water 

(5 minutes) for a similar distance. A more frequent recording could add accuracy 

in identifying peak flow timing. However, it would require more resources to 

download the data more frequently on the field.  

The type and scale of the restoration is also to be taken into account. In Sear et al. 

(2006), the restoration of the 4 km reach consists of ¼ of re-meandering in its upper 

part (adding 414 m) and adding LWD on ½. The additional length on the Highland 

Water represents 10% of the distance between the two gauges to which the effects 

from the LWD must be added. In comparison, the re-meandering of the Lake Wood 

- Nether Kidston reach represents an increase of 6.7% over the distance between 

EdV GS and NK GS. The scale of the Eddleston Water re-meandering in 

conjunction with the recording interval might not be sufficient to bring out more 

events and meet the three trends.  

4.4.4 Significant changes in the metrics for in-channel events 

The significant increase in median peak travel times M0 between EdV GS and NK 

GS for in-channel events (0.375 h or +23 min) can be linked to the direct increase 

in length of the channel bed due to the meanders. A similar trend was recorded by 
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Sholtes and Doyle (2011). The authors modelled one synthetic restored reach (re-

meandering and reconnection with the floodplain) and looked at reduction in peak 

flow values and flood wave celerity as evidence of flow attenuation from the 

restoration. For a Q2y bankfull event, the modelled flood wave celerity was found 

to be smaller after restoration than before and the peak flow was slightly delayed. 

This can be explained by the longer channel length from the re-meandering (+4%). 

The same effect could be expected for the Lake Wood - Nether Kidston re-

meandered reach, where the channel length increased by 231 m (+6.7%) between 

EdV GS and NK GS (Figure 4-9). 

Even if an increase in peak travel times is considered a positive outcome for flood 

attenuation, it can have the opposite effect. This increase can change the 

synchronisation of the events with inflows from the downstream tributaries (Sear et 

al., 2006, Dixon et al., 2016). Consequently, it can contribute to an increase in flood 

risk for downstream communities. However, in the case of the Eddleston Water, 

the significant increase in peak travel time is limited to in-channel events that are 

the smallest in size, and the remaining tributaries downstream from NK GS drain 

sub-catchments of 3 km² maximum each (Windylaws Burn, Kidston Burn, Winkston 

Burn, Gill Burn). Their response times to rainfall might be faster than the time for 

the flood wave on the main stem to reach them and create a detrimental 

synchronised effect. This could be checked by using the existing catchment model 

from JBA (JBA Consulting, 2020) to compare the timing of flow hydrographs from 

these smaller tributaries. Another option would be to analyse the data recorded 

from the more recently set up gauging stations on these tributaries (November 

2020). 

The significant decrease of the metric M1 for in-channel events (-13%) suggests 

that the hydrographs are less intense since the meanders were implemented. 

However, the absence of significant change in the other metrics used to analyse 

the shape of the hydrographs (M2, M3) doesn’t display less flashy hydrographs. 

From the definition of the metric M1, a first assumption to explain this decrease in 

M1 would be that it was caused by a decrease in flow peak value as the volume of 

flow event remained constant. In that case, the hydrographs must have longer 

duration and consequently lower rates of rise and/or fall (M2). However, there is no 
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statistically significant changes either for the metric M1’ (peak storm flow) or M2 to 

validate this assumption. A second assumption would be that this change was 

caused by a greater volume flowing through the re-meandered reach for a constant 

peak flow value. This can be achieved if the flow velocity and/or the wetted area 

have decreased. The flow velocity is dependent on the channel geometry including 

the bed slope, the inverse of the roughness coefficient, the wetted area and the 

inverse of the wetted perimeter (Manning’s equation). This assumption is more 

likely firstly as there is a significant increase in peak travel time; provided it 

compensates for the increase in channel length from the re-meandering it could 

decrease the flow velocity. Secondly, the re-meandering consists of lengthening 

the channel meaning the overall bed slope is likely to have been reduced. Thirdly, 

a change in wetted area and perimeter is possible from the evolution of the channel 

geomorphology. The changes in channel morphology following its re-meandering 

will be analysed in the next chapters and will bring insights into these parameters. 

4.4.5 The limited changes in metrics for overbank events 

As opposed to in-channel events, none of the metrics display any statistically 

significant change over the two periods for the overbank events.  

The decrease in the median peak travel times M0 is close (p-value=0.07) and 

becomes statistically significant (p-value=0.02) if the number of overbank events 

decreases by increasing the threshold flow value discriminating overbank and in-

channel events (sensitivity 2). In that case, it contrasts with the findings from Sear 

et al. (2006) and Dixon et al. (2016) on the Highland Water. As shown previously 

(Figure 4-40b), the restored reach (re-meandering, bed-level rising, introduction of 

LWD) displayed longer peak travel times after its restoration than before for events 

above Q2y. Similarly, Sholtes and Doyle (2011) reported a longer peak travel time 

for a modelled Q10y event after re-meandering a hypothetical reach. This peak 

travel time increase was smaller for a Q100y. 

While overbank events spread on the floodplain, the flow interact with the 

floodplain, its vegetation and its topography. These interactions change with the 

magnitude of the flood events: first the flow is delayed (peak travel time increase) 

then it accelerates (peak travel time decrease). Meyer et al. (2018) analysed flow 

values around the estimated bankfull (Q2y) for some Brazilian rivers. Those which 
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inundated their adjacent floodplain were more likely to display a decrease in flood 

wave celerity as the flow values increased. In other words, the peak travel times 

increased with the flow. Sholtes and Doyle (2011) analysed flood wave celerity for 

flood events of increasing magnitude of a field-based modelled reach. First, the 

celerity decreased between a Q5y and a Q10y event (peak travel time increase), 

then for flow above Q10y (Q25y, Q50y, Q100y) the trend reversed indicating a 

higher celerity as the flow magnitude increased, and a decrease in peak travel 

times. In the case of the Eddleston Water re-meandered reach and the sensitivity 

2, the decrease in peak travel times between the Meanders period and the Baseline 

period suggests the overbank events have been of larger amplitudes since the re-

meandering took place. It is the opposite as the analysis of the hydrologic time 

series shown (section 4.3.2). It suggests a change in the interaction with the 

floodplain such as a better connection with it with more frequent overflow as 

expected from the design of the re-meandering (Cbec eco engineering, 2013) and 

as it is common practice in river restoration such as the River Brede and River Cole 

(Kronvang et al., 1998). The changes in floodplain connection following its re-

meandering will be analysed in the next chapters. 

The floodplain vegetation can also play an important role in interacting with 

overbank events. As presented earlier, there was a shift in the seasonality of the 

high flow events in the Eddleston catchment between the Baseline and the 

Meanders period with more summer events during the Baseline period and more 

winter events during the Meanders period (section 4.3.1). In Anderson et al. (2006), 

the authors modelled the effect of floodplain and channel vegetation on 

hydrographs shape and arrival time downstream a 50 km long hypothetical reach. 

They demonstrated the increase in peak travel time for a Q2y event (above 

bankfull) from taking vegetation into account. This effect is greater for the Q2y 

event than for the Q100y event. In the case of the Eddleston re-meandered reach, 

overbank events will have been slowed down in a greater extent by the vegetation 

during the Baseline period than during the Meanders where the bare vegetation 

was less prone to slow down the flow. However, the influence of the season has 

not been confirmed statistically through the analysis of the peak travel times for 

overbank events within the Baseline period (Table 4-7). 



- 163 - 
 

 

 

For overbank events, the absence of statistically significant changes in the metrics 

M1 to M3 that represent the changes in hydrograph shape could also be linked to 

the changes in floodplain vegetation. Photos taken after the different periods when 

the re-meandering was implemented along the whole reach show the absence of 

bank and riparian vegetation following the works. It has been acknowledged that 

after meandering works, the riparian vegetation and the return of sediment to 

rebuild bed roughness can take several years to recover (Eekhout et al., 2014, 

Sholtes and Doyle, 2011). The consequence is a temporary reduction of the 

roughness. In Anderson et al. (2006), the authors reported the changes in 

hydrograph shape for a Q2y event (above bankfull) which rising limb became flatter 

as vegetation was introduced in their model as roughness values. In the case of 

the Eddleston, the re-meandering was implemented in three stages between 2013 

and 2016, impacting the vegetation locally on each occasion. It is therefore possible 

that part of the channel, banks and floodplain vegetation and the attached 

roughness have been frequently and sufficiently reduced to cancel the expected 

attenuation of the overbank events following each of the stages of the re-

meandering implementation. 

4.4.6 The empirical median hydrograph 

The use of the metric M4 is limited by the absence of information on the threshold 

peak flow value to discriminate in-channel and overbank events at the upstream 

DM gauging station. It prevented investigating further the impact that could have 

come from the re-meandering reach only. However, when considering all the 

events together, the increase in width along the falling limb at NK GS compared to 

DM GS was statistically significant. Such longer duration of falling limb is 

associated with floodplain retention that delays the release of the water 

(Woltemade and Potter, 1994). However, it can also be assumed that changes in 

peak flow synchronisation with tributaries between the two gauging stations could 

have affected the shape of the hydrograph. A peak hydrograph joining another in 

its falling limb will produce an overall wider falling limb. 

At NK GS, the widening of the EMH for overbank events is marked. It should be 

associated with a decrease in the rate of rise (M2a) and an increase in the event 

duration potentially reducing the metric M3. As synthetised on Figure 4-41, the 



- 164 - 
 

 

 

impact of overflow onto the floodplain on overbank hydrograph shape shows the 

changes especially affecting the rate of rise (Rak et al., 2016). The shoulder 

identified at bankfull flow is also visible on modelled Q100y hydrographs in the 

context of analysing the effectiveness of floodplain in flood risk attenuation along 

the Danube at various scales (Schober et al., 2015). Rak et al. (2016) identified the 

same change for a modelled event above Q50y of a 13 km reach in central Europe, 

and Sholtes and Doyle (2011) for one Q10y and one Q100y modelled event along 

a 1 km long re-meandered reach in the USA, but not for a Q2y event.  

 

Figure 4-41: Theoretical change in hydrograph shape linked to floodplain connection 
 (from Rak et al. (2016)). 

For the Lake Wood - Nether Kidston re-meandered reach, a significant decrease 

in the median rate of rise (M2) is not reported by the statistical analysis while the 

rising limb of the EMH is wider. It is assumed that this difference could be related 

to the samples size. More events were considered for M4 (>26) than for M2 (7) 

which might have contributed to a better accuracy in the results of M4. The EMH 

does not display a shoulder on the rising limb. It is assumed that the size of the 

flow events considered to build the EMH is insufficient to show such change or that 

using median value has concealed it.  

4.4.7 Conclusion 

This analysis of empirical hydrological time series using the five selected metrics 

has produced mixed results. Only the empirical median hydrograph is pointing 

towards an increase in flow attenuation from the re-meandering of the studied 

reach for overbank events. More metrics are pointing in that same direction for in-
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channel events (peak travel time difference, hydrograph shape index, empirical 

median hydrograph along its rising limb). An attempt was made to factor in the 

uncertainty on the threshold limit between overbank and in-channel events by 

running a sensitivity analysis on this parameter. When considering the results 

within the sensitivity analysis, conversely, the peak travel time difference shows a 

decrease in flood attenuation for overbank events; and the ratio of event volume 

over event duration for in-channel events. The complex changes that took place 

over the period of analysis with staged works over a few years, change in 

seasonality in high flow events, change in floodplain vegetation following works and 

the complex interactions between the channel and its floodplain might have 

concealed part of the signal from an increase of the flood attenuation expected by 

the re-meandering. 
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5 Chapter 5.  

Channel geomorphic changes over the period April 

2018 - May 2020 

  

This chapter examines the geomorphic changes of the study reach over the period 

April 2018 - May 2020 and how they might influence flood attenuation. The 

methodology used to process and analyse the topographic data, identify changes 

in channel geomorphology and geomorphic units and estimate coarse sediment 

budgets is detailed. The results are presented at the sub-reach and the reach 

scales and are linked to geomorphic mechanisms. The impact of these changes 

on this channel evolution and on its hydraulics are discussed. 

5.1 Introduction 

Re-meandering a straight channel changes the shape of the river and introduces 

more diverse slopes, sinuosity, bank geometry and roughness that, in turn, 

promote more diverse patterns of flow. When sufficiently high discharge events 

subsequently occur, they are able to change the geomorphology of the channel 

through processes of erosion, sediment transport and deposition. These changes 

take place in different locations and are expressed in different vertical amplitudes 

depending on the pre-existing geometry of the channel.  

One way of approaching the analysis of these changes is to consider the inverse 

geomorphic approach. Applied in fluvial geomorphology, it infers geomorphic 

processes and sediment transfers from morphological evidence observed on the 

ground (Ashmore and Church, 1998). It rests on measuring the channel 

morphology and its changes by means of repeat topographic surveys that can 

either record discrete 2D cross-sections or 3D spatially distributed data. 

The tremendous development of high resolution topography (HRT) surveying 

methods over the past 30 years, in conjunction with the development of GIS tools, 

has allowed geomorphologists to acquire or use 3D spatially distributed bathymetry 
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and topography data (Bangen et al., 2014b). Passalacqua et al. (2015) define HRT 

as 3D topographic dataset composing a point cloud with an average spatial 

resolution greater or equal to one point per square metre. From these datasets, 

raster Digital Elevation Models (DEMs) are created. Compared to discrete 2D 

cross-sections, they remove the uncertainty of interpolating between cross-

sections and give access to more continuous and accurate surface 

representations. For example, Fuller et al. (2003) compared the annual sediment 

budgets of a 1 km long reach of the River Coquet from two sets of 2D cross-

sections and from two DEMs. They found that the cross-section approach was 

underestimating the volumes, while the DEM approach was allowing the 

identification of spatial areas of erosion and deposition. 

Various survey techniques are now used in fluvial geomorphology to record 

topographic data either individually or merged together, such as echo-sounding 

from a boat, Structure from Motion (SfM) from images acquired from Unmanned 

Aerial Vehicles (UAV) (Marteau et al., 2020), aerial LiDAR (Heritage et al., 2009), 

Terrestrial Laser Scanning (TLS) (Williams et al., 2014), and rtk-GPS (Brasington 

et al., 2000, Bangen et al., 2014b). Some of the outputs from these techniques 

have been compared to assess the influence of the technique on the quantification 

of geomorphic changes and to analyse their strengths and limitations: TLS vs SfM 

(Kasprak et al., 2019) and TLS, Total Station (TS), rtk-GPS and LiDAR (Bangen et 

al., 2014b). One conclusion is the necessity to choose the technique or group of 

techniques that is best suited to the characteristics of the site (Figure 5-1), the aim 

of the assessment, the crew (Bangen et al., 2014a) and to follow a defined 

sampling strategy (Heritage et al., 2009).  
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Figure 5-1: Comparison of resolution at typical survey reach extents for some topographic 

surveying techniques (Fig.12 from Bangen et al. (2014b)) 

Now that these techniques and methods have evolved and grown in accuracy, they 

can be applied to build sediment budgets, identify patterns of changes and gain 

insights about geomorphology processes and their evolution over time (Brasington 

et al., 2000). Recent studies have applied some of these methods to investigate 

the outcomes of river restoration designs over longer time periods than just 

between individual events for which there are a lack of evidence. Addy and 

Wilkinson (2019a) studied the changes in geomorphology, substrate complexity, 

bed sediment texture and the retention of nutrients from re-meandering the Logie 

Burn over a 236 m reach. Marteau et al. (2020) analysed the effects of reconnecting 

an ephemeral tributary of the River Ehen as an alternative to artificial gravel 

augmentation in the context of pearl mussels habitat. Williams et al. (2020) studied 

the effects of removing embankments to restore part of the lateral migration of a 

500 m long reach of the once wandering Allt Lorgy. Using a combination of 

techniques, they analysed the changes in geomorphology, geomorphologic units 

diversity and ecology of the river over four years. Addy and Wilkinson (2021) 

analysed the geomorphic outcomes of lowering an embankment in an outer bend 
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of the River Dee on the conveyance capacity and the reconnection with the 

floodplain over a three years period. Eschbach et al. (2021) studied the geomorphic 

changes from re-meandering an artificial side channel of the Rhine River over a 

two-year period. Such methods applied to the Eddleston Water over its 1.6 km long 

re-meandered reach will bring insights into its geomorphic changes over a two-year 

period and the related impacts it could have had on flood attenuation. 

The aim of this chapter is thus to answer the following research questions:  

1- Has re-meandering the Lake Wood - Nether Kidston reach led to 

geomorphological changes over a two-year period characterised by low magnitude 

high flow events (one two years return period event, one 1.5 year)? 

2- How have these influenced its capacity to attenuate flood risk?  

The following objectives were set to answer this: 

1. To characterise the geomorphologic changes of the channel and its 

banks in terms of amplitude, location, and nature. 

2. To quantify the alteration of the channel geomorphology and interpret 

how it has changed the connection of the channel with its floodplain. 

3. To characterise how the geomorphic features in the channel have 

changed over this period in terms, if they have changed in nature, 

expanded or contracted.  

4. To identify the dominant geomorphic mechanisms that have been at 

play and link them to the changes in conveyance capacity of the reach. 

5.2 Methodology 

The geomorphic changes of the re-meandered reach (Lake Wood - Nether Kidston) 

were investigated by comparing datasets collected during topographic field surveys 

acquired in April 2018 and May 2020. The first survey was carried out in April 2018 

by the consultancy cbec eco-engineering, 19 months after the completion of re-

meandering the last sub-reach (Milkieston). With the re-meandering works being 

implemented in stages over three years (ending in September 2016), there had 

been no survey before April 2018. The second full topographic survey was 

completed in May 2020 as part of this research project. 
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To understand how the re-meandered reach has adjusted over this period of two 

years under the recorded flow conditions, the methodology used relies on collecting 

topographic data through field surveys and analysing them to estimate and 

interpret the changes in: 

- the longitudinal profile, 

- the bed morphology,  

- the geomorphic units, and  

- the mechanisms of geomorphic change. 

This required the building of DEMs using GIS; the use of specific tools to create 

Difference of DEMs (DoD); the estimation of sediment budgets; the analysis of 

geomorphic changes and units; and the linking of observed changes to 

geomorphic mechanisms. The workflow on Figure 5-2 summarises the methods 

applied to the topographic data to analyse these changes. 
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Figure 5-2: Workflow describing the methods used to analyse the geomorphic  
evolution of the re-meandered channel from the topographic data 
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Prior to estimating these changes, it was necessary to analyse the flow conditions 

to understand the range of flows that were at play over the period. 

5.2.1 Flow regime over the period of analysis 

The flow conditions were characterised using the hydrological time series from the 

Nether Kidston gauging station located immediately downstream from the re-

meandered reach (Figure 4-4). The recorded water levels time series (15 minutes 

interval) and the rating curves gave flow time series that are reviewed annually by 

Wallingford HydroSolutions Ltd. (WHS Ltd). 

5.2.2 Topographic surveys 

The first topographic survey was carried out in April 2018 by cbec along with a 

fluvial audit. These datasets were provided by Tweed Forum including raw survey 

points (X, Y, Z), processed GIS files presenting the outputs of the fluvial audit 

(punctual and linear data of bed material, erosion or deposition features, 

vegetation, engineered pressures), morphological units and reach types, and the 

interpolated 10 cm resolution DEM. The equipment used consisted of two Leica 

rtk-GNSS (real time kinematics Global Navigation Satellite System) and one 

Trimble Robotic Total Station. The point density was 0.48 point/m² on average. The 

following surveys were implemented as part of this research project. 

5.2.2.1 Field surveys 

Prior and in addition to the three topographic surveys implemented as part of this 

research, 12 site visits were made between September 2018 and May 2020. Their 

various aims were to get to know the upper catchment and parts of the hydrological 

monitoring network; to set up a new gauging station; to sample coarse sediments; 

to measure the water turbidity; to gauge the river during two flood events <Q2y 

(06/10/2019 & 09/02/2020) and take photos of their extents; to set up and 

georeference ground control points; to record the trash line of the 01/03/2020 high 

flow event (Q2y) and to take repeated fixed photos 

Based on the April 2018 dataset, three topographic surveys were carried out by the 

author in April 2019, October 2019, May 2020 aiming at reaching approximatively 

the same point density in order to keep the same level of accuracy. They took place 
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after high flow events had taken place (Figure 5-8). Only the third (May 2020) 

successfully covered the whole re-meandered reach (Table 5-1).  

The first survey was meant to test the feasibility of surveying the reach and select 

the area of study, the second to be successful in surveying the whole reach with 

the appropriate equipment and sampling strategy. However, although the 

vegetation density had sufficiently decreased, the rapid response of the catchment 

to rainfall events followed by slow decrease in water levels in conjunction with 

unstable weather during this season (early October) prevented it. Surveys 1 and 2 

were then used to design the final survey and to increase the density of points 

outside the channel on the floodplain where no morphological changes took place. 
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Table 5-1: Summary of the topographic surveys undertaken as part of this research (refer to Figure 5-4 for bends numbers). 

Survey 
Date 

Re-meandered 
reach 

Equipment 
Total 

duration 
Purposes 

Results 

1 April 2019 Shiphorn 

 

Lake Wood to 
Cringletie Bend 
#19 

rtk-GNSS 5 days Develop an understanding of the river, its 
environment, and its morphology. 

Test the feasibility of surveying with one surveyor and 
across the two re-meandered reaches. 

Test and train with the rtk-GNSS equipment. 

Check the amplitude of the morphological changes 
after 2 years and 3 high flow events. 

Choice of the re-meandered reach 
to study further. 

Validation of existing 
morphological changes. 

A partial dataset. 

 

2 Oct. 2019  
Nov. 2019 
Feb. 2020 

Lake Wood to 
Cringletie Bend 
#19 

rtk-GNSS 

RTS 

4 days 

4 days 

1 day 

Test and train with the RTS equipment. 

Record morphological changes after 2 high flows 
events between Q1 and Q1.5. 

Validation of the topographic 
sampling method and the use of the 
RTS. 

Difficulty of surveying due to the 
rapid response of the river to 
rainfall. 

A partial dataset. 

3 May 2020 Lake Wood to 
Nether Kidston 

rtk-GNSS 

RTS 

10 days Record morphological changes after high flow (max 
Q2). 

A full dataset. 

 

Mean point density of 0.44 pt/m² 
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For each survey, online real-time water level data and rainfall data at SEPA Shiplaw 

gauging station were used, as well as MET Office weather forecast, to check the 

accessibility of the site prior and during the surveys. From the various visits made 

to the site during various weather conditions, a water level of 0.20 m at Shiplaw GS 

was defined as a maximum to access the channel safely. 

In the context of this research, considering the characteristics of the site, available 

equipment and budget, the choice was made to use ground-based techniques 

usable by one person. ADCP was discarded as the channel was wadeable with 

water depths mostly below 0.5 m. TLS was not suitable as most of the channel is 

submerged and bank vegetation density is high. For other aerial techniques, the 

costs were too high to consider them. Due to the dense vegetation on the banks 

and floodplain even outside the summer season, a power line across part of the 

site, the length of the reach (1.6 km) and a fast responsive catchment to rainfall, 

SfM from UAV and teamwork were discarded. 

The Dundee university owned GNSS equipment was used for most of the survey 

extent. It is composed of a Lecia Viva GS14 GNSS smart antenna and a CS15 field 

controller connected to a group of satellites. For the third survey, a Leica TS16 

robotic Total Station (RTS) was added to access specific areas with poor satellite 

signal (near high streambanks) and dense tree canopy cover. It uses an auto-

tracking and target recognition system that makes it useable by one person only. It 

relies on reference points with known coordinates to directly calculate the points’ 

coordinates. Ground-control points had been previously set up by the author prior 

to the surveys and their coordinates recorded with the rtk-GNSS on multiple site 

visits (Figure 5-3). All data were collected in the OSGB36 (Ordnance Survey Great 

Britain 1936) coordinate system. 
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Figure 5-3: Examples of reference points (wooden post and fence) 

Ground-based techniques like TS and rtk-GNSS rely on surveyor judgment. An 

analysis made by Bangen et al. (2014a) of 7 surveyors sampling the same 6 sites 

showed that DEM differences due to surveyor variability were minimal and that the 

adoption of consistent surveying methods reduced them further. The same 

surveyor did the three surveys, improving the technique and knowledge of the site 

each time, therefore minimising the errors. 

The difference from using two pieces of geomatics equipment (rtk-GNSS and RTS) 

was estimated by surveying topographic points over the same area with each 

technique and comparing the DEMs. Over a 15 m long reach (80 m²), part of NK, 

79 points were recorded with the rtk-GNSS, and 157 points with the RTS using 

ground control points initially surveyed with the rtk-GNSS. The point densities differ 

as the RTS turned out to be faster in data collection but slower in setting up. After 

interpolation as Triangular Irregular Networks (TIN) and resampling at 0.1 m 

resolution (DEM), the DEM from the rtk-GNSS was subtracted from the RTS one 

to produce a DoD. The DoD shows that the difference between the results obtained 

from the two methods was minimal; with the RTS on average being 1 mm higher 

than the rtk-GNSS, with a standard deviation of 33 mm. Using these two methods 

interchangeably is not a major source of uncertainty. 
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Lastly, the point density was calculated from the topographic points cloud of the 

whole survey reach, as it can be used as a proxy for the sampling effort (Bangen 

et al., 2014b). Using a 3 m radius moving window (Bangen et al., 2014b), the mean 

point densities for the April 2018 and May 2020 were 0.48 point/m² and 0.44 

point/m² respectively. They are in line with the literature (Fig12 from Bangen et al. 

(2014b)). Such datasets are therefore suitable for creating a high-resolution DEM, 

and a DoD to analyse channel morphological changes as described in section 

5.3.2. 

A morphologically based sampling strategy was used to improve the quality of the 

data, whereby toes and tops of banks, bar boundaries and tops, were recorded 

(Heritage et al., 2009), combined with a topographically stratified strategy recording 

major break of slopes and break lines in the topography (Brasington et al., 2000, 

Bangen et al., 2014b, Williams et al., 2020). The point density was increased where 

geomorphic changes and units were identified and relaxed when topography was 

more even. Where possible, points were recorded using a triangular grid-based 

protocol to improve coverage and improve the triangulation during post-processing.  

The choice of these techniques (rtk-GNSS and RTS) for the extent of the site is in 

line with the analysis done by Bangen et al. (2014b) and the expectation was to 

reach a point density of 1 point/m² maximum (Figure 5-1). 

Field observations were recorded in a notebook such as bank erosion, aquatic 

vegetation and changes in bed substrate, and fixed photos were taken.  

5.2.2.2 Data post-processing prior to interpolation 

The topographic survey was implemented offline because of the patchy signal. 

Topographic data from the rtk-GNSS were post-processed within the Leica Geo 

Office 8.3 software package by the Dundee geography department technician. 

Coordinates were calculated via post-processing of the GNSS raw observations 

relative to the nearest OSnet continuously operating GNSS receiver. Data from the 

Robotic Total Station were directly available as a .csv file. 

All the data were then plotted in GIS, reviewed based on the field observations and 

were classified by type: top of bank, toe of bank, bed channel, floodplain, bar, bar 

edge, point on slope, water level, boulder, tree (across the channel). Data were 
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then scrutinized and the ones from the rtk-GNSS with an overall positional error  

> 5 cm were removed to limit uncertainty (representing 3.4% of the dataset). 

Break lines for use in interpolation were created from joining points classified as 

toe of banks, top of banks and major break of slope. 

The May 2020 survey provided a full dataset across the whole re-meandered 

reach, but 7 areas without recorded data remained and cover in total 5% of the re-

meandered channel length (Figure 5-15b): 

- Lake Wood: across the felled tree where the signal would not get through 

due to the vegetation, it extends over 4.5 m of channel length. 

- Cringletie: the deep pool in bend #14 and part of the left bank in bend #15 

where points were discarded due to the poor quality of their positioning, it 

extends over 22 m of channel length and 21 m of close floodplain. 

- Cringletie Bridge: across the felled tree where the signal was probably 

unable to get through due to the vegetation, it extends over 9 m of channel 

length. 

- Nether Kidston: 

o in the area where the former channel joins in where the substrate 

was too soft and silty to allow access, it extends over 6 m of channel 

length, 

o in bends #26 and #27 where the overhanging trees possibly 

obstructed the signal to go through, it extends over 4 and 11 m of 

channel length. 

In these areas, data from the former topographic surveys were used to locally 

interpolate the DEM and fill the gaps. The solution would have been to use the RTS 

with the help from a second surveyor. However, the restrictions due to the COVID-

19 prevented co-working during the May 2020 survey. The RTS turned out to be 

well adapted for one surveyor with the limits that it requires use of ground control 

points and it is heavy to carry on long distances and uneven grounds. The rtk-

GNSS is well adapted, quick to set up and light, but its accuracy is limited in some 

areas. 
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5.2.2.3 Data interpolation 

The creation of a DEM consists of interpolating the topographic point cloud into a 

surface. Different methods are available, but Kriging and the TIN are commonly 

used in fluvial geomorphology. Heritage et al. (2009) and Wheaton et al. (2010) 

recommend the TIN method as being more reliable and well suited for 

discontinuities such as breaks of slope and banks edges. The TINs are then 

resampled to a gridded DEM by linear interpolation, setting the cell resolution. 

When coarsening the resolution, the accuracy of the topography and the DEM is 

affected by loss of elevation changes and important breaks of slopes (Kasprak et 

al., 2019, Brasington et al., 2000). 

For the new topographic surveys, TINs were generated using ArcGIS v10.5, edited 

manually to improve local interpolation, then resampled to gridded DEMs of 0.5 

and 0.1 m resolution. After review, 0.1 m resolution DEMs were used as they were 

more precise in representing bank profiles and did not demand too much additional 

processing time.  

5.2.3 Geomorphic changes and sediment 

Geomorphic changes are calculated by subtracting two orthogonal DEMs. The 

resulting Difference of DEM (DoD) displays the raw magnitude of elevation 

difference, including the real geomorphic changes and the error from the DEMs. 

The latter is a combination of the errors from the topographic surveys (instrument, 

sampling, measurement), the complexity of the surfaces and the interpolation 

methods. As it propagates into the DoD, this can result in bias in the results and 

their interpretation, such as in creating sediment budgets (Bangen et al., 2016). 

Methods have been developed to assess this uncertainty (Passalacqua et al., 

2015), firstly by considering a uniform error for each DEM as a minimum level of 

detection based on statistical metrics (Brasington et al., 2000).  Other research has 

shown the spatial variability of the DEMs uncertainty: it is higher on steeper areas 

with complex topography and low point density, and lower on flatter more 

accessible areas (Milan et al., 2011). Therefore, methods have tried to estimate 

spatially variable error by considering a uniform error separately for dry and wet 

areas (Lane et al., 2003); or an empirical relationship with the topographic 
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roughness (Milan et al., 2011); or using a Fuzzy Inference System (FIS) (Wheaton 

et al., 2013, Bangen et al., 2016). 

The spatially variable and probabilistic thresholding approach developed by 

Wheaton et al. (2010) has been applied to a growing number of projects to build 

DoDs and estimate sediment budgets (Wheaton et al., 2013, Williams et al., 2020, 

Marteau et al., 2020). The error from each DEM is set and then propagated to the 

DoD. The DoD is then thresholded at a specific confidence level (CL%). The 

resulting thresholded DoD displays areas of change that can be considered as real. 

From such DoD, sediment budgets can be estimated for a reach or for specific sub-

areas using segregating masks. The detailed workflow of the method is presented 

in the Appendix 7.  

The open-source Geomorphic Change Detection software, output of the 

Riverscapes Consortium (https://gcd.riverscapes.xyz/), implements this method 

and allows calculation of sediment budgets. This software version 7.5 was used to 

analyse the elevation changes of the re-meandered reach Lake Wood - Nether 

Kidston between April 2018 and May 2020. The selected parameters were: 

- for each DEM, a uniform error surface of 0.1 m, as estimated by Bangen 

et al. (2014b) as the maximum standard deviation for DEMs deriving from 

rtk-GPS and RTS surveys of wadeable streams, 

- values of confidence level of 70%, 80%, 85%, 90%, 95% were tested, 

- sediment budgets were calculated using masks drawn under  

ArcGIS v10.5. 

The resulting thresholded DoDs, with different confidence levels, were reviewed to 

select the one with the more realistic patterns of change. Realistic patterns were 

identified by cross-checking the results with field observations. Areas with clustered 

changes and matching field observations of erosion and deposition were selected 

(Figure 5-2). It was then reviewed to keep only areas with scour or fill, in line with 

the field observations. Polygons used as masks were drawn around these areas to 

then estimate sediment budgets. 

The DoD map and the sediment budgets were used to characterise erosion and 

deposition patterns at the reach and at the sub-reach scales. The sub-reaches 
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represent the staged works except Cringletie Bridge (#4). This sub-reach is 

introduced as the largest sediment bar has been developing in the bend #20 and it 

could be impacted by changes from downstream (Figure 5-4). The sub-reaches are 

listed in the downstream direction: 

#1. The most upstream, Lake Wood (LW), refers to the first re-meandered sub-

reach (September to October 2013) where the sinuosity is the most 

pronounced. 

#2. Milkieston (MK) was the last implemented (July to September 2016) and 

is characterised by bank protection along its left to protect from erosion 

towards the main road A703. 

#3. Cringletie (CR) refers to the first re-meandered sub-reach with little 

sinuosity (September to October 2013). 

#4. CR Bridge consists of the straight sub-reach on both parts of the Cringletie 

Bridge including a large bar developed immediately downstream from the 

bridge (bend #20). 

#5. Nether Kidston (NK) was implemented in March 2016 and has little 

sinuosity. 
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Figure 5-4: Extent of the sub-reaches used to estimate sediment budgets. 

5.2.4 Estimation of the volume at bankfull height 

The volume of storage available in April 2018 and May 2020 at bankfull height was 

estimated based on two DEMs and the two associated bankfull extent polygons.  

The “cut and fill” tool from ArcGIS was needed to compute the volume of storage 

at bankfull height in April 2018 and in May 2020 and compare their evolution. It 

requires to have one DEM of the channel bathymetry and its close floodplain and 

one DEM of the bankfull height for each date. The volume represents the difference 

between the two. The following process was repeated for the two datasets (April 

2018 and May 2020): 

- the first DEM of the bathymetry was available from the topographic surveys 

(resolution 0.1 m), 

- the second DEM representing the bankfull height was built by: 

flow 
direction 
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o extracting points with height values from the DEM along the 

boundary of each bankfull polygon,  

o then interpolating these values into a TIN,  

o then resampling it into a DEM of same resolution (0.1 m), 

o finally clipping it to the same extent as the channel topography DEM.  

5.2.5 Geomorphic Units  

Geomorphic units (GU) are the elementary features that make up a river reach and 

have been described as “building blocks” (Fryirs and Brierley, 2012b). They are the 

appropriate scale at which to analyse the links between physical habitats and 

biological conditions. Therefore, there has been a growing interest in developing 

frameworks and methods to analyse them in order to assess river 

hydromorphological condition, such as required by the European Water Framework 

Directive 2000/60 (WFD) (Belletti et al., 2017). Because these features are 

produced and reworked by erosional and depositional processes, analysing their 

links and development gives insights into river behaviour (Fryirs and Brierley, 

2012a). This can be applied to the context of river restoration such as re-

meandering. 

As part of the REFORM (REstoring rivers FOR effective catchment Management) 

framework developed through a European research project, a nested hierarchical 

approach was adopted to develop guidance and tools to improve river restoration 

efforts in the context of WFD legislation and associated implementation. The 

geomorphic unit survey and classification (GUS) is one output from REFORM, that 

can be used to classify, analyse and monitor geomorphic units (Belletti et al., 2017).  

In a complementary approach, Wheaton et al. (2015) developed a method that was 

designed to benefit from HRT data to automate the delineation of geomorphic units 

in order to map them in a repeatable, consistent and objective manner. This is a 

tiered approach that uses a classification derived from Stage One of the River 

Styles Framework (Fryirs and Brierley, 2012b). This is a three-tiered approach 

whereby Tier 1 identifies the valley (out of channel) and flow (in-channel units), Tier 

2 classifies the topographic units by shape and form, Tier 3 classifies each of the 

Tier 2 units into geomorphic units based on key attributes (Figure 5-5 and Appendix 

8).  
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Figure 5-5: The tiered approach of the Geomorphic Unit Tool software (Bangen et al., 2017). 

The open-source Geomorphic Unit Tool (GUT) software output of the Riverscapes 

Consortium (http://gut.riverscapes.xyz/) implements this method to map 

geomorphic units from HRT topographic data. It has been used to describe physical 

habitats structure and explore its influence on aquatic organism (Bangen et al., 

2017); to assess the evolution of habitat diversity (Williams et al., 2020); and to test 

the geomorphic response of restoration projects (Bangen et al., 2017, Maniatis et 

al., 2020, Kramer et al., 2017). 
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This method was applied on the Eddleston Water by Williams (2019) to map 

geomorphic units in April 2018 (Williams, 2019). As part of this thesis, it was also 

applied to the May 2020 survey after creating the required input files in ArcGIS: 

- a low flow extent polygon (from the topographic data) and its centre line, 

- a thalweg line joining the lowest points of the channel bed using the 

contours of the DEM, 

- a bankfull extent polygon and its centre line. 

The above inputs can be generated from both automated tools and manual 

digitisation. Because the tools used to define the bankfull extent, the Bankfull Tool 

from the River Bathymetry Toolkit (McKean et al., 2009) and the CHaMP Topo 

Processing Tools were incompatible with the available ArcGIS version, this polygon 

was created by updating the one from April 2018. The contour values followed by 

the boundaries of the polygon from April 2018 were recorded and the polygon for 

May 2020 was adjusted to follow the same values. This approach, of manual 

modification of the 2018 GUT input files, maximises consistency between the 2018 

and 2020 GUT input datasets. The GUT does not allow data gaps within the DEMs, 

therefore, for the 7 data gaps identified in the May 2020 DEM (section  5.2.2.2), the 

tool was run, and the units within these 7 areas were discarded in both datasets to 

allow for an unbiased comparison. The tool was run for each sub-reach and re-run 

at each junction to remove discrepancies. The geomorphic units (GU) from the Tier 

3 were reviewed, some were manually edited to match with the field observations.  

For both GU maps: 

- areas and proportions of each GU were computed and compared to 

evaluate the change over the period, 

- GCD was used to segregate sediment budgets by GU and comparisons 

were made to infer geomorphic mechanisms of change. 

This analysis was done at the reach and at the sub-reach scales (Figure 5-4). 

5.2.6 Longitudinal profiles 

Longitudinal profiles are useful to quantify changes along a reach in elevation and 

in bed channel slope, and to identify their discontinuities such as knickpoints and 

to infer changes in energy and sediment connectivity (Fuller et al., 2013). Drawn at 
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different dates, profiles are useful to identify vertical adjustments of the channel 

bed (aggradation or incision). They usually follow the thalweg defined as the line 

joining the deepest portions of the channel bed. 

Longitudinal profiles were extracted from both topographic surveys. Using ArcGIS, 

the contours of the DEMs were used to draw the thalweg lines perpendicular to 

them and going through the deepest points. Elevation values and distance to the 

thalweg’s origin were extracted from the DEMs along the thalwegs using the 

ArcGIS tool ‘Stack Profile’. The datasets were then exported to Excel to draw the 

profiles (Figure 5-6). 

 

Figure 5-6: Workflow applied to build long profiles. 

As the number of points extracted was important, the profiles shown many small 

elevation variations that made the comparison difficult (Figure 5-7).  
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Figure 5-7: Raw long profiles displaying the high frequency variation in the channel  
elevation hindering long profile comparison. 
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To improve this and improve the interpretation, a local smoothing method was 

applied to the datasets. This locally weighted scatter-plot smoothing method 

(LOWESS) called robust LOWESS (Cleveland, 1979) is characterized by: 

- a local smoothing process as each smoothed value is calculated from a 

group of neighbouring points, 

- a regression weighted function, 

- a robust weighted function to account for the outliers, 

- a linear polynomial regression during the smoothing process, 

- a smoother span factor ‘f’ (0 to 1). 

A script was built with R-Studio to test different values of the smoother span ‘f’ (0 

to 1). 

Lastly, the original long profiles were used to calculate channel slopes and identify 

knickpoints. The smoothed ones were compared to identify erosion and deposition 

processes and amplitude over time (section 5.3.1). This analysis was made at the 

reach and the sub-reaches scale. 

The DEM representing the original straight channel was obtained from the 

catchment scale model built by JBA (JBA Consulting, 2020). The DEM is a 

composite of bathymetry and low flow LiDAR datasets. The longitudinal profile was 

extracted from the DEM along the thalweg line that was drawn with the contours of 

the DEM. 

5.2.7 Preliminary analysis of the river flow records 

The hydrological context of the period during which the geomorphic changes were 

estimated (April 2018 - May 2020) was analysed. 

The river discharge data at 15-minute interval recorded at NK GS since March 2011 

shows the range of maximum values over the period March 2011 - March 2020 

(Figure 5-8). The estimation of the reference values was made using annual 

maxima (see section 4.2.1.5). From the analysis of the 09/02/2020 event (storm 

Ciara), events with flow values greater than 5.6 m3/s at NK GS (or 0.90 m) are 

taken to have been overbank. From the analysis of the annual maxima, this roughly 

equals to the 100% annual exceedance probability (AEP) or Q1y defined using the 

15-mimutes time series. 



- 189 - 
 

 

 

The flows were more extreme during the Baseline period with three flow events 

above the 20% AEP or Q5y (July and September 2012) than during the Meanders 

period with none. Since the last sub-reach (MK) has been re-meandered 

(September 2016) until March 2020, only one flow event was estimated above 

Q2.5y and this was immediately after the last works were implemented. 

 

Figure 5-8: Flow time series at NK GS over the period of the project (2011-2020) - the stars 
locating the topographic surveys. 

Since then, in the time period between the two topographic surveys, flow events 

were even smaller (Figure 5-9). 
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Figure 5-9: Flow time series at NK GS and topographic surveys from cbec (Apr. 2018) and this 
PhD research (2019-2020) 

This analysis shows that the two topographic datasets recorded over the period 

April 2018 - May 2020 reflect the geomorphic effects from the following minor flood 

events:  

- one event the size of Q2y (01/03/2020) 

- one event below Q1.5y (12/08/2019) 

- and 12 events above Q1y. 

5.3 Results 

5.3.1 The vertical geomorphic changes from the long profiles 

The thalweg line of the channel was drawn between Lake Wood and Nether 

Kidston to analyse the change over time. Before the re-meandering, the reach was 

mainly straight with a thalweg line estimated as 1490 m long. In April 2018, 19 

months after the last part of the re-meandering took place, it was estimated as  

1700 m and 1735 m in May 2020. 

The DEM made available as part of the 2020 catchment model is a composite of 

bathymetry and LiDAR datasets (JBA Consulting, 2020). The thalweg line 

extracted from this DEM (section 5.2.6) might not represent the bathymetry 
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precisely, but possibly low flow water surface elevation from the LiDAR dataset. 

The thalweg line before the re-meandering can be broken into 4 parts of different 

slope (Figure 5-10): 

- a relatively constant profile (3.1‰) from the upstream end until it reaches 

the middle of the CR sub-reach, 

- from this point to passing the Cringletie Bridge, the slope decreases from 

2.2‰ to 2‰, 

- past the bridge to the junction with the future re-meandered channel, the 

slope increases again to reach 2.5 ‰, 

- over the last 60 m of the reach, the elevation rises and then drops sharply 

to a value of 7.9‰.  

 

Figure 5-10: Long profile of the original channel between Lake Wood  
and Nether Kidston (source: JBA Consulting (2020)) 

The long profiles from the two re-meandered surveys look quite similar in their 

overall shape (Figure 5-11). The shift in the limits between the sub-reaches (vertical 

dotted lines) are due to the change in thalweg length that was estimated to be 35 

m longer in May 2020 than in April 2018. It comes from a more sinuous trajectory 

from the manual draw of the thalweg. 
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Figure 5-11: Raw longitudinal profiles of the re-meandered channel between Lake Wood and 
Nether Kidston in April 2018 (data: cbec) and May 2020 (data: UoD) - Vertical dotted lines 

represent the limits between the sub-reaches 

The channel bed slope was computed from the long profiles data for the whole 

reach and for each sub-reach, between consistent geomorphic units (e.g. glide-run 

to glide-run or riffle to riffle, see Figure 5-29 to 5-34) to avoid bias if the ends of the 

profiles were located within a pool. The comparison between the original straight 

channel and the re-meandered channel shows a decrease of slope along the 

overall reach from 3.1‰ to 2.8‰ in May 2020, which is the consequence of 

lengthening its course (Figure 5-12). The slopes were more homogeneous before 

the re-meandering than after. 

Between April 2018 and May 2020, while the overall slope has barely changed 

(2.79 to 2.85‰), it has decreased along MK (1.4 to 1.1‰) and increased along all 

the other sub-reaches especially the Bridge (+1‰) and LW (+0.7‰), in a lesser 

extent for CR (+0.2‰) and NK (+0.3‰). 
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Figure 5-12: comparison of channel bed slopes 

Due to the numerous variations of elevation, the difference between the two long 

profiles was difficult to spot. The Lowess smoothing method was applied to the 

dataset with different values of the smoother span ‘f’ (0 to 1) to reach a fitted line 

that would allow for a reliable assessment of the profiles while not simplifying them 

too much. The results on Figure 5-13 show the influence of the smoother factor. 

The two fitted profiles (Figure 5-13c, d) show a very noticeable vertical incision of 

the bed along MK and CR. The differences on the other three sub-reaches (LW, 

Bridge, NK) are less visible and require looking at the original profiles for 

meaningful differences (Figure 5-14). 
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Figure 5-13: Comparison of the initial and smoothed longitudinal profiles of the re-meandered channel between Lake Wood and Nether Kidston in April 
2018 (data: cbec) and May 2020 (data: author) - a & b) Comparison of the fitted line and the raw profile - c & d) Comparison of the smoother factor f.
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At the scale of the sub-reaches, differences are visible between April 2018 and 

May 2020 (Figure 5-14): 

- LW (Figure 5-14a): 

o the slope seems to break around 260 m to reach a much flatter 

stage until 290 m which corresponds with the area between bends 

#6 and #7, upstream from the fallen tree, 

o there seems to be a shift around this area with, in May 2020, slightly 

higher elevations at the upstream end and slightly lower elevations 

at the downstream end compared to April 2018, 

- MK and CR (Figure 5-14b, c): 

o the elevations decreased, suggesting vertical incision occurred, 

o on CR, the slope seems to become much flatter from 500 m to  

580 m which corresponds with bend #19, 

- Bridge (Figure 5-14d):  

o the two long profiles are very similar along the first 55 m (the end of 

the bend #20) then diverge with vertical incision, 

- NK (Figure 5-14e):  

o the elevations suggest vertical incision. 
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Figure 5-14: Comparisons of the long profiles between Lake Wood and Nether Kidston by sub-

reaches. 

The outputs from the long profiles analysis are summarized in Table 5-2.  

Table 5-2: Summary of the long profiles comparison May 2020 vs April 2018. 

 

In conclusion, the overall slope has decreased from around 3.1‰ to 2.8‰ with the 

implementation of the meanders. At the sub-reaches scale, the gradients display 

more variety (1.1‰ to 4.4‰) and a general increase between April 2018 and May 

2020, except for MK. This will have had an impact on the flow in terms of energy, 

shear stress and geomorphic changes. The comparison of the long profiles suggest 

that the channel has been adjusting over the period April 2018 - May 2020 mainly 

through vertical incision, mostly visible along the MK and CR sub-reaches. This 

trend is spatially consistent with a maximum amplitude of around 0.25 m, without 
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uncertainty analysis undertaken. The extent of this in the horizontal dimension is 

presented in the next section with the analysis of the DoD.  

A control is identified on Lake Wood sub-reach immediately upstream from the 

felled tree between bends #6 and #7; it may have been impacting the sediment flux 

and explain the change of pattern with potentially deposition dominating upstream 

and incision dominating downstream. The straight reach between bends #19 and 

#20 leading to Cringletie Bridge may be acting as another local control limiting the 

propagation of the incision upstream from it. 

5.3.2 The difference of DEM (DoD) and the sediment budget 

The two DEMs (0.1 m resolution) were made concurrent and orthogonal and the 

one from April 2018 was subtracted from the one from May 2020 to produce a DEM 

of Difference. A uniform surface error of 0.1 m (Bangen et al., 2014b) was applied 

to each DEM. Thresholded DoDs were produced with confidence levels of 70% to 

95%. After reviewing the results and considering the existing literature (Vericat et 

al., 2017, Williams et al., 2020), the DoD with an 80% confidence level was 

selected. 

The re-meandered reach, under the hydrological regime described in section 5.2.7, 

experienced marked erosion over the period April 2018 - May 2020 as shown by 

the DoD (Figure 5-15). Erosion dominated the whole reach, with 87% of the total 

volume of difference above the threshold linked to surface lowering and only 13% 

to surface raising (Figure 5-15c). It is illustrated on the histogram with the 

breakdown of the elevation changes and the associated volumes (grey bars 

representing changes above the thresholded value of ±0.10 m). From the sediment 

segregation budget, the scale of the volumes of sediment at play are estimated at 

552 ± 277 m3 for erosion and 81 ± 43 m3 for deposition, which represents a total 

volume of difference of 633 ±320 m3 or 0.38 m3 per metre of channel length centre 

line (Table 5-3). The change in volume is not evenly distributed over the reach as 

shown on Figure 5-15e. Erosion is the dominant process at play for each sub-

reach, especially along MK and CR sub-reaches.  
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In terms of amplitude of elevation change, the maximum erosion is at the outer 

bend #27 with up to 1.3 m of scour and 1.1 m in bends #16, #19 and maximum 

(deposition) in the outer bends #3, #25 and inner bends #5, #16, with up to 0.5 m 

(Figure 5-15b). 
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Figure 5-15: Thresholded DoD map and elevation change (at 80% confidence interval) at the 
scale of the whole re-meandered reach. Colours show erosion (red), deposition (blue). 
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More details are visible at the scale of the sub-reaches. For all, erosion is the 

dominant process (Table 5-3). Milkieston (MK) and Cringletie (CR) are the sub-

reaches with the largest proportion of the volume changes linked to erosion (98% 

and 94%), while Lake Wood (LW) is the most balanced with erosion representing 

66% of the total volume of difference. 

Lake Wood (LW) and Nether Kidston (NK) sub-reaches show relatively similar 

changes. LW and the Bridge sub-reaches display the smallest average amplitude 

of detectable change (-0.09 ±0.10 m), the other three sub-reaches having much 

larger values between -0.22 to -0.28 m (±0.12 to 0.14 m). Compared to NK, 

changes on LW although smaller in thickness change, are larger in total volume of 

difference, meaning they affect a larger area on LW than on NK (17% vs 10%). 

MK and CR sub-reaches are the most dynamic and show similar extreme 

behaviours for all metrics. They display the two highest average amplitudes of 

thickness change affecting a larger area with 32% and 31% of area with detectable 

change compared with LW (17%) and NK (10%). Their imbalance percentage from 

an equilibrium between erosion and deposition is estimated at -48% and -44%, 

when it is -16% for LW and -38% for NK. This trend remains true after removing 

the effect of the sub-reaches’ length. With CR being 2.6 times longer than MK, its 

total net volume difference per unit length is -0.45 m3/m compared to -0.51 m3/m 

for MK and only -0.11 m3/m on LW and -0.17 m3/m on NK (Table 5-3). 

The Bridge sub-reach, with a much shorter length (93 m) compared to the others, 

has been chosen to analyse the possible impact from the bridge structure and the 

felled tree in bend #20 where a thick bar of sediment has been building. Overall, it 

is also dominated by erosion (-17% of imbalance), but it remains limited, with low 

values of average amplitude of thickness change (-0.09 ±0.11 m), area with 

detectable change (9%) and total net volume difference per unit length (-0.07 

m3/m). 

Although all sub-reaches are dominated by erosion, deposition represents 34% of 

the total volume of difference on LW and the Bridge sub-reaches, and between 2 

to 12% on the remaining three sub-reaches. The patterns of changes are shown 

on Figure 5-16 to Figure 5-26. 
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Table 5-3: Details of the elevation and volumetric changes when comparing May 2020 vs April 2018. 
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Lake Wood 

The patterns of topographic changes on LW follow three trends (Figure 5-17).  

The first, from bend #1 to #2 is characterised by the marked erosion of bend #1  

(-1.2 m) despite the bank protection with root-wads (Figure 5-16a), and deposition 

in its inner bend (+0.5 m). Then very little changes took place over the straight 

stretch where aquatic vegetation has been developing and the bed slope is 5.5 ‰.  

The second, from bend #3 to #7 consists of a sequence of deposition in inner bends 

and erosion along the banks of the outer bends (Figure 5-16b). Erosion in bend #4 

extends across the channel width where it became constricted between two lateral 

bars (-0.57 m). These changes reach maximum values of -0.65 m and +0.48 m and 

stop before bend #7 and the felled tree that stretches over the channel (Figure 

5-16c). This is the most sinuous part of the re-meandered reach with values of 1.5.  

The third, from the felled tree to the junction with MK sub-reach after bend #9, is 

characterised by erosion only, the majority around -0.25 m to a maximum of  

-0.80 m. Unlike upstream, banks and channel bed are eroded. This is an area 

where coarse sediment is scarce, and the bed channel consists mostly of cohesive 

clay outcrops (Figure 5-16d). 
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a) Bend #1 

 

b) From Bend #6 to #7 

 
c) Felled tree in Bend #7 

 
d) Bend #8 

 

Figure 5-16: Photos detailing some of the LW sub-reach features in May 2020. 

In summary, LW was characterised by some lateral movement and bank erosion 

upstream from the felled tree but mainly channel erosion downstream from it where 

clay outcrops. The channel might have become starved of coarse sediment due to 

the felled tree and a generally low amount from upstream LW. 
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Figure 5-17: Thresholded DoD map and elevation change (at 80% confidence interval) on Lake 
Wood sub-reach. Colours show erosion (red), deposition (blue). 
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Milkieston 

The patterns of topographic changes on MK follow two trends (Figure 5-19).  

The first, from the junction with LW to bend #10, shows little change apart from 

local erosion along the right bank that is not protected. It is an area with a negative 

bed slope (-3.7‰), aquatic vegetation (Figure 5-18a) and bank protection on the 

left bank (root-wads then rip-rap).  

The second, from bend #10 to #14 is characterised by bank and channel bed 

erosion with values mostly around -0.25 m to a maximum of -1.25 m. Aggradation 

of the existing lateral bars (inner bend #12) is not picked up by the change detection 

tool (Figure 5-18c) as it is probably less than the DEM error value of 0.1 m. The left 

bank is protected from bend #10 to #12 (rip-rap and root-wads), however some 

bank erosion of the outer bend #12 was visible during fieldwork where some of the 

rip-rap blocks were disengaged. The bank erosion downstream from bend #13 is 

marked (-1.1 m) and was clearly visible along the high right bank (Figure 5-18 b, 

d). 
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a) Bend #10 

 

b) Bend #13 

 
c) Bend #12 (exaggerated bend curvature) 

 
d) Downstream Bend #13 

 

Figure 5-18: Photos detailing some of the MK sub-reach features in May 2020. 

In summary, MK has mainly undergone channel erosion probably as a result of the 

low sediment amount from upstream and the efficiency of the bank protections. 

They will have prevented bank erosion, but the available energy was dissipated by 

incising the channel and the opposite banks.  
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Figure 5-19: Thresholded DoD map and elevation change (at 80% confidence interval) on 
Milkieston sub-reach. Colours show erosion (red), deposition (blue). 
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Cringletie 

The patterns of topographic changes on CR follow two trends (Figure 5-21 and 

Figure 5-22).  

The first is characterised by a relative absence of changes on the most upstream 

and downstream parts of this sub-reach. The bed slope is quite low in these two 

areas (-0.2‰ and 1.9‰) compared to its remaining and central parts (2.6‰). The 

junction between MK and CR above bend #14 displays some erosion (Figure 

5-20a). The area without recorded data does not allow the estimation of the 

evolution of the large pool that had formed in the outer bend where the bank has 

been protected with root-wads (Figure 5-20a) but parallels what is shown in LW at 

the first bend in the reach.  

The second, from above bend #15 to below bend #19 shows channel bed and bank 

erosion with values mostly around -0.25 m. Extremes values (-1.15 m) are located 

in the outer bend #16 (Figure 5-20b) where small trees are collapsing in the 

channel, but channel bed erosion is dominant. It is here also that aggradation is 

recorded on the inner bend (+0.47 m). The stretch between bend #17 and #18 has 

a relatively flat slope, with aquatic vegetation developing (Figure 5-20c, d) and one 

lateral bar for which no aggradation is recorded. The reach between bend #18 and 

#19 is characterised by scarce coarse sediment and cohesive clay outcrops being 

eroded. The bank erosion in bend #19 is located at the foot of the rip-rap that 

protects the left bank (Figure 5-20e). Downstream from bend #19, the straight 

reach is very stable with a small bar of deposition and some bank erosion, this is 

in line with the relatively low slope (1.9‰). 
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a) Bend #14 

 
b) Bend #16 

 
c) Bend #17 to #18 

 

d) Bend #17 to #18 

 
e) Bend #19 

 

Figure 5-20: Photos detailing some of the CR sub-reach features in May 2020. 
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In summary, CR has also mainly undergone channel erosion probably as a result 

of the low sediment supply from upstream, the increase in slope and its relatively 

low sinuosity with long straight stretches. Gravel was added at the end of the works 

in 2013 in various places along the sub-reach to increase its supply. 
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Figure 5-21: Thresholded DoD map and elevation change (at 80% confidence interval) on the 
upstream half of Cringletie sub-reach. Colours show erosion (red), deposition (blue). 
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Figure 5-22: Thresholded DoD map and elevation change (at 80% confidence interval) on the 
lower half of Cringletie sub-reach. Colours show erosion (red), deposition (blue). 
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Bridge 

Topographic changes on the Bridge sub-reach follow two trends (Figure 5-24).  

The first, along the upstream straight part before bend #20 (Figure 5-23a), is 

relatively stable with limited bank erosion. A fixed concrete sill of the bridge might 

stabilise the geomorphic changes, however no sign of it was identified during the 

site visits. 

The second, from bend #20 and downstream to the junction with NK sub-reach 

shows the erosion of the large bar with coarse sediment facing bend #20 (-0.35 m), 

followed by aggradation at its point (+0.48 m) and some channel bed erosion 

(Figure 5-23b). The bank protection of bend #20 (root-wads) is being eroded at its 

foot (-0.6 m) The felled tree is constraining the flow. The area without recorded data 

does not allow the estimation of the evolution of the pool that had formed under the 

felled tree.  

a) Bend #20 (bend curvature exaggerated) 

 
b) Downstream Bend #20 

 

Figure 5-23: Photos detailing some of the Bridge sub-reach features in May 2020. 
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In summary, the main bar and the branches of the felled tree have played an 

important role in storing some of the limited amount of coarse sediment and 

keeping a relatively stable slope.  
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Figure 5-24: Thresholded DoD map and elevation change (at 80% confidence interval) on the 
Bridge sub-reach. Colours show erosion (red), deposition (blue). 
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Nether Kidston 

Topographic changes on NK are concentrated on its upstream and downstream 

parts (Figure 5-26). Upstream, from the junction with the Bridge sub-reach to bend 

#23, there is some bed channel erosion with the maximum value (-0.53 m) in an 

area with a cohesive clay outcrop. Downstream, from bend #25 to #27, trees 

overhanging above the channel constrain the flow (areas of missing data) and bank 

erosion is marked (-1.25 m) on outer bends #26 and #27 (Figure 5-25c). In 

between, changes are limited to small areas of channel bed erosion and deposition. 

Cohesive clay is dominating between bend #24 and #25, then coarse sediment 

reappears from bend #25. 

a) Bend #23 to #24 

 

b) Bend #25 

 
c) Bend #27 

 

Figure 5-25: Photos detailing some of the NK sub-reach features in May 2020. 

In summary, NK has undergone channel bed erosion in its upper part due to the 

junction with the relatively steeper Bridge sub-reach. It then went stable in its 

central part, which historically was a man-made flat water-meadow, before 
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reconnecting to the former channel where overhanging trees are promoting 

diversion of the flow and therefore bank erosion.  
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Figure 5-26: Thresholded DoD maps and elevation change distribution on the Nether Kidston sub-
reach. Colours show erosion (red), deposition (blue). 
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In conclusion, the DoD maps, elevation changes and sediment budgets confirm the 

results from the long profiles, whereby the central sub-reaches MK and CR 

displayed pronounced vertical incision over the period of analysis. DoD maps have 

been useful to analyse the extent of this vertical incision in plan view, and the 

sediment budgets to show the dominance of the erosion for all the sub-reaches. 

The greatest values of erosion are found along the banks at the two ends of the 

reach in the outer first bend #1 and in the last bend #27 where the re-meandering 

reconnects with the existing straight channel. High values were also identified at 

the start of bend #13 immediately upstream of the bank protection, in bend #16 that 

is not protected and in bend #20 at the junction of the last re-meandered sub-reach. 

Field observations are also overlapping with DoD results, especially erosion of 

banks and channel bed with clay outcrops. Aggradation has also been identified 

but is of much smaller amplitude than erosion (+0.48 m vs -1.25 m maximum 

values) and is not the dominant process at play. Overall, there is a general lack of 

sediment along the studied reach, possibly from insufficient transfer from upstream, 

insufficient inputs from bank erosion and the variability of the geology that consists 

of alluvium. Because the bed is predominantly formed of gravel, sand and silt, the 

channel can incise into areas with high silt proportion, limiting source of coarse 

sediment. Further analysis using geormorphic units will give insights into the 

morphodynamic mechanisms.  

5.3.3 Change in the volume of storage at bankfull height 

The volume of storage available in April 2018 and May 2020 at bankfull height was 

estimated based on two DEMs and the two associated bankfull extent polygons. 

The volume is estimated at 5620 m3 in April 2018 and 6520 m3 in May 2020, which 

gives an increase of around 900 m3 (16%). This represents the double of the overall 

eroded volume estimated by the sediment budget as of -471 ± 280 m3 (Table 5-3), 

however there is no uncertainty attached to this estimation. This change points 

toward an increase of the channel conveyance capacity as the volume of storage 

at bankfull has increased.  
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5.3.4 Development of Geomorphic Units 

The geomorphic units were mapped within the bankfull extents of both surveys of 

April 2018 and May 2020 (Figure 5-29 to 34). The topography from the initial 

straight channel was not available, therefore the comparison is only between the 

two re-meandered states. 

The total area covered by in-channel geomorphic units has increased between the 

two surveys by 10% which indicates some widening (Table 5-4). The largest 

increase along MK sub-reach (18%) consists of 7% from the new “Transition to FP 

(floodplain)” unit located upstream from bend #12 (Figure 5-27). This is a new unit 

that was defined for the May 2020 survey. It corresponds to areas mainly classified 

as “margin attached bar” from GUT Tier 3 (Figure 5-5), located along the 

boundaries of the channel and characterised with lower topographic gradient than 

those classified as Bank. Bank geomorphic unit is defined as “a specific type of 

abrupt transition at the interface between in-channel units and any other tier 1 

geomorphic unit” (Wheaton et al., 2015). It was defined to avoid over-representing 

the Bank unit.  

Table 5-4: In-channel geomorphic total area. 

 

The distribution of the geomorphic units for each survey is shown on Figure 5-27. 

The geomorphic unit “Transition” represents areas between two well defined types 

of geomorphic units. The percentages reached here are comparable to other 

studies (Wheaton et al., 2015, Williams et al., 2020). The new unit “Transition to 

FP” in May 2020 covers areas that were mainly classified as “Transition” in April 

2018 on LW sub-reach, outside the bankfull extent on MK sub-reach and for half 

classified as Bank on NK sub-reach. 

Total area (m²) April 2018 May 2020 Variation

Whole reach 12288 13491 10%
Sub-reaches:

Lake Wood (LW) 3272 3415 4%
Milkieston (MK) 1783 2097 18%
Cringletie (CR) 4362 4968 14%
Bridge (Brdg) 645 679 5%
Nether Kidston (NK) 2226 2332 5%
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Figure 5-27: Distribution of the areas covered by each type of geomorphic unit by sub-reaches 
and for the two topographic surveys (April 2018 and May 2020) 

To enable a comparison of the change of the geomorphic units between the two 

surveys, the new unit “Transition to FP” was removed from the analysis (Figure 

5-28).  

5.3.4.1 Reach-scale 

In April 2018, the glide-run geomorphic unit was largely dominant covering 37% of 

the total area (Figure 5-28). The next most abundant units were banks (19%), 

transition (16%), pool (15%), lateral bar (10%) and riffle (3%). The main changes 

between April 2018 and May 2020 are a marked decrease of the glide-run unit (-

6%) and an increase of the bank and the lateral bar (+3%). The increase in pool 

unit reached +2% and +1% for the riffle unit, while the transition decreased by -2%. 

At the reach scale, the geomorphic diversity developed in April 2018 has remained, 

but with a decrease in glide-run in exchange for increases in the other geomorphic 

units. 
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Figure 5-28: Distribution of the geomorphic units without the “Transition to FP” unit with respect to 
the total area covered 

5.3.4.2 Sub-reach scale 

Lake Wood 

Between April 2018 and May 2020, LW sub-reach shows a decrease in glide-run 

(-6%) and transition (-3%) units run in exchange for increases in lateral bar (+3%), 

banks (+2%), riffle and pools (+1%) units (Figure 5-28).  

In May 2020, the pattern of pools and lateral bars is marked on the section 

upstream of bend #7, with the bars increasing in width, constraining the flow on the 

outer bends and increasing the importance of pool and bank units (Figure 5-29). 

The sequence of pool-riffle seems to be developing. There is an absence of 

geomorphic units’ diversity downstream from the felled tree, with pool, riffle, bank, 

transition to FP units but no bar units. This corresponds to an area where clay 

outcrops along most of the channel bed. 
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Figure 5-29: Geomorphic units mapping comparison on Lake Wood sub-reach  
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Milkieston 

Between April 2018 and May 2020, MK sub-reach shows a decrease in glide-run 

(-9%) and transition (-3%) units in exchange for increases in lateral bar (+6%), 

banks (+4%) and pools (+2%) units (Figure 5-28).  

In May 2020, the bankfull extent has grown wider along the unprotected banks 

(from 100 m from the junction with LW to the end of the sub-reach Figure 5-30). 

The lateral bar on the inside of bend #11 has grown. Although the riffle unit does 

not show any change in coverage percentage, its spatial distribution has, with new 

riffles developing in bends #11 and #12. Pool units increase in width upstream of 

bend #12 and in length downstream. 
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Figure 5-30: Geomorphic units mapping comparison on Milkieston sub-reach  
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Cringletie 

Between April 2018 and May 2020, CR sub-reach shows a decrease in glide-run 

unit (-6%) in exchange for increases in bank (+4%) and lateral bar, pool, transition 

(+1%) units. (Figure 5-28).  

In May 2020, the channel seems to have widened mostly from upstream bend #15 

to between bends #18 and #19 (Figure 5-31 and 32). Although the riffle unit does 

not show any change in coverage percentage, its spatial distribution has, with new 

riffles developing between bends #16 to #18. Pools increase in length on average 

by 18%. Downstream from bend #19 and the last bank protection, the last pool has 

decreased by 30% in area. 
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Figure 5-31: Geomorphic units mapping comparison on the upstream half of Cringletie sub-reach 
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Figure 5-32: Geomorphic units mapping comparison on the downstream half of Cringletie sub-
reach 
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The Bridge 

Between April 2018 and May 2020, the Bridge sub-reach shows a decrease in the 

transition unit (-9%) and the mid-channel bar (-1%) units in exchange for increases 

in lateral bar (+5%), glide-run (+3%), riffle (+2%) units (Figure 5-28). It is the only 

sub-reach where the glide-run unit increased.  

In May 2020, the two lateral bars have grown, with part of the mid-channel bar 

being absorbed by the downstream lateral bar (Figure 5-33). The riffle unit has 

developed upstream from the felled tree.  
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Figure 5-33: Geomorphic units mapping comparison on the Bridge sub-reach  
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Nether Kidston 

Between April 2018 and May 2020, NK sub-reach shows a decrease in glide-run  

(-3%) and transition (-2%) units in exchange for increases in lateral bar (+3%), pool 

(+2%) and riffle (+1%) units (Figure 5-28). This is the only sub-reach without 

changes in the bank unit.  

In May 2020, the existing lateral bar units have grown and a new one has appeared 

in bend #27, pool units have lengthened, riffle units have developed in new 

locations (Figure 5-34). 
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Figure 5-34: Geomorphic units mapping comparison on Nether Kidston sub-reach  
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In conclusion, the geomorphic diversity developed in April 2018 has remained and 

was still progressing in May 2020 with a general decrease in glide-run in exchange 

for increases in other geomorphic units. The felled tree across the channel on LW 

is probably playing a role in the lack of deposition units downstream from it. MK 

and CR sub-reaches are getting wider than any other sub-reach. Along MK sub-

reach, the bank protections are playing their role but also enable the channel to 

extend in width along the opposite banks. For CR sub-reach, the widening occurs 

along its more sinuous parts. The felled tree across the channel on the Bridge sub-

reach and the development of the main lateral bar on the opposite bank will 

probably constrain the flow even more on the long run. 

5.3.5 Linking the sediment budgets and the geomorphic units to 

geomorphic mechanisms 

With the geomorphic units identified within the channel, the geomorphic 

mechanisms of adjustment can be defined and quantified using the segregated 

sediment budgets. The mechanisms that occurred between April 2018 and May 

2020 are listed in Table 5-5. They are based on similar interpretations (Wheaton et 

al., 2015, Williams et al., 2020) and informed judgement. The areas where banks 

were depositional were compared to field observations and classified as bank-

attached bar development or into other geomorphic mechanisms. The geomorphic 

unit “Transition” was classified as “unidentified” mechanism as it represents areas 

between two well defined types of geomorphic units. 

Table 5-5: Correspondence between geomorphic mechanisms and geomorphic units. 

 

Geomorphic Unit DoD Geomorphic Mechanism
Bank deposition Bank-attached bar development

erosion Bank erosion
Barface deposition Deposition

erosion Trimming
Glide-Run deposition Channel filling

erosion Channel lowering

deposition Bar development

erosion Bar sculpting

Riffle deposition Riffle development
erosion Riffle scour

Pool deposition Pool aggradation
erosion Pool scour

Transition* deposition Unidentified
erosion Unidentified

Lateral / Mid-
channel / Point 
Bar
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The volumetric changes quantified through the DoD were split between the 

different geomorphic units and then the corresponding mechanisms, as shown on 

Figure 5-35. 
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Figure 5-35: Distribution of the volumetric change by geomorphic mechanism 
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5.3.5.1 At the reach scale 

As seen in section 5.3.2 (Table 5-3), the sediment budget indicates that the reach 

was degradational by -471 ± 280 m3. At the reach scale, channel lowering is the 

predominant mechanism compared to the others, with 43% of the total volume 

eroded, bank erosion is the second with 20%, then pool scour 17% (Figure 5-35). 

This trend is driven by MK, CR and NK sub-reaches. 

5.3.5.2 At the sub-reach scale 

Two patterns are visible: one for MK, CR and NK, the other for LW and the Bridge. 

At MK, CR and NK sub-reaches, the most net degradational changes are 

dominated by channel lowering (42 to 49%), with bank erosion, pool scour and 

erosion then found in the same proportions (14 to 20%) (Figure 5-35). On MK, the 

bank protections are limiting bank erosion, at the expense of the channel. Being 

the second most sinuous sub-reach, pools are forming in the outer bends #10 to 

13, and erosion is taking place. The sediments are likely to be flushed away 

downstream where they can be deposited. On CR, erosion has occurred upstream 

where the channel became narrower due to a former bar of sediment (above bend 

#15). The bank erosion is limited in bend #14 and #19 by bank protections.  

On LW and the Bridge sub-reaches, channel lowering and bank erosion occurred 

in similar proportions. These are the two sub-reaches where sediment budgets are 

more balanced, with LW characterised by 28% of the volumes coming from bank 

erosion, 24% from channel lowering and 17% from pool scouring. At the same time, 

sediments were filling the channel (32%), the pools (24%) and developing bars 

(19%).  

5.3.5.3 Conclusion from analysing the geomorphic mechanisms 

In conclusion, channel lowering is the predominant mechanism at the reach scale. 

It accounts for 43% of the total volume eroded, bank erosion is the second with 

20%, then pool scour 17%. This trend is driven by MK, CR and NK sub-reaches 

where is reaches 42 to 49% of the changes. More varied mechanisms are at play 

over LW and the Bridge sub-reaches with channel lowering and bank erosion 

occurring in similar proportions. The felled trees across the channel are located on 
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the two sub-reaches where the deposition, although very limited, represents 65% 

of the total volume deposited (LW and Bridge). 

5.4 Discussion 

The aim of this chapter was to answer the following research questions:  

1- Has re-meandering the Lake Wood - Nether Kidston reach led to 

geomorphological changes over a two-year period characterised by low magnitude 

high flow events (one two years return period event, one 1.5 year)? 

2- How have these influenced its capacity to attenuate flood risk?  

The following objectives were set to answer this: 

1. To characterise the geomorphologic changes of the channel and its 

banks in terms of amplitude, location, and nature. 

2. To quantify the alteration of the channel geomorphology and interpret 

how it has changed the connection of the channel with its floodplain. 

3. To characterise how the geomorphic features in the channel have 

changed over this period in terms, whereas they have changed in 

nature, expanded or contracted.  

4. To identify the dominant geomorphic mechanisms that have been at 

play and link them to the changes in conveyance capacity of the reach. 

5.4.1 Main findings 

The four indicators used (long profiles, DoD maps, sediment budgets, GUT) identify 

the re-meandered reach as being degradational over the period April 2018 - May 

2020.  

The vertical incision of the channel is marked along the two central sub-reaches 

(MK and CR) with an amplitude of around 0.25 m according to the long profiles. 

The DoD maps add the 2D plan view to the 1D vertical incision visible on the long 

profiles. Uncertainty is considered in the results by applying a spatially variable and 

probabilistic thresholding approach. Erosion is predominant and of greater 

amplitude than deposition (-1.25 m vs +0.48 m max. values). The greatest erosion 

is recorded along the banks at the two ends of the reach where the straight channel 

and the re-meandering ones reconnects. However, the channel is also eroded, 
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sometimes over large extents covering the whole channel width (Milkieston and 

Cringletie sub-reaches). The sediment budget confirms this trend, with the reach 

being degradational overall by -471 ± 280 m3. Erosion predominates over all the 

sub-reaches with the imbalance percentage from an equilibrium between erosion 

and deposition estimated at -16% along Lake Wood sub-reach then increasing to 

-48% along Milkieston and -44% along Cringletie. 

The diversity of geomorphic units that was present in April 2018 has remained and 

was still progressing in May 2020 (+10% total coverage) with a general decrease 

in glide-run in exchange for increases in other geomorphic units. Milkieston and 

Cringletie sub-reaches are getting wider than any other sub-reach with the bank 

protections enabling the channel to extend in width along the opposite banks (MK) 

and natural erosion occurring (CR). 

By combining the geomorphic units and the sediment budgets, geomorphic 

mechanisms of adjustment were defined and quantified. The dominant process at 

play at the reach scale is channel lowering, driven by the two central sub-reaches 

(Milkieston and Cringletie). At the sub-reach scale, variations are visible with bank 

erosion dominating on the most sinuous sub-reach (LW), bar sculpting on the short 

Bridge sub-reach, channel lowering along the others. 

5.4.2 Tools and limitations 

The methods used to investigate the geomorphic changes between two 

topographic surveys have been useful to increase the understanding of the 

changes in amplitude and spatial extent. The compatibility between the tools used 

and the GIS software can be a limit, with such specific tools not being able to follow 

the development of more commercial software. However, efforts are made for 

example by the Riverscapes Consortium (developers of the GUT and GCD tools) 

to build open-source algorithms tools to make them easier to use and grades its 

tools depending on their degree of development, from concepts stages to research 

phases, development phases, or ready for commercial deployment. 

The GCD and GUT tools are an improvement in removing a good part of the 

subjectivity from the surveyor. However, they cannot replace the detailed 

knowledge of the site from field visits, and they still require cross checking the 
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results with field observations and refine them. Using ground-based techniques 

instead of remote sensing techniques are useful to understand well the river and 

its specificities. That might not be the case when relying only on other remote 

sensing techniques. 

In some places, the DoD maps failed to identify depositional features (fresh active 

bar of sediment). Even if they were visible, they might have been less than the 

propagated DEM error. 

5.4.3 Comparison of the geomorphic changes to other projects 

The results of the current analysis show the vertical incision of the re-meandered 

reach of the Eddleston Water over two years (April 2018 - May 2020) and 4 years 

after the end of the re-meandering (September 2016). The DoD and the sediment 

budgets were able to estimate the amplitude of this erosion with a value of  

-471 ± 280 m3. This is the result of the succession of 13 small high flow events over 

the period (between Q1y and Q2y). 

Other river restoration projects with similar approach and results are few and of 

varied nature (Table 5-6) but comparison can be made to characterise the 

amplitude of the changes on the Eddleston Water. The comparison is made by 

calculating the ratio of the total net volume of sediment to the final length of the 

restored reach (unit in m3/m) for each restoration project. Over a period of two 

years, the ratio for the Eddleston Water (-0.28 m3/metre of channel length) is: 

- less than the ratio values reported for the reconnection of the ephemeral 

Ben Gill to the Eden River (Cumbria) after two years (-1.28 m3/m) and that 

the meandering of the artificial side channel of the Rohrschollen Island in 

the Upper Rhine basin after 4 years (-1 m3/m), 

- between the range of values reported for the Allt Lorgy project 

(embankment removal and gravel injection) over its first two years after 

restoration (-0.69 m3/m) and the following two years (-0.18 m3/m), 

- the opposite of the Loggie Burn (Aberdeenshire) which has shown an 

aggradational signal after some re-meandering (236 m) after a period of 

three years (0.27 m3/m), 
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- the opposite of River Dee project (Aberdeenshire) which has recorded a 

strong aggradational signal after embankment lowering over a similar time 

period of two years (2015-17) with a ratio of 10.2 m3/m.  
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Table 5-6: River restoration projects with quantification of geomorphic changes over a few years post-restoration. 

Project 

Restored 
reach 

length - 
Ave. 
slope 

Restoration 
End of 
restor 
ation 

Time of the survey 
to the restoration / 
between surveys 

Flow regime between 
surveys 

Total Net Vol. 
Diff. between 

surveys 

Change 
in GU 

coverage 

 

Ratio 
m3/m 

** 

Eddleston 
Water 

1680 m 

2.8‰ 

Re-meandering with 
some new 
embankment and 
bank protection 

Sept.  

2016 

+ 1y. 8 months (2018) 

2y. 1 month (2020) 

 

1 event Q1.5y, 1 event Q2y 

NA 

-471 ± 280 m3 

NA 

10% 

 

-0.28 

Logie Burn 

(Addy and 
Wilkinson 
2019a) 

236 m 

0.8‰ 

Re-meandering, 
timber reinforced 
earth bunds, riparian 
platnting 

Oct.  

2011 

+1 year (2012) 

+2 year (2013) 

+3 years (2014) 

6 events > bankfull 

ca. 14 flows > bankfull 

ca. 10 flows > bankfull 

Overall 3 years 
64 ± 32 m3 

 

NA 

 
 

0.27 

Allt Lorgy 

(Williams et al, 
2020) 

500 m 

 

NA 

Embankment 
removal / gravel 
injection / wood 
placement 

Sept.  
2012 

+ 2 years (2014) 

 

2 years (2016) 

ex-hurricane Bertha, 
1event > Q5y 

2 values > Q5y 

-344 ± 333 m3 

 

-89 ± 125 m3 

23% 

 

6% 

-0.69 

-0.18 

River Dee * 

(Addy, 
Wilkinson, 
2021) 

130 m * 

1.3‰ 

*between 
cross-
sections 

Embankment 
lowering 

Oct.  
2015 

+8 months (2016) 

1 year (2017) 

1 year (2018) 

Q200y & 5 events > Qmed 

All Q < Qmed 

All Q < Qmed 

1132 ± 111m3 

189 ± 19 m3 

120 ± 12 m3 

NA  

River Ehen 

(Marteau et al, 
2020) 

300 m 

25% 

Reconnection of the 
ephemeral Ben Gill  

Oct.  
2014 

+ 2 years (2016) 1 event Q30y 

111 events with flow lasting 
more than 2 hr 

-384 ± 65 m3 

 

NA -1.28 

Rohrschollen 
Island (FR) 

(Eschbach et 
al, 2021) 

1000 m 

0.94‰ 

Re-meandering of an 
artificial side channel 

2012 ca. + 4 years (2016) several ecological floods & 
2 experimental pulse floods 
> Qbankfull 

-1000 m3 25% -1 

River Skjern * 
(DK) 

(Kristensen et 
al, 2014) 

10,000 m Re-meandering 2002 +10 years NA 1166 m3 NA 0.12 

*Net volumetric differences were estimated from cross-sections and not DEMs and DoD. 
** Ratio of the total net volume of sediment to the final length of the restored reach (unit in m3/m). 
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Comparison of the outcomes from these projects remains difficult as each has its 

own physical specificities (slope, flow regime, design, geology) and hydrological 

regime. The strong response of the River Dee is linked to ‘Storm Frank’ (0.82% 

AEP) and the four flood events exceeding Qmed during the winter 2015, only a few 

months after the restoration took place (Addy and Wilkinson, 2021). At that time 

the channel was very sensitive to high flows, therefore this value is extreme. The 

timing of the high flow events and the completion of the restoration works is 

important as if they occur shortly after the unconsolidated channel and its banks 

when they are very sensitive, marked morphological adjustments can take place 

as recorded by Kristensen et al. (2014) on the River Skjern. In the case of the 

Eddleston Water, a high flow event (Q2.5y) occurred shortly after the final re-

meandering (September 2016) and must have impacted the channel and banks 

geomorphology markedly. However, over the two-year period of analysis (April 

2018 - May 2020), only minor flood events occurred, but quite frequently: one event 

the size of Q2y, one event below Q1.5y, 12 events above Q1y. 

The results for the re-meandered reach of the Eddleston Water (-0.28 m3/m and 

+10% in geomorphic units’ coverage) are within the range of the Allt Lorgy project 

(-0.69 and -0.18 m3/m, 23% and 6%) (Williams et al., 2020). The larger ratio for the 

first survey of the Allt Lorgy (2012-14) can be attributed to the high flow event ex-

hurricane ‘Bertha’. The second survey (2014-16) of the Allt Lorgy project is the 

most similar in terms of duration since the end of the restoration works (4 years 

and 3.75 years) and of duration over which the geomorphic changes are computed 

(2 years). However, gravel augmentation was performed in the meantime (October 

2015). The geomorphic changes on the re-meandered Eddleston Water under 

frequent but low magnitude high flow events are then of similar amplitude than for 

the Allt Lorgy following its restoration.  

5.4.4 Geomorphic changes in the context of the stream evolution model 

The results have shown that the recorded incision had come with an increase in 

the geomorphic units’ coverage (+10%) and a stability in their assemblages. 

Although the design of the new meanders is still constraining the channel - with 

bank protection to protect nearby infrastructure (road, power cable poles), and 
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prevents avulsion into the former straight channel, and with some of the meanders 

having limited sinuosity - some more space has been given to the river. The 

concept of giving space to the river to self-adjust so that it can restore more natural 

and resilient geomorphic units and habitats is now recognised (Florsheim et al., 

2008, Kondolf, 2011, Biron et al., 2014). Provided that it has sufficient stream 

power, the river could promote active bank erosion, migrate and change in 

response to floods. For the re-meandered reach of the Eddleston Water, the 

identified increase in GU coverage is a sign of the limited but existing widening of 

the re-meandered channel that could ultimately result in an increase in coarse 

sediment supply through more active bank erosion. This outcome would be positive 

as it would sustain the diversity of geomorphic units and could help limiting channel 

bed erosion and increase flood attenuation if it leads to bed aggradation as 

depicted in the Channel Evolution Model of Cluer and Thorne (2014). 

Channel Evolution Models were developed in the 1980’s to describe the different 

sequences a river channel can follow over time as it adjusts its morphology to 

disturbance from and to an undisturbed reference Stage 0. Using the Cluer and 

Thorne (2014) Stream Evolution Model, the trajectory of the re-meandered reach 

of the Eddleston Water can be analysed. Prior to the re-meandering, the reach was 

channelised and a Stage 2 channel (Figure 5-36). The re-meandering has enabled 

it to evolve, and the current analysis, as of May 2020, indicates it has reached the 

start of the Stage 4 as proved by the incision (degradation) which is combined with 

some degree of widening. At this stage, incision is still promoting the disconnection 

of the channel from its floodplain, therefore decreasing its capacity to attenuate 

flood risk if flood attenuation is considered at the downstream end of the re-

meandered reach from the point of view of a possible community at risk of flooding. 

The channel widening is not large enough to decrease the stream power that would 

leave the failed material from the bank erosion in place and generate bed 

aggradation leading to Stage 5.  
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Figure 5-36: The Cluer and Thorne Stream Evolution Model (2014) 
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In the future, the re-meandered reach could either reverse back to Stage 3 or move 

on to Stage 5. Reversing to Stage 3 is possible if the channel and the sequence of 

high flow events are powerful enough to scour away the failed sediment. In that 

case, renewed incision will occur that will in turn increase the disconnection with 

the floodplain and hinder flood attenuation. Conversely, moving on to a Stage 5 

means that bank erosion is either fast enough to enlarge the channel width so that 

the near-banks flows become insufficient to remove the failed bank material; and/or 

the failed bank material is too cohesive or made of sediment too large to be scoured 

away by the available stream power and high flow events. Riparian trees collapsed 

in the channel driven by bank erosion can also trap sediment. All these processes 

lead to bed aggradation, increasing the reconnection with the floodplain and 

promote more flood attenuation for a downstream community. 

From the analysis carried out over the period April 2018 - May 2020, it is hard to 

figure out which stage will be next as mixed processes are at play, some promoting 

bed aggradation, others the opposite. Analysis of the re-meandered reach 

identified riparian trees as small tree saplings and older trees located mostly along 

Lake Wood sub-reach. Their role in helping with bed aggradation after collapsing 

into the channel is therefore very limited for the time being. Additionally, low 

vegetation is well developed along most of the banks and therefore counteracts 

bank erosion that could lead to bed aggradation.  

Channel widening has been identified along Cringletie sub-reach through natural 

bank erosion and one young tree already collapsed in the channel. However, the 

observed failed materials are of high clay content and probably hard to scour away. 

Repeat site visits could be informative on how fast this material has been scoured 

away or not. Along Milkieston sub-reach, the existing bank protections limit the 

erosion along their banks but allow some widening along the opposite banks. This 

is also one of the sub-reaches with the most active bed incision suggesting there 

is available energy to erode the banks and promote bed aggradation, but also 

potentially to scour away the failed material.  

Changes at the catchment scale can also impact the sediment budget of a reach 

further downstream (Grabowski et al., 2014). However, in the case of the re-
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meandered reach of the Eddleston Water, apart from other NFMs being 

implemented further upstream in the catchment, most of which are not designed to 

trap sediment, there has been no apparent source of human activities that might 

have led to a lack of sediment further downstream.  

The degree of channel sediment connectivity is also an important factor to explain 

geomorphic changes and their dynamics (Hooke, 2003). A lack of connectivity can 

generate marked erosion such as downstream from dams and weirs (Ibisate et al., 

2013). In the case of the Eddleston water, there is no weir recorded upstream from 

the re-meandered reach that could trap coarse sediment and limit longitudinal 

sediment connectivity. There has been no investigation to estimate the potential 

lack of sediment supply from the straightened reach located upstream from the re-

meandered reach or to investigate the step lengths of sediment transport such as 

tracked pebbles (Chapuis et al., 2015, MacVicar et al., 2015) or impact sensor 

plates (Raven et al., 2009, Downs et al., 2016). Stores (bars) and sources of 

sediment (bed and bars erosion) have been identified over all the sub-reaches from 

field observations and geomorphic units’ analysis; coarse sediment transport is 

then taking place. However, due to the limited amplitudes of the high flow events 

that occurred during the period of analysis, the vegetation has developed over 

several bars transforming them potentially into sinks instead of stores. As a 

consequence, the reach might have lost part of its sediment connectivity and 

become supply limited. That might contribute to more erosion as high flow events 

will have sediment transport capacity exceeding the reach sediment load. 

If high flow events of large amplitudes were to take place, they could be able to 

mobilize sediments from the existing stores and possibly sinks, reinstate a better 

sediment connectivity and in turn more balanced geomorphic changes. 

In conclusion, whereas the identified channel incision and degradational state of 

the re-meandered reach will persist over time (Stage 3) and decrease the flood 

attenuation for downstream communities or will be balanced by bed aggradation 

(Stage 5) and increase flood attenuation is unsure. 

The impact of geomorphic changes on channel conveyance can lead to a decrease 

in channel conveyance, as for example after an embankment lowering due to some 
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aggradation (Addy and Wilkinson, 2021) or an increase after a major storm (Fieman 

et al., 2020). This will be investigated in the next chapter by modelling the two 

topographic states of the channel and compare the channel conveyance and flood 

extents. 
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6 Chapter 6.  

Assessment of the changes in flood attenuation for 

events of different magnitudes with hydrodynamic 

modelling  

 

This chapter provides an analysis of the difference in flood extent, dynamics and 

timing for a range of design events (Q2y, Q5y, Q10y, Q20y, Q50y) as a result of 

the different channel geomorphologies: before re-meandering, after re-meandering 

in a two-year interval. The calibration and validation of the 2D hydrodynamic model 

(HEC-RAS) used to simulate flow routing within the channel and on its floodplain 

are presented. The overall performance is examined. The results are discussed in 

the wider context of floodplain connectivity and its impact on flood attenuation while 

considering model uncertainty. 

6.1 Introduction 

Hydrodynamic models started emerging in the late 1970s as an application of 

Computational Fluid Dynamics (CFD) to river systems. They have greatly 

developed since, with the development of theoretical knowledge, numerical 

schemes, high resolution topographic and hydrologic data, and computing power 

(Horritt, 2005, Horritt et al., 2006, Tayefi et al., 2007, Kalyanapu et al., 2011, Mihu-

Pintilie et al., 2019). These improvements have enabled a large range of 

applications in the fluvial domain, including analysing complex processes at 

different scales and of different types like floodplain inundation. 

A range of software is now available representing the spatial domain and flow 

processes at different levels of complexity from 1D to 2D and 3D (Teng et al., 

2017). Benchmarks of these software are regularly carried out to assess new 

developments (Hunter et al., 2008, Néelz and Pender, 2011, Dimitriadis et al., 

2016, Shustikova et al., 2019). One-dimensional models are the simplest 
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representation of a channel and its floodplain, relying on cross-sections. They are 

well suited for in-channel processes but lack accuracy in the representation of 

complex lateral physical processes overbank and over the floodplain (Horritt and 

Bates, 2002, Judi et al., 2011). Two-dimensional models are more demanding in 

terms of input data (2D DEM of the channel and the floodplain) and computation 

times, but they overcome some of the limitations of 1D models. Coupled 1D/2D 

models lie in between and link a channel in 1D to a 2D floodplain. They can reach 

similar overall performances as 2D models while limiting data requirement and 

computation time (Apel et al., 2009) and can reach better results than 1D models 

(Tayefi et al., 2007). Three-dimensional models are even more demanding than 2D 

(flow velocity and computation times) and are used to address problems with strong 

secondary flows such as confluences, bends, estuarine tidal areas, flow-vegetation 

interactions on wetlands (Popescu et al., 2015, Parsapour-Moghaddam and 

Rennie, 2017, Sandbach et al., 2018). 

All are now widely used for flood risk management to assess risk through flood 

inundation, flow velocity, water depths and shear stress maps as part of the 

application of the European Floods Directive and of lead local authorities’ 

requirements. They are also useful to gain insights in some of the dynamics and 

the processes at play within the channel and over the floodplain (Nicholas and 

Mitchell, 2003, Van Appledorn et al., 2019). Today, 2D hydrodynamic models are 

frequently used to: map flood inundation (Horritt et al., 2010, Gao et al., 2021); 

analyse floodplain connectivity (Ghavasieh et al., 2006, Stone et al., 2017, Czuba 

et al., 2019) and test scenarios of river restoration (Caruso et al., 2019, Hankin et 

al., 2019). Their accuracy relies on the quality and the quantity of their input data 

and, their use must be considered depending on their final purpose which defines 

the level of expected accuracy and the uncertainty attached to them must be 

considered for a relevant use of their results (Horritt, 2005, Merwade et al., 2008, 

Dottori et al., 2013).  
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The aim of this chapter is to answer the following research questions:  

1- How is the re-meandering of the channel from Lake Wood to Nether Kidston 

impacting flood attenuation for flood events of different magnitudes compared to a 

straight channel?  

2- How is the flood attenuation impacted by the geomorphic changes of the re-

meandered channel Lake Wood to Nether Kidston that took place between two 

dates two years apart for flood events of different magnitudes? 

This was achieved by building 2D hydrodynamic models to represent three 

settings: the former straight channel, the re-meandered channel, and the re-

meandered channel two years later. Using this tool, flood events of increasing 

magnitudes were simulated for each setting to gain insights in the dynamics of the 

flooding process, the floodplain connectivity and to quantify the changes. To 

achieve this, qualitative comparisons of the dynamics and the flood patterns were 

drawn, and flood attenuation was quantified by means of changes in maximum 

flood extents, maximum volumes of water at peak time, peak travel times and peak 

flow reductions. 

6.2 Methodology 

6.2.1 Modelling software 

HEC-RAS (Hydrologic Engineering Centre's River Analysis System) is a free 

software developed by the United States Army Corps of Engineers (USACE) that 

performs 1D, coupled 1D/2D and 2D flow calculations. The fully 2D computation 

modules were included in 2016. It has been widely used in various contexts for 

flood inundation mapping in 1D and more recently in 2D (Quirogaa et al., 2016, 

Mihu-Pintilie et al., 2019, Caruso et al., 2019, Van Appledorn et al., 2021, Gao et 

al., 2021). It solves the full Shallow Water Equations (SWE) through an implicit 

finite volume solution, whereby the solver solves the equations over the whole 

domain before proceeding to the next time step (implicit time discretisation) and 

the equations are integrated into each control volume and give equations of the 

fluxes at each of the control volume faces (finite volume numerical discretisation). 

Its unstructured mesh allows the use of detailed mesh in areas with greater 
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importance (channel, embankments) and larger cells in other areas. The sub-grid 

bathymetry approach is used to increase the size of the cells but preserve the high 

resolution information of the topographic datasets now often available from LiDAR, 

terrestrial laser scanning (TLS) or detailed manual surveys. This is done to limit 

computing time while allowing accurate results. The 2D Shallow Water Equations 

(or Saint-Venant equations) are the results of depth-averaging the Navier-Stokes 

equations that describe the motion of fluids in 3 dimensions.  

By solving fully dynamic 2D Shallow Water Equations (SWE), HEC-RAS is more 

computer demanding than other lower-complexity software such as LISFLOOD-

LP.  However, a comparison of the two in the context of testing grid sizes and DEM 

resolution shows its good performance especially in representing spatial 

distribution details (Shustikova et al., 2019). Such a complex tool, although 

demanding in terms of computation time, provides detailed and highly accurate 

hydrodynamic results (Teng et al., 2017, Shustikova et al., 2019). 

The numerical hydrodynamic model HEC-RAS version 6.0.0 (May 2021) was used 

to simulate 2D flows under various design flood events across the channel and its 

floodplain in the area between Milkieston and Nether Kidston where the re-

meandering took place. 

6.2.2 Model set-up 

Figure 6-1 presents the modelling approach applied to the study reach with and 

without re-meandering. 
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Figure 6-1: Details of the models built to analyse the floods in the area of interest 
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6.2.2.1 Domain and mesh 

The model domain (1.1 km²) represents a section of the Eddleston Water 

catchment 2.3 km long and 500 m wide focussing on the reach between Lake Wood 

and Nether Kidston, re-meandered between 2013 and 2016. It was extended 

further upstream and downstream (c. 500m) to reduce the influence of the 

boundary conditions on the hydraulics in the area of interest, and laterally to reach 

higher grounds above the extent of the valley bottom margin (Fryirs et al., 2016). 

With a channel around 5 m wide, the computational mesh was chosen to represent 

the channel and its main tributaries by cells of 1 m * 1 m resolution to provide a 

good accuracy when computing the flows, the floodplain by 5 m * 5 m cells within 

the extent of the topographic valley and the remaining domain by 20 m * 20 m cells. 

This compromise in mesh size was chosen to represent topography and obstacles 

with a sufficient level of detail while keeping reasonable computational times 

(Thomas, 2016, Rak et al., 2016, Valentová et al., 2010). Refinement of the mesh 

was done using breaklines along embankments, bridges, channel centreline and 

roads to account for sharp changes in topography as recommended (Shustikova 

et al., 2019). The channel centreline is the centreline of the polygon representing 

the channel. It was drawn in ArcGIS using the points recorded during the two 

topographic surveys with the meanders (April 2018 and May 2020), and from visual 

interpretation of the DEM for the model before the re-meandering. The centrelines 

of these polygons were defined using the Collapse Dual Lines to Centreline Tool. 

Finally, manual editing was done to fix local sharp bends and ensure a maximum 

of 8 faces per cell.  

There is a total of three mesh configurations:  

- Model A representing May 2020 channel topography (62,907 cells), 

- Model B for April 2018 channel topography (63,914 cells),  

- Model C for the topography before 2013 and the re-meandering (57,533 

cells). 
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6.2.2.2 Terrain 

In 2D hydrodynamic models, the topography of the floodplain and the channel are 

represented by continuous 2D surfaces (or terrains) built from topographic data 

collected from different sources such as LiDAR or TLS for floodplain extents, and 

ADCP or manual topographic surveys for the bathymetry. With the development of 

HRT techniques and GIS tools, high resolution raster Digital Elevation Models 

(DEMs) can be built from such datasets, then be merged to create one 2D 

continuous surface of the channel and its floodplain. 

Different sources of data covering the extent of the modelled reach and its 

floodplain were available: 

- May 2020: channel bathymetry and close banks topographic survey by the 

author. 

- April 2018: channel bathymetry and close banks topographic survey by the 

consultancy cbec eco-engineering (cbec). 

- FUGRO 2016 DTM: refers to the Scottish Public Sector 0.5 m resolution 

LiDAR (Phase 3) survey that was flown in early May 2016 by Fugro for 

Scottish Power Energy Network (SPEN). It was confirmed by the provider 

of the dataset (the Geographic Information Science & Analysis Team (GI-

SAT) of the Scottish Government) that it was representing the ground, the 

vegetation having been filtered out. The hydrologic time series confirm the 

low flow conditions at the period of the flight. 

- JBA 2020 DEMs: refers to the terrains produced and used by JBA for the 

2D HEC-RAS model of the Eddleston catchment  (JBA Consulting, 2020). 

One represents the topography before the re-meandering was 

implemented (2013), the other after. It is a composite of the best existing 

datasets:  

 FUGRO 2016 LiDAR DTM 

 meshes from a previous hydrodynamic model built by cbec (Cbec 

eco engineering, 2016a) covering a larger area than the Lake 

Wood - Nether Kidston area of interest; they represent the 

situation before the re-meandering and with some of the designed 

re-meandering. 
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The dataset used to build the terrains of the models are summarized in Table 6-1. 

Table 6-1: Topographic dataset used to build the terrains for Models A, B and C. 

 
Channel dataset Floodplain dataset 

Post re-meandering 

Model A 

(May 2020) 

channel bathymetry and close banks 

topographic survey by the author 

FUGRO 2016 LiDAR 

Model B 

(April 2018) 

channel bathymetry and close banks 

topographic survey by cbec 

FUGRO 2016 LiDAR 

Pre-meandering 

Model C 

(2013) 

JBA 2020 Pre-NFM composite DEM  

(referenced as DEM_4.tif by JBA) 

For Models A and B (re-meandered reach), ArcGIS was used to resample the 0.1 

m resolution DEM representing the channel and close banks topography to match 

the 0.5 m resolution of the LiDAR dataset representing the floodplain. The Mosaic 

Tool was then used to merge the two. The results were checked and compared 

manually drawing cross-sections and checking local values. For Model C (straight 

channel), the terrain from JBA’s 2020 catchment model was extracted and resized 

to fit the new model extent. The three terrains were then imported into the new 

HEC-RAS models. 

6.2.2.3 Boundary conditions 

From the catchment analysis, two small tributaries were identified as sources of 

inflows within the modelled area: Wormiston Burn and Windylaws Burn. Draining 

small areas (3.5 and 2.6 km² respectively) compared to the main stem and in 

absence of hydrological data, their flows were not considered. However, their 

channels were included in the mesh as recorded by the LiDAR, allowing backwater 

to flow into them if necessary. The same decision was made for the rainfall and 

groundwater components due to the small size of the modelled area.  

Two boundary conditions were used for all 3 models: an upstream flow hydrograph 

and a downstream outflow normal depth limit. 
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As the New Lake Wood gauging station has been setup in September 2019, no 

upstream flow data was available for the overall period of analysis. The upstream 

boundary condition was then built as a flow hydrograph defined as the sum of: 

- the main hydrograph at Eddleston Village gauging station (EdV GS), 

- the smaller hydrograph from the Burnhead sub-catchment measured at the 

School gauging station (Sch GS), 

- and scaled to the catchment drained at the upstream start of the model 

(+11%). 

The downstream boundary condition was defined as a normal depth based on the 

channel bed slope, as it is common practice when no data is available to define a 

flow-stage relationship (Pender et al., 2016, Ghimire et al., 2020). The bed slope 

was estimated with ArcGIS using the 3D Analyst and Profile tools, points were 

extracted from the DEM, profile drawn, and bed slope estimated from the DEM. 

6.2.2.4 Parameterisation 

Frictional energy losses encountered by the flow along the channel and the 

floodplain are represented by Manning roughness coefficients and turbulence 

parameters. 

Different roughness coefficients are generally assigned to the channel and the 

floodplain to account for the difference in nature. The most common references to 

help choose roughness values are Chow’s book “Open-Channel Hydraulics” 

(Chow, 1959) and Acrement and Schneider (1989). However, the UK research 

project “Reducing uncertainty in river flood conveyance (CES)” (2001-2004) 

developed the Conveyance Estimation System (CES) that includes a “roughness 

advisor” (Fisher and Dawson, 2003, DEFRA/Environment Agency, 2011, Vidal et 

al., 2007, Néelz and Pender, 2009). It provides photographs and ranges of 

roughness values depending on the nature of the bed, bank, ground material, 

vegetation, local irregularities and season to select appropriate values. These 

references were used to define ranges of roughness values appropriate to the 

different areas of the model domain. 

Areas of different roughness values were assigned based on field observations of 

the vegetation and approximative visual delineation on Google Earth aerial photos 
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of May 2020 for the re-meandered models (A and B) (Figure 6-2). For pre-

meanders models (C2 and C3), no field observation was available and only one 

Google Earth aerial map was as of December 2007 (Figure 6-3). The nature of the 

land uses in the modelled area and the fact that they did not change much over the 

period 2007-2020 do not cause an issue in using the delineation of May 2020 

(spring) to then apply roughness values typical of winter events for the calibration 

and validation events. The remaining zones were assigned a default value 

representative of pasture. 
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Figure 6-2: Localisation of areas with specific roughness values for Models C - pre-meanders 
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Figure 6-3: Localisation of areas with specific roughness values for Models A & B - with meanders 

Turbulence due to the chaotic fluid motion is modelled in HEC-RAS as a gradient 

diffusion process through the eddy viscosity that accounts for the energy losses 

from differences in velocity (Brunner, 2021a). This requires specifying three 

coefficients: the Smagorinsky coefficient, the longitudinal and transverse mixing 
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coefficients. With no methodology to calibrate viscosity, considering a turbulence 

model is often used as a calibrating parameter to enhance model stability (Néelz 

and Pender, 2009, Cook and Merwade, 2009). Tests were carried out to select 

these parameters and help for the model convergence. 

6.2.2.5 Hydraulic structures 

Two main bridges, Cringletie Bridge and Nether Kidston Bridge, and two small 

wooden bridges were identified within the model domain. All were represented by 

the LiDAR dataset as the height of their deck, therefore leaving no space below 

them to let the water through. 

The two small wooden bridges on the Windylaws Burn are of little importance, but 

causing computing errors, they were erased, and topography was interpolated on 

both sides.  

Cringletie Bridge constrains the flow laterally but not vertically as its soffit is out of 

reach of the flow (Figure 6-4). Coarse sediment was identified at the bottom of the 

bridge, without any fixed floor. It was therefore represented by its lateral geometry 

as recorded by the topographic surveys of May 2020 and April 2018. The central 

pier was not considered. 

 

Figure 6-4: Upstream view of Cringletie Bridge in February 2020 

 

Nether Kidston Bridge is a 3.5 m wide low structure that impacts flows (Figure 6-5). 

Even if it is located a long distance downstream from NK GS (300 m) and during 
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flood events a large proportion of the water is bypassed in the upstream field before 

the bridge is reached, it was represented as a hydraulic structure internal to the 2D 

modelled area (SA/2D Hydraulic Connection). LiDAR data and measurements on 

site to define the height of the parapet and the characteristics of its two piers were 

used. With piers made of concrete, partly eroded, their roughness was set to 0.015 

(Chow, 1959). The default parameters were used to represent the weir crest shape 

as broad crested, the bridge modelling approach for the low flow method (based 

on the energy) and the high flow method (based on the pressure), and the 

Connection Hydraulic Property Table parameters. 

 

 

Figure 6-5: Nether Kidston Bridge looking downstream in May 2021 and its representation in the 
models 

6.2.2.6 Gauging stations for model calibration and validation 

Existing gauging stations at the time of the calibration and validation events were 

used as targets to compare modelled and observed values of Water Surface 

Elevations (WSE). Their numbers rose with time as new gauging stations were set 

up (Table 6-2). They were represented as reference points in the models. 
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Table 6-2: Available calibration and validation gauging station targets. 

 Model A 

(May 2020) 

Model B 

(Apr 2018) 

Model C 

(Pre-NFM) 

New Lake Wood GS X   

Lake Wood pond X   

Cringletie GS X X  

Nether Kidston GS X X X 

 

6.2.2.7 Re-meandering 

As detailed in the Chapter 3 section 3.6.3, the “re-meandering” that is being 

considered in this research consists of all the changes that were implemented as 

part of this restoration project: 

- the re-meandered channel between Lake Wood and Nether Kidston, with 

a longer length, 

- the new channel geometry that was designed to increase flood storage 

through greater river-floodplain connectivity (Cbec eco engineering, 2012a, 

Cbec eco engineering, 2012b), 

- the new embankments built south of Lake Wood sub-reach along the right 

bank and the new embankments on both sides of Milkieston sub-reach, 

- the filling of former breach along the right bank immediately upstream from 

Cringletie Bridge, 

- the filling of the former channel along Milkieston and Cringletie sub-

reaches and its partial filling along Lake Wood sub-reach. 

This definition of the “re-meandering” is applied throughout all the chapter. When 

comparisons are drawn between the re-meandered reach and the former straight 

reach, they consider all the changes described above, and not only the lengthening 

of the channel.  

6.2.3 Model calibration and validation 

Calibration and validation are two distinct steps that are carried out to demonstrate 

the quality and reliability in the hydrodynamic model predictions. 
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Model calibration consists of adjusting model parameters until the difference 

between modelled and observed variables (e.g. water levels, flows, velocities) is 

considered acceptable. In the case of fluvial flows, the parameter being adjusted is 

the Manning’s roughness coefficient that represents flow resistance. It is common 

to assign two values, one for the channel, one for the floodplain (Horritt, 2005, Van 

Appledorn et al., 2021) but for more complex sites spatially distributed values are 

often assigned to better represent the differences in land use, vegetation and 

urbanisation (Werner et al., 2005, Shustikova et al., 2019, Ghimire et al., 2020). 

Calibration is usually manual through iterative trial-and-error (Timbadiya et al., 

2015, Stone et al., 2017) but numerical optimisation and automatic calibration are 

also being developed (Fabio et al., 2010, Dung et al., 2011). Model validation is 

carried out once the calibration is considered satisfactory. It consists of testing its 

predictive capability by running the model with an independent set of data such as 

another historical flood event, and confirm that its predictions are accurate 

(Refsgaard and Henriksen, 2004, Hunter et al., 2007).  

Observed water surface elevation (WSE) and flow time series from gauging 

stations, as well as observed inundation extents derived from wrack surveys (Neal 

et al., 2009), aerial photos and remote sensing data (SAR, LiDAR) are used to 

perform model calibration and validation (Horritt and Bates, 2002, Cook and 

Merwade, 2009, Vasconcellos et al., 2021). 

To limit the subjectivity of deciding when a calibration and a validation are 

satisfactory, various performance criteria and frameworks have been discussed 

and tested over the last decades to assess the fit between observed and modelled 

outputs (Legates and McCabe Jr., 1999, Horritt, 2005, Jain and Sudheer, 2008, 

Ritter and Muñoz-Carpena, 2013). There is no ‘one size fits all’ answer, with the 

metric depending on the case and the context. 

All the three models were calibrated manually by adjusting the channel and 

floodplain roughness coefficients and validated based on historical flood events.  

Model A was the first model calibrated as it relies on the maximum number of target 

gauging stations (4), then Model B was calibrated with two targets and finally Model 

C with one target. Calibration and validation events were selected to match the 

same season (winter) and therefore similar roughness coefficients. 
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6.2.3.1 Preliminary stages to model calibration and validation 

Choice of calibration and validation events 

Calibration and validation events were selected from the time series recorded at 

Nether Kidston gauging station. Its flow regime is characterised by successive high 

flow events in autumn and winter and individual events in summer linked to 

convective storms. Floodplain and aquatic vegetation are well developed in many 

parts of the study site playing an important role in slowing down the flow in summer. 

From field observations, riparian vegetation was considered as low between 

November and April. 

One aim being to compare the effects of geomorphic changes in the channel 

(Model A vs Model B) on flood risk, the first step was to select calibration and 

validation events as close as possible to the associated topographic surveys and 

within the same season. As shown on Figure 6-6 and Figure 6-7, the number of 

events was limited. For Model A, events in August and October 2020 were 

discarded because of the high vegetation. For Model B, events in April and 

November were discarded because of multiple and close peaks. 
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The horizontal line at 5.6 m3/s 
represents the estimation of overbank 

flow (see section 4.2.1.5) 

 

Figure 6-6: Model A - Time series at Nether Kidston GS over the period 2019-2021 and choice of calibration and validation events (May 2020 topography) 
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The horizontal line at 5.6 m3/s 
represents the estimation of overbank 

flow (see section 4.2.1.5) 

 

Figure 6-7: Model B - Time series at Nether Kidston GS over the period 2017-2020 and choice of calibration and validation events (April 2018 topography) 
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The following step was to select events over the period 2011-2013 for the model 

before re-meandering took place (Model C). To compare all the models, winter 

events with similar vegetation and therefore roughness values were selected 

(Figure 6-8). Events are of larger size than for Model A and Model B. 
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The horizontal line at 5.6 m3/s 
represents the estimation of overbank 

flow (see section 4.2.1.5) 

 

Figure 6-8: Model C - Time series at Nether Kidston GS over the period 2011-2013 and choice of calibration and validation events 
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All the selected calibration and validation events are summarized in Table 6-3. 

Table 6-3: Calibration and validation events for Models A, B and C  
with peak flow values at Nether Kidston GS. 

 Calibration event Validation event 

 Date Peak flow (m3/s) Date Peak flow (m3/s) 

Model A 28/02 - 03/03/2020 11.1 04-07/12/2020 12.4 

Model B 10-12/03/2018 6.8 16-19/03/2019 7.8 

Model C 04-06/01/2012 11.1 26-29/01/2013 7.2 

 

Selecting calibration and validation targets  

All three models were calibrated and validated against water levels recorded at 

some or all of the target gauging stations: New Lake Wood (New LW GS), 

Cringletie (CR GS), Nether Kidston (NK GS). Data recorded at Lake Wood pond 

(LW pond) were also used. 

Modelled Water Surface Elevations (WSE) outputs are expressed as absolute 

heights. The recorded water level time series (based on processing of water and 

atmospheric pressures) had to be transformed into absolute WSE to be used for 

comparing the models. Repeat georeferencing of the gauging stations (GNSS) was 

carried out during most of the field visits as part of this project, as well as readings 

of the stage boards. These data and additional ones from other operators in charge 

of the catchment hydrological network as part of the Eddleston Water Project were 

analysed to define at each gauging station the best relationship between the 

readings of the stage board, the water levels recorded by the loggers and the 

absolute georeferenced WSE heights. This best estimate was then applied to the 

recorded water levels time series to end up with absolute WSE time series at the 

target gauging stations. 

The first step was to identify sets of data consisting of one stage board reading, 

one water level logger recording, one georeferenced WSE at the same date and 

time for each of the target gauging stations. For New Lake Wood GS, 7 sets of data 

were identified over the period October 2019 to March 2020, 4 sets of data for Lake 

Wood pond (April 2019 to March 2020) and 7 sets of data for Cringletie GS 
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(October 2019 to March 2020). For these three stations, the precision of the 

georeferencing was given after processing the GNSS data.  

The second step was to test each set of data against one another at each station 

to select the most accurate defined as the one with the smallest Root Mean Square 

Error (RMSE). An example is given in Table 6-4 for two of the 7 sets of data 

available at New Lake Wood GS: 

- The highlighted line is the tested relationship.  

- The 6 other sets of data are compared to it and the one with the lowest 

RMSE is selected as the best estimate to transform the recorded water 

levels into georeferenced WSE.  

- In the example, the first relationship “a recorded WSE of 0.576 m equals a 

georeferenced height of 184.379 m AOD and a reading of 0.495 m” has a 

lower RMSE than the second relationship (and the lowest of all the 7 sets 

of data).  

- Considering the precision of the georeferencing, this first relationship 

comes as the best estimate for this gauging station.  

Calculations for all the target gauging stations are detailed in Appendix 9. 

Table 6-4: Example of the methodology used to test the relationship between water level 
recordings and georeferenced WSE at New Lake Wood GS. 

 

 

Calculation: 

 

Relationship at Nether Kidston GS was more difficult to define because its location 

has changed over time, it has suffered damages during high flows, it had not been 

georeferenced before November 2020. The initial station (X-Old NK-#03) was 
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replaced by a new station close by in July 2014 (Y- New NK-#13), but its stage 

board remained in place until now. This new station  was then damaged in March 

and June 2020 and was replaced (Z-New² NK-#23). Each time the logger was 

repositioned at the new station, the stage board was required to be repositioned. 

The periods with available recordings are then: 

- from 2011 to 23/07/2014: at station #03, 

- from 23/07/2014 to 05/03/2020: at station #13, (with some overlap with the 

station #03), 

- from 05/03/2020 to 04/06/2020: no valid recordings due to the damages at 

the station, 

- and from 04/06/2020 to present: at station #23. 

As explained on Figure 6-9, only one georeferencing was available (08/11/2020) 

over the whole period of analysis. It had been measured using one ground control 

point previously georeferenced by GNSS and an optical level to reach the gauging 

station. It was used with pairs of readings on each stage boards and recordings to 

define the absolute height of the logger at the different stations and periods. It was 

then used to recalculate the water surface elevation. 

The same calculation was done for 5 pairs of readings and recordings at station 

#03 and four pairs at station #13 (details in the Appendix 10). Therefore, the offset 

required to convert recorded water levels to absolute heights for each period at the 

gauging station is summarized in Table 6-5. They were used to translate the time 

series of recorded water pressure into absolute WSE.  

Table 6-5: Estimation of recorded water levels in absolute height at  
Nether Kidston GS for the different periods. 

Validity period 

Logger Stage board 

Logger recorded 
water level (m) 

Offset value 
(m AoD) 

Stage board 
reading (m) 

Offset value 
(m AoD) 

2011 - 23/07/2014 0 +178.827 (X) 0 178.895 (X) 

23/07/2014 to 05/03/2020 0 +178.851 (Y) 0 178.772 (Y) 

04/06/2020 to present 0 +178.843 (Z) 0 178.83 (Z) 

This method bears an important level of uncertainty as the values are based on a 

limited number of pairs and on intermediate readings between locations that 
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propagate the uncertainty. The uncertainty stems from various sources: the reading 

of the stage board (around 5 mm), the reading of the optical level during the 

georeferencing (around 5 mm), the accuracy of the vented logger and barometer 

(around 7 mm), the periodic changes in channel vegetation and sediment that can 

affect the water levels. 

The recorded time series have been reviewed and quality assured annually by a 

Wallingford HydroSolutions (WHS Ltd) to remove offsets between recordings and 

identify deviations. This will have limited the uncertainty on these data.   
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Figure 6-9: Workflow followed to define the relationship between water level recordings, readings and absolute WSE for the different periods of time at 
Nether Kidston GS. 
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6.2.3.2 Calibration of the Manning’s roughness values 

As explained before (section 6.2.2.4), roughness values were assigned to the 

channel and to different parts of the floodplain depending on their characteristics. 

Values from Chow (1959) and Acrement and Schneider (1989), then field 

observations, sediment size, season of the calibration and validation events and 

photos from the Conveyance Estimation System (CES) roughness advisor were 

used to define ranges of reasonable roughness values. This roughness advisor has 

been developed to incorporate interdisciplinary knowledge on energy loss 

mechanisms applied to channel and vegetation into defining roughness values 

(DEFRA/Environment Agency, 2011). This approach calculates a “unit” roughness 

value from 3 components: the roughness from the nature of the surface (bed, bank, 

floodplain), the vegetation and the irregularities (e.g. pool, ridge, obstruction).  

The channel was described as having a substrate made of coarse gravel to 

cobbles, with irregularities (pools) but no vegetation at the season of the calibration 

and validation events (winter) which is the season with the most frequent floods. 

Areas of the floodplain with different characteristics were assigned different 

roughness values considering the ground material, the type and height of the 

vegetation and the irregularities of the ground.  

The calibration was carried out by manually changing the roughness values of each 

area in turn, then together, within the acceptable ranges (Table 6-6) and visually 

comparing the modelled WSE at the target gauging stations. Once the results were 

closer to the observed time series, the evaluation metrics were calculated to help 

decide which set of roughness values was giving the best fit (section 6.2.3.4). 

Based on the analysis of existing local photos and Google Earth aerial photos of 

the area before the re-meandering (2007) and since the start of the re-meandering 

(2018 and 2020), no major change of the floodplain land use was identified. 

Therefore, the same roughness values were applied to Model A, Model B and 

Model C. 

 

 

 



- 276 - 
 

 

 

Table 6-6: Ranges of roughness values used for the calibration of the models. 

Area Sub-area Parameters CES1 

Ranges of roughness value 
(s/m1/3) 

CES1 Chow2 

Channel channel coarse gravel with 

irregularities (pools) 

0.027 - 

0.043 

0.033 - 0.045 

Floodplain 

trees medium density 

coniferous no 

irregularities 

0.15 - 0.34 0.08 - 0.12 

felled tree stumps on 

coarse gravel with 

moderate 

irregularities 

0.04 - 0.06 0.03 - 0.05 

trees on 

bank 

moderate to dense 

brush with moderate 

irregularities 

0.05 - 0.1 0.045 - 0.11 

wet land light brush and trees 

in winter with minor 

irregularities 

0.035 - 0.06 0.035 - 0.06 

wet field scattered brush with 

minor irregularities 

0.035 - 0.07 0.035 - 0.06 

pasture turf of few cm on 

gravel with some 

irregularities 

0.028 - 

0.038 

0.025 - 0.035 

   1: from the Conveyance Estimation System roughness advisor tool  

   (DEFRA/Environment Agency, 2011) / 2: from Chow (1959) 

6.2.3.3 Details of the hydraulic computation 

The models were setup as 2D with unsteady flow conditions. First exploratory runs 

were carried out using the Diffusion Wave equations to shorten the computation 

time and identify numerical problems. The following and final runs were made using 

the Shallow Water Equations (SWE) and testing the turbulence model (eddy 

viscosity) and the Courant number on the model stability (Elliot and Hanif 

Chaudhry, 1992, Fabio et al., 2010, Wright et al., 2017). 

The computational time step was decreased progressively as the calibration 

progressed and numerical problems were fixed. An adaptative time step was tested 
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to limit the Courant-Friedrichs-Lewy Condition to 1 (max) and ensure model 

stability (Brunner, 2021a, Teng et al., 2017, Shustikova et al., 2019). The Courant 

number is defined as  

 

where u is the wave speed, Δx is the grid cell width, Δt is the time step, Cmax is 1. 

With the minimum grid cell of 1 m width, the time step had to be small to ensure 

the Courant condition was met. 

Turbulent model was turned on to account for energy loss due to eddy velocity 

differences. Tests were made by manually changing the values of the 3 coefficients 

(Smagorinsky, longitudinal and transverse mixing) within the limits given by the 

HEC-RAS user manual (Brunner, 2021b). 

Required initial conditions were tested using the different options offered by HEC-

RAS. Finally, the computation option of running a warm-up period was chosen as 

being more efficient and reliable with a final value of 4 hours. Tests were carried 

out to adjust the two parameters (Initial Conditions Time and Ramp Up Fraction) 

and make sure the modelled hydrographs at the target gauging stations were 

increasing slowly and steadily at the start of each run. 

6.2.3.4 Model evaluation metrics 

Parameters used to assess model calibration are mostly water stages and flows, 

but methods based on remote sensing derived flood extent maps have also been 

developed (Bates and De Roo, 2000, Schumann et al., 2009, Vasconcellos et al., 

2021). Water velocity is less commonly used (Poulsen et al., 2014, Harrison et al., 

2015). 

Model evaluation or performance metrics have been defined as a way of removing 

part of the subjective choice of deciding when a model is considered calibrated and 

validated from the comparison of modelled and observed parameters. Discussions 

have been held as to which are fit for purpose and some highlighted the inadequacy 

of some of them to high flows (Legates and McCabe Jr., 1999, Zambrano-Bigiarini 

and Bellin, 2012, Mizukami et al., 2019). 
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Even though the choice of these criteria depends on the available data, their types, 

and the intended uses of the model outputs (Horritt, 2005, Prince Czarnecki et al., 

2014, Van Appledorn et al., 2021), there is a consensus to assess model calibration 

and validation using a multi-objective method (Ritter and Muñoz-Carpena, 2013). 

It is recommended to use multiple metrics including a combination of qualitative 

and quantitative metrics to assess the fit between observed and modelled 

parameters. The use of one single metric has shown to be unsatisfactory (Jain and 

Sudheer, 2008). While some 1D and 2D hydrodynamic and hydrologic models 

include no calibration due to lack of data (Valentová et al., 2010, Caruso et al., 

2019), others are based on multiple criteria (Horritt et al., 2010, Grimaldi et al., 

2018, Ghimire et al., 2020, Yuan and Forshay, 2021, Kastridis et al., 2020). Some 

guidance has been provided about which criteria to use in the context of watershed 

models (Moriasi, 2007, Zambrano-Bigiarini and Bellin, 2012) and hydrodynamic 

models (Ritter and Muñoz-Carpena, 2013, Williams and Esteves, 2017). 

Based on these references and on the available data, the following performance 

criteria were chosen to assess the goodness-of-fit between observed and modelled 

water levels for the calibration and the validation events (Table 6-7): 

- one qualitative indicator as a graphical representation of observed and 

modelled hydrographs, 

- then two very common quantitative statistics: 

o RMSE (root mean square error) as an absolute value error indicator 

based on the variance 

o NSE (Nash-Sutcliffe efficiency) as a relative normalized indicator  

- and three additional quantitative statistics: 

o RSR (root mean square error observations standard deviation ratio) as 

a standardized RMSE incorporating an error index and a normalization 

factor 

o PBIAS (percent BIAS) as a measure of the average deviation tendency 

of the simulated values to be larger or smaller than the observed values, 

a positive value indicates model overestimation, a negative value 

underestimation 
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o d (Index of Agreement) as a standardized measure of the degree of 

model prediction error as developed by Willmott (1981) 

Table 6-7: Selected model evaluation criteria. 

Metric Equation* Description 

Root mean square error 

RMSE = 
∑ ( )²

 

Range [0, +∞] 

0 is the optimal value 

Nash-Sutcliffe efficiency  
NSE = 1 −

∑ (   )²

∑ (  )²
 = 1 −  

Range [-∞,1] 

1 is the optimal value 

Root mean square error 
to the standard deviation 

RSR = 
∑ ( )²

∑ (  )²

 =  

Range [0, +∞] 

0 is the optimal value 

Percent BIAS 
PBIAS = 

∑ ( )

∑
∗ 100 

0 is the optimal value 

 

Index of agreement 
d = 1 −

∑ ( )²

∑ (| | | |)²
 

Range [0, 1] 

1 is the optimal value 

*𝑂  is the observed data series, 𝑆  the simulated result series, 𝑂 the mean observed value, N the sample size 

The calculations were done using a script developed with R and the “hydroGOF” 

package developed by Zambrano-Bigiarini (2020). 

These values were then used to assess the performance of the models. No 

absolute guidance is available to help decide which value is considered acceptable, 

as the limits of acceptability depend on the purpose of the model  

(Beven, 2006, Schumann et al., 2009). Moriasi et al. (2007) reviewed publications 

and published guidance for watershed models on behalf of the Soil & Water 

Division of the American Society of Agricultural and Biological Engineers (ASABE). 

The general performance ratings for modelled streamflow, sediments and nutrients 

for a monthly time step are summarized in Table 6-8. 

Table 6-8: General performance ratings for watershed models from ASABE (Moriasi et al., 2007). 

Performance rating NSE RSR PBIAS (%) 

Very good 0.75 ≤ NSE ≤ 1 0 ≤ RSR ≤ 0.5 PBIAS < ±10 

Good 0.65 ≤ NSE ≤ 0.75 0.5 ≤ RSR ≤ 0.6 ±10 ≤ PBIAS ≤ ±15 

Satisfactory 0.50 ≤ NSE ≤ 0.65 0.6 ≤ RSR ≤ 0.7 ±15 ≤ PBIAS ≤ ±25 

Unsatisfactory NSE ≤ 0.50 RSR > 0.7 PBIAS ≥ ±25 

Values of NSE>0.5, RSR > 0.51, PBIAS ±25%, RMSE < 0.35m were found in 

publications as acceptable values (Chatterjee et al., 2008, Lamichhane and 
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Sharma, 2018, Kastridis et al., 2020, Ghimire et al., 2020) which confirm the use of 

the ASABE guidance for this hydrodynamic model. 

6.2.4 Design flow events 

Hydrodynamic models have been used to replicate existing recorded flood events 

(Nicholas and Mitchell, 2003, Ghimire et al., 2020) or to simulate design 

hydrographs either based on existing records or catchment characteristics 

(Valentová et al., 2010, Rak et al., 2016) or theoretical events (Schober et al., 2015, 

Caruso et al., 2019). The type of simulated event depends on the purpose of the 

research. For all, simulated events have very different magnitudes from Q2y to 

Q500y. 

The validated models were used to simulate design flow events representing floods 

of various return periods: Q2year, Q5y, Q10y, Q20y and Q50y. Each design flow 

event was built as a hydrograph with a shape from an existing event and a peak 

flow value. 

6.2.4.1 Return period peak flow values 

The peak flow values at the upstream boundary condition (BC) of the model were 

defined using local data from Kidston Mill gauging station, the FEH database and 

the software WINFAP4. This software was developed by Wallingford 

HydroSolutions to estimate flood frequency curves and peak flows in the UK using 

the latest FEH statistical methods. Based on catchment descriptors provided by 

the FEH web services at the catchment of interest, it creates a pooling group of 

hydrologically similar catchments to estimate the shape of the flood frequency 

curve. Qmed is then estimated and can be refined by introducing local flow data, 

multiple donor stations and adjustments of urbanisation. This value and the pooling 

group are then used to define the growth curve at the point of interest using the 

method described by Kjeldsen et al. (2008). By multiplying Qmed by the growth 

curve, the flood frequency curve is built. 

Kidston Mill GS is located 2 km downstream from the end of the re-meandered 

reach. It is the most reliable gauging station of the network on the main channel 

due to its record of manual gaugings and the setting of the channel. Analysis of its 

time series gave a median flow Qmed at Kidston Mill GS of 21.96 m3/s.  
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As presented on Figure 6-10, Qmed was calculated at the upstream BC by rescaling 

the local value at Kidston Mill GS. WINFAP4 was then used to build the growth 

curve and estimate the peak values from the user defined Qmed value at Kidston 

Mill GS, considering a rural catchment, with the initial pooling group of stations 

(Appendix 11) and the Generalised Logistic fitting distribution. This distribution is 

the preferred one for the UK (Kjeldsen and Jones, 2010). The growth factors were 

used to calculate the peak values at the upstream BC of the models. 

 

Figure 6-10: Workflow describing the estimation of the peak flow values for the selected return 
 periods at the upstream limit of the models 

6.2.4.2 Hydrograph shape 

The high flow event recorded over the period 04 to 06/12/2020 was used to define 

the shape of the hydrograph. It is the second highest recorded event since 

September 2012 as recorded at the downstream gauging station of March Street 

in Peebles operated by SEPA. Its peak is 30.9 m3/s as the sum of the flow at 

Eddleston Village GS and the School GS. As defined in the conceptual model 
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(Figure 6-1), the upstream BC of the models is a hydrograph built as the addition 

of the flow at Eddleston Village GS and the School GS. For each of the 15 minutes 

time steps, this flow was converted into its percentage of the maximum peak flow 

value. This time series of percentages was then applied to each peak flow value 

(Q2y to Q50y) to define the design flow hydrograph for each simulation (Figure 

6-11). 

 

Figure 6-11: Design flow hydrographs for Q2y to Q50y at the upstream BC of the models 

6.2.5 Choice of simulation outputs 

The simulations were run to compare the effects on flood risk of the re-meandering 

and of the changes in channel geomorphology between April 2018 and May 2020. 

Outputs from HEC-RAS were available at one minute interval. The following 

outputs were analysed to compare the simulations: 

- the flood patterns and its timing (time at which the flow went over bank at 

different points along the banks), 

- the maximum extent of flooded area, 

- the volume of water stored over the modelled area (channel and floodplain) 

at the peak, 

- the travel time between the starting point located at the upstream end of 

the re-meandered reach (Pt1-Ups) and the point located at the 

downstream end of the modelled reach (Pt5-NK), 

- the difference in peak flow values between Pt1-Ups and Pt5-NK, 
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- and the long profile at peak flow. 

6.2.5.1 Flood patterns and timing of overbank flow 

Analysing the pathways taken by the flow as a flood expands from the channel to 

its floodplain helps understand its dynamics and identify places of specific interest 

such as breach, storage areas, bank protection (Stone et al., 2017, Van Appledorn 

et al., 2019). This qualitative analysis of the flood patterns can be associated with 

more detailed data such as the timing of overbank flows at reference points to 

improve this interpretation.  

 

Figure 6-12: Location of the reference 
points 

Points of reference (Pt A to Pt U) 

were set up along the banks of 

Model A and Model B (Figure 6-12). 

The time at which the water depth 

reached 0.01 m at each of them was 

recorded from the modelled 

hydrographs. 

The local trend of erosion or 

deposition estimated by the 

difference of DEM (DoD) for Model 

A and Model B (see section 5.3.2) at 

the location of these points is 

recalled. The purpose was to link the 

potential changes of overbank 

timing to the geomorphic changes. 
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6.2.5.2 Maximum flood extent 

Flood extents have been used as elements for model calibration and validation 

either from wrack line surveys (Tayefi et al., 2007, Neal et al., 2009), or remote-

sensing maps (Bates and De Roo, 2000, Aronica et al., 2002, Horritt and Bates, 

2002, Cook and Merwade, 2009). They are also the main output of hydrodynamic 

models as they are used for inundation prediction (Néelz and Pender, 2009, Santos 

et al., 2011, Schober et al., 2015), and their impacts on population at risk of 

flooding, suitability for ecological habitat (Jowett and Duncan, 2012, Caruso et al., 

2019). 

The maximum flood extent was used as a predictive output to be compared 

between different channel geometry. It was defined as the area covered at the 

maximum of the flood event above a minimum water depth of 0.01 m. This direct 

output from HEC-RAS was imported into ArcGIS as a polygon, then split by sub-

reach. Its extent was also compared to the valley bottom margin as defined by 

(Fryirs et al., 2016). 

The purpose was to identify possible increase in extent due to the re-meandering. 

The analysis by sub-reach gives a more detailed view of the changes.  

6.2.5.3 Travel time and peak flow differences 

Flood wave travel time is used as a model calibration parameter (Horritt and Bates, 

2002) and as an indication of its attenuation through its routing within the channel 

and over the floodplain (Archer, 1989, Rak et al., 2016, Valentová et al., 2010, 

Schober et al., 2015). The difference in peak flow is also a common parameter to 

analyse hydrograph attenuation (Ghavasieh et al., 2006, O'Sullivan et al., 2012, 

Valentová et al., 2010). 

For each simulation, travel time and peak flow were estimated from the time at 

which the modelled peak was identified on the output hydrographs at the upstream 

point (Pt1-Ups) and the downstream point (Pt5-NK) (Figure 6-13). These two points 

are located in areas shared by the straightened and the re-meandered channels. 

In the case of flat hydrographs, the modelled peak WSE could be equalled several 

time steps in a row. The time was then selected at the middle time step if these 

were in uneven number, and at the middle time step +1 if in even number. 
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The purpose was to estimate the potential impact of the re-meandering on slowing 

down the flood peak. The modelled flows were compared to evaluate the potential 

peak attenuation from the re-meandering. 

  

Figure 6-13: Location of the points to estimate the peak travel time 

6.2.5.4 Volume of water 

Flood events are analysed not only as peak values or rates of rise but as volume 

of water when it comes to designing storage features (Wilkinson et al., 2010) or 

estimate floodplain storage capacity (Schober et al., 2015). 

The volume of water at the peak of the flood was estimated by exporting the 

maximum flood extent from HEC-RAS into ArcGIS as a raster. Each of the 0.5 m 
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square cells of this raster had a value representing the average maximum water 

depth. This depth was then multiplied by the cell dimension (0.25 m²) and each 

individual volume was summed over the whole extent of the modelled area and of 

the re-meandered area (channel and floodplain). 

The purpose was to contextualize the volume of the geomorphologic changes as 

estimated in Chapter 5 section 5.3.2 and the volume available for storage within 

the channel and over the floodplain. 

6.2.5.5 Long profile 

Long profiles are commonly used to identify impacts from features on the water 

surface elevation such as backwater effects from bridges or knick-points. 

The WSE and terrain values were drawn in HEC-RAS along the centre of the 

channel to build long profiles. 

The purpose was to identify the effect of Cringletie Bridge on the water surface 

(constriction, backwater) from its horizontal width. 

6.3 Results 

6.3.1 Computation parameters 

After testing the Diffusion Wave equations to shorten the computation time and 

identify numerical problems, the final runs were run using the Shallow Water 

Equations with Eulerian-Langrangian approach (SWE-ELM). Modelled peak 

hydrographs were flashier with the SWE than with the Diffusion Wave equation. 

The SWE equations give more accurate results than the Diffusion Wave equation 

by considering all the components of the full momentum equation (Brunner, 

2021a). 

The final runs were computed using adjusted time steps determined by the Courant 

number (≤1), with a conservative turbulence model characterised by medium 

values (longitudinal mixing coef. of 0.3, transverse mixing coef. of 0.1, Smagorinsky 

coef. of 0.05), a water surface and volume (converted to meters) tolerance of 0.005 

m for the iteration scheme, initial conditions with a warm-up period of 4 hours, 

solving the SWE-ELM equations and hydrograph and mapping output interval of 1 
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min. With modelled events around 3 days long, the computation time was between 

15h and 30h for each run. 

6.3.2 Models calibration and validation 

The processes of calibration and validation followed for the models are 

summarized in (Figure 6-14).
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Figure 6-14: Workflow followed for the calibration and the validation of the models. 
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6.3.2.1 Calibration of Model A and Model B 

Calibration of Model A was performed with the high flow event extending from 28/02 

to 03/03/2020 with an inflow peak value of 18.6 m3/s whereas calibration of Model 

B was done with the flow event extending from 10 to 12/03/2018 with an inflow 

peak value of 6.6 m3/s.  

Calibration started with Model A for which the maximum number of target gauging 

stations was available (4). Manning’s roughness values of the channel and the 

floodplain were manually changed within the acceptable ranges as defined in Table 

6-6. Aerial maps and field observations were used to identify areas of different 

vegetation and assign specific values. These were necessary to better adjust water 

stages at the target gauging stations. Detailed views of the areas with final 

roughness values are shown in Appendix 12. Photos of the areas are available in 

Appendix 13. 

Iterative tries were also carried out to adjust the timing of the inflow peak and 

account for the delay of the flood wave traveling between the gauging stations to 

the start of the model. A shift of +0.75h rendered the best match. It was applied to 

all the models.  

Iterative changes of roughness values were made, leading to acceptable modelled 

hydrographs for the three most upstream target gauging stations (Figure 6-16 a-f). 

The correct range of water stages at NK GS was not reached as shown as the first 

run (dashed line) on Figure 6-16g. Model B was then run simultaneously to Model 

A and the same problem occurred (Figure 6-17b). In both cases, the offsets were 

too large to be compensated for by changing roughness values within reasonable 

ranges. This difference between calibrated and observed WSE could come either 

from an error during the calculation of the observed time series in absolute height 

at NK GS, for example by assuming the logger had a fixed location over the periods 

of analysis, or from the channel bathymetry in the downstream part of the model, 

for example an error in the setting of a new GPS station during the survey.  

The first assumption could not be checked as there is no other source of data to 

calculate the water stages time series in absolute height.  
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The second assumption was tested by first comparing the bathymetry between the 

April 2018 survey from cbec and the 2020 model by JBA over this downstream 

channel length (JBA Consulting, 2020). They show a marked difference. 

Consequently, the downstream channel bathymetry was changed in Model A and 

Model B replacing the one from the April 2018 survey (cbec) by the one from the 

2020 model by JBA to assess the impact of this topography on the WSE. The 

results show that at the peak of the Q2y flood, the difference amounted to +0.05 m 

at Pt5-NK, +0.02 m at the junction between the former channel and the re-

meandered one, and +0.01 m around Pt Q (Figure 6-15). In both cases, the timings 

of the peak were equal. 

 

Figure 6-15: Models A & B - Difference in WSE at the peak  
of the calibration event due to the difference in channel bathymetry downstream from Pt R 

In conclusion, as NK GS is located downstream from the studied re-meandered 

reach and changes in channel bathymetry have a limited impact on the WSE within 

the reach of interest (between Pt1-Ups and Pt5-NK) and none on the peak timing. 

The second assumption was considered true with a possible error in the survey of 

the channel bathymetry downstream from the end of the re-meandered reach in 

the April 2018 survey. The bathymetry in the downstream part of Models A and B, 
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between Pt R (location of the end of May 2020 topographic survey) and the end of 

the model, was set to match the bathymetry from the 2020 model by JBA. With this 

change, the modelled water stages were much closer to the observed ones and 

roughness values remained within reasonable range (Figure 6-16g and Figure 

6-17b). 

With this new topography, Figure 6-16 shows the final comparison of observed and 

modelled water stages of Model A at the 4 target gauging stations for some of the 

calibration runs. The final best modelled hydrographs (Figure 6-16b, d, f, h) match 

well with the first rises but generally exceed the highest peak. However, this trend 

attenuates as the flood wave travels downstream. As for the falling limbs, they are 

well represented. The model was found to overestimate the maximum flood extent, 

especially upstream. 
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Figure 6-16: Model A - Results of the calibration at the 4 target gauging stations for the high flow event 28/02 to 03/03/2020 with the best overall match at 
all the targets  
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The performance metrics (Table 6-9) show a good to very good agreement 

between the observed and modelled water stages, using the ASABE guidance 

(Table 6-10). 

Table 6-9: Model A - Performance metrics for the calibration. 

Metric / Target 
New Lake 
Wood GS 

Lake Wood 
pond 

Cringletie 
GS 

Nether 
Kidston GS 

RMSE (m) 0.07 0.04 0.06 0.06 

RSR 0.54 0.30 0.40 0.35 

NSE 0.71 0.91 0.84 0.87 

PBIAS (%) -0.02 -0.02 0.03 -0.01 

d 0.95 0.98 0.97 0.96 

Table 6-10: General performance ratings for watershed models from ASABE (Moriasi et al., 
2007). 

Performance rating NSE RSR PBIAS (%) 

Very good 0.75 ≤ NSE ≤ 1 0 ≤ RSR ≤ 0.5 PBIAS < ±10 

Good 0.65 ≤ NSE ≤ 0.75 0.5 ≤ RSR ≤ 0.6 ±10 ≤ PBIAS ≤ ±15 

Satisfactory 0.50 ≤ NSE ≤ 0.65 0.6 ≤ RSR ≤ 0.7 ±15 ≤ PBIAS ≤ ±25 

Unsatisfactory NSE ≤ 0.50 RSR > 0.7 PBIAS ≥ ±25 

In the case of Model B, without major changes in channel bed sediments, floodplain 

topography and vegetation recorded over the two years period between the two 

surveys (April 2018 - May 2020), the calibrated roughness values from Model A 

were applied to Model B. Other values were tested but proved to add no 

improvement to the results. This was an iterative process between the two models. 

Figure 6-17 shows a good match between observed and modelled WSE, especially 

at Cringletie GS (a). It is less the case at Nether Kidston GS where the modelled 

WSE remain higher (c). In both cases, the model was found to overestimate the 

maximum flood extent. The other performance metrics confirm the very good 

agreement for Cringletie GS and the limited agreement at Nether Kidston GS 

probably due to the uncertainty on the downstream channel bathymetry (Table 

6-11). The model was found to overestimate the maximum flood extent especially 

downstream. However, as described previously, that would not affect the timing of 

the peak and only the WSE up to Pt Q would be affected in a limited proportion 

(+0.01 m - Figure 6-15). 
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Figure 6-17: Model B - Results of the calibration at the two target gauging stations 

Table 6-11: Model B - Performance metrics for the calibration. 

Metric / Target Cringletie GS Nether Kidston GS 

 RMSE (m) 0.04 0.10 

RSR 0.38 0.80 

NSE 0.85 0.35 

PBIAS (%) -0.02% -0.05% 

d 0.97 0.84 
 

 

 

 

6.3.2.2 Validation of Model A and Model B  

The calibrated Model A was then tested with the high flow event from 04 to 

06/12/2020 with the inflow peak value of 30.9 m3/s, twice the peak of the calibration 

event. As shown on Figure 6-18, the modelled water stages show good fits with the 

observed. The hydrographs at Lake Wood pond (b) and Cringletie GS (c) fit well. 

The one at New Lake Wood GS (a) is overestimating the peak, repeating the trend 
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from the calibrated model. The overestimation at Nether Kidston GS is more 

pronounced than with the calibrated model. It could be explained by the larger 

proportion of the flow on the floodplain instead of within the channel for the 

validation event that limits the accuracy of the recorded peak at this station. 

  

  

Figure 6-18: Model A - Results of the validation at the 4 target gauging stations 

The performance metrics (Table 6-12) show a very good agreement between the 

observed and modelled water stages, even slightly better than for the calibration 

event.  

Table 6-12: Model A - Performance metrics for the validation. 

Metric / Target 
New Lake 
Wood GS 

Lake Wood 
pond 

Cringletie 
GS 

Nether 
Kidston GS 

RMSE (m) 0.08 0.05 0.08 0.12 

RSR 0.39 0.34 0.29 0.45 

NSE 0.85 0.88 0.92 0.80 

PBIAS (%) -0.004 0.02 0.03 -0.06 

d 0.97 0.97 0.98 0.95 
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Model B was validated with the high flow event from 06 to 19/03/2019 with an inflow 

peak value of 8.1 m3/s. It remains a modest high flow event compared to those 

used for Model A. The modelled water stages show good fit at Cringletie GS and 

remain too high at Nether Kidston GS (Figure 6-19). The performance metrics show 

a very good agreement at Cringletie GS and a limited agreement at Nether Kidston 

GS (Table 6-13). However, with an improvement of NSE and RSR metrics at 

Nether Kidston GS compared to those for the calibration, it could be expected that 

the higher the flow event, the better the match as the importance of the channel 

bathymetry will decrease as more flow will travel on the floodplain. 

  

Figure 6-19: Model B - Results of the validation at the two target gauging stations 

Table 6-13: Model B - Performance metrics for the validation. 

Metric / Target Cringletie GS Nether Kidston GS 

RMSE (m) 0.04 0.10 

RSR 0.29 0.65 

SE 0.92 0.58 

PBIAS (%) -0.02% -0.05% 

d 0.98 0.88 
 

 

 

 

Results from the validation of Model B can be compared to a similar high flow event 

observed on 06/10/2019. The flow time series at Eddleston Village GS and the 

School GS give a total inflow of 8.2 m3/s compared to 8.1 m3/s for the validation 

event. Photos of this flood extent downstream from Nether Kidston GS compared 

to the modelled one show good qualitative agreement (Figure 6-20). This additional 
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data help consider the validation metrics as acceptable and consequently also the 

calibration ones. 
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Figure 6-20: Model B - Modelled maximum flood extent of the validation event with comparison to the observed flood extent of a similar high flow event  

in magnitude (06/10/2019)
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6.3.2.3 Conclusion for Model A and Model B 

According to the performance metrics, the calibration of Model A gives modelled 

results that fit well with the observed water stages and it is confirmed by its 

validation. The calibration and validation of Model B give good results at the central 

target gauging station (Cringletie GS). Results are less satisfactory at the 

downstream target NK GS, but comparison with an observed event of similar 

magnitude suggests the model is giving representative results. 

There is an uncertainty about the results at the downstream target (Nether Kidston 

GS), either from an error in the estimation of the absolute heights of the observed 

water stages or from an error from the April 2018 surveyed bathymetry. In the 

absence of data to reassess the estimation of the absolute heights, and because 

changing the channel bathymetry downstream from the surveyed re-meandered 

reach contributes only to a small change in WSE that does not propagate too far 

upstream and does not impact the timing of the peak, the choice was made to 

change the downstream channel bathymetry. 

From the calibration and validation results, both models displayed some 

overestimation of the WSE, and therefore will be expected to give a maximum flood 

extent larger than the observed one especially in the upstream and downstream 

parts of the studied area. 

The final roughness values are presented in Table 6-14 and displayed in Appendix 

12. A sample of photos of the floodplain during winter is provided in Appendix 13. 
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Table 6-14: Ranges and final roughness values used for the calibration of the models. 

Area Sub-area Parameters CES1 

Ranges of roughness value 
(s/m1/3) Calibrated 

final value 
CES1 Chow2 

Channel channel coarse gravel with 

irregularities (pools) 

0.027 - 

0.043 

0.033 - 0.045 0.04 

Floodplain 

trees medium density 

coniferous no 

irregularities 

0.15 - 0.34 0.08 - 0.12 0.09 / 0.1 

felled tree stumps on 

coarse gravel with 

moderate 

irregularities 

0.04 - 0.06 0.03 - 0.05 0.06 

trees on 

bank 

moderate to dense 

brush with moderate 

irregularities 

0.05 - 0.1 0.045 - 0.11 0.07 

wet land light brush and trees 

in winter with minor 

irregularities 

0.035 - 0.06 0.035 - 0.06 0.055 

wet field scattered brush with 

minor irregularities 

0.035 - 0.07 0.035 - 0.06 0.035 

pasture turf of few cm on 

gravel with some 

irregularities 

0.028 - 

0.038 

0.025 - 0.035 0.025 

1: from the Conveyance Estimation System roughness advisor tool (DEFRA/Environment Agency, 2011) / 2: 

from Chow (1959) 

6.3.2.4 Calibration and validation of Model C 

Model C represents the river before its re-meandering which started in summer 

2013. The calibration was performed with the high flow event extending from 04 to 

06/01/2012 with the inflow peak value of 10 m3/s. The validation event covers the 

period 26-29/01/2013 with a relatively small peak flow value of 6.4 m3/s. There is 

only one target gauging station available (Nether Kidston GS). 
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Manning’s roughness values of the channel and the floodplain from the validated 

Model A were manually assigned using aerial photos to update the changes in land 

use (Appendix 12). They were kept identical otherwise. 

The model was built using the terrain as defined by the analysis done to build the 

2020 JBA model. As explained previously (section 6.2.2.2), this is a composite of 

data (cross sections, LiDAR, model mesh) as the surveyed topography dataset of 

the straight channel was lost. With this channel topography, the modelled water 

stages at NK GS didn’t fit the observed ones (Figure 6-21a). As for Models A and 

B, the offset was too large to be compensated for by changing roughness values 

within reasonable ranges.  

Analysis of the channel topography and comparison with May 2020 survey data on 

mutual straight reaches of the channel suggests this bathymetry is closer to the 

LiDAR data than to a real bathymetry. The average difference with the surveyed 

bathymetry of May 2020 is around -0.5 m. Therefore, a second model (C2) was 

built with the channel bathymetry lowered by -0.5 m. As shown on Figure 6-21, the 

modelled water stages at NK GS were too low and didn’t fit the observed ones with 

this lowered channel topography.  

  

Figure 6-21: Model C - Results of the calibration at the target gauging station 

Assuming the “real” bathymetry before the re-meandering lies between these two 

configurations, the two models were used simultaneously: 

- Model C3 with the bathymetry from the 2020 model by JBA to represent a 

high boundary of the modelled WSE, 
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- Model C2 with a lowered bathymetry by -0.5 m to represent a low boundary 

of the modelled WSE. 

As expected from the visual comparison of the hydrographs, the performance 

metrics were unsatisfactory (Table 6-15). 

Table 6-15: Models C2 & C3 - Performance metrics for the calibration. 

 Model C3 Model C2 

Metric / 
Target 

Nether Kidston GS 
Nether Kidston 

GS 

RMSE (m) 0.17 0.29 

RSR 0.83 1.45 

NSE 0.31 -1.12 

PBIAS (%) -0.06 0.16 

D 0.77 0.64 
 

 
 

 

The two Models C2 and C3 were validated with the high flow event from 26 to 

29/01/2013 with the inflow peak value of 6.4 m3/s, lower than the calibration event. 

As expected, neither of the modelled water stages shows good fit at the target 

gauging station (Figure 6-22) and the performance metrics were unsatisfactory 

(Table 6-16). 

 

Figure 6-22: Models C2& C3 - Results of the validation at the target gauging station 
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Table 6-16: Models C2 & C3 - Performance metrics for the validation. 

 Model C3 Model C2 

Metric / Target Nether Kidston GS Nether Kidston GS 

RMSE (m) 0.30 0.18 

RSR 1.73 1.05 

NSE -2 -0.11 

PBIAS (%) -0.16 0.10 

d 0.56 0.73 
 

 

 

 

6.3.2.5 Conclusion for Model C 

In the absence of the original bathymetric data and only one target gauging station, 

calibrating and validating Model C was challenging.  

Two models were built to run the simulations within a range of possible and 

reasonable channel bathymetry. Model C3 represents the higher boundary and 

Model C2 the lower boundary in terms of WSE and flood extent. 

The performance metrics were somehow irrelevant as the visual comparison of the 

observed and modelled WSE was sufficient to verify the unsatisfactory 

performance of the models.  

6.3.3 Conclusion of the calibration and validation 

The 2D hydrodynamic models have been calibrated and validated with recorded 

flood events of various magnitudes. With a decreasing number of target gauging 

stations and uncertainties in bathymetry datasets, calibration was challenging. 

Performance metrics and on-site flood observations allow a relatively good 

confidence in the predictive results from the models with the re-meandered reach 

(Model A and B), with a tendency to overestimate the water stages. In the case of 

the straight channel, the uncertainty in the bathymetry dataset was managed by 

building two models (C2 and C3) to encompass the real bathymetry.  

6.3.4 Model sensitivity 

A sensitivity analysis was performed to evaluate the effects of model parameters 

on simulation results. 
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The re-meandered Model A with its calibration event was used to analyse the 

sensitivity to the following parameters: 

- the downstream boundary condition was changed by increasing by +25% 

the friction slope used to back-calculate the water stage by the Manning’s 

equation. No change in the WSE was identified along the re-meandered 

reach, between Pt1-Ups and Pt5-NK, 

- the roughness values of the channel and the floodplain were increased 

by+10% and decreased by -10%, 

- the role of the felled trees across the channel (bends #7and #20) was 

tested by assigning a higher roughness value (0.09 s/m1/3) as done in other 

modelling projects (Addy and Wilkinson, 2019b). 

The sensitivity to the bathymetry was tested by analysing the difference between 

Model C2 (lowered bathymetry by -0.5 m) and C3 using the calibration event. 

The main results are summarized in Table 6-17. 

The WSE values are most sensitive to the channel bathymetry as it controls the 

channel conveyance capacity (Table 6-17b). Lowering the bathymetry by 0.5 m 

results in a decrease in WSE between -0.09 and -0.27 m, a peak flow reduction of 

less than 1.7% and a decrease in maximum flooded extent of 57%. 

Roughness value is the next parameter to influence the results in terms of 

amplitude (Table 6-17a). A difference of +/- 10% result in a variation of WSE by 

less than 0.03 m, a decrease in peak flow value by a maximum of 0.2%, change in 

peak timing of less than 2 minutes and a change in maximum flooded extent of less 

than 4%.  
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Table 6-17: Main results of the sensitivity analysis. 

 
 

6.3.5 Simulation results 

For each of the 4 models (Model A, B, C2, C3), 5 simulations were run representing 

design flood events of increasing magnitude: Q2years, Q5y, Q10y, Q20y, Q50y 

(Table 6-18). Values of the calibration and validation events are recalled. Each 

event was defined based on the shape of the hydrograph for the high flow event 

recorded over the period 04-06/12/2020 with a peak flow value of 30.9 m3/s as the 

sum of the flow at Eddleston Village GS and the School GS. A hypothetical date 

was chosen to define the design flood events, they were run from 04/12/2030 at 

10:00 to 06/12/2030 at 06:00. 

Table 6-18: List and characteristics of the simulations compared to the calibration and validation 
events. 

 

 

 
 

The same computation options as the calibration and validation models were 

assigned (section 6.2.3.3). The computation time lasted between 15h to 22h for 

each simulation. The overall volume accounting error was lower than 0.01% for 

each of the simulations. 

6.3.6 Patterns of flooding 
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For each design flood event, the dynamic extent of the different flood events was 

analysed based on the maps of maximum water depth from HEC-RAS at one 

minute interval and the time at which the water depth of 0.01 m was reached (start 

of the flow going overbank) at different reference points.  

6.3.6.1 Simulation 1 Q2y patterns of flooding 

Models C3 & C2 - Pre-NFM 

Figure 6-23 and Figure 6-24 show the modelled Q2y flood extent at different time 

steps before re-meandering took place (Model C3 & C2).  

For both models, the first areas to be flooded are the two fields on both sides of 

Cringletie Bridge along the right bank (area #1). This is due to local breaches in the 

bank and an existing ditch parallel to the channel that connects both sides (Figure 

6-26, Figure 6-27). However, it only starts +7h50min later for Model C2 compared 

to Model C3, because of its lowered bathymetry. These fields provide storage, 

delaying the overflow in other areas.  

The Lake Wood area is the next one to be flooded with a delay of +1h10 for Model 

C2 (area #3), followed by the left bank of the two fields on both sides of Cringletie 

Bridge (areas #4). Then the flooding extends to downstream Lake Wood (area #5), 

the upstream fields (area #6) and finally the central part of the modelled area 

around Milkieston (areas #7). This last area is only flooded for Model C3. The 

upstream fields are flooded due to a breach in the left bank and by overbank flow 

along the right bank. 

At the peak of the flood, both extents remain within the valley boundary with 3 

locations where the flow is confined. First, along the left bank immediately upstream 

from Lake Wood due to the layby from the main road. Then, at Cringletie Bridge 

where flow is constrained within its boundaries. Finally, further downstream Nether 

Kidston GS on its right bank due to the natural topography of the floodplain.  

At the peak of the flood, the area on the left bank around Pt3-MK is not flooded for 

Model C2 and water depths are higher for Model C3. The long profiles of Models 

C2 and C3 show a backwater effect from Cringletie Bridge on the water levels 

(Appendix 14). 
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Particle tracing provided in HEC-RAS highlights two patterns. The first is the 

importance of the embankments (former railway) to prevent or delay the flow onto 

the fields across the left bank from Lake Wood to the middle of Cringletie sub-

reach. This is less pronounced downstream from Cringletie Bridge where the area 

was historically a water-meadow. The second is the role of the ditches network that 

runs parallel to the channel and surrounds some of the fields. It directs efficiently 

part of the overbank flow downstream as the flow increases. This is particularly true 

for Lake Wood and Milkieston sub-reaches. 

The recession takes longer and follows the reverse pattern. 

In summary, the flood extends over areas in a similar order for both Models C2 and 

C3, but this takes place later in the case of Model C2. The maximum flood extent 

looks larger in the case of Model C3 as it extends over two additional areas: the 

upstream fields along the right bank (area #6) and around MK sub-reach (area #7). 

The network of ditches impacts the flow patterns by draining the flow in some fields 

downstream without entering the river, as the embankments in between limit 

connectivity of the floodplain with the main river.  
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Figure 6-23: Model C3 - Q2y: Modelled flood extents at different time steps 
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Figure 6-24: Model C2 (lowered bathymetry) - Q2y: Modelled flood extents at different time steps 
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Model A - May 2020 

Figure 6-25 shows the modelled Q2y flood extent with the re-meandered May 2020 

topography (Model A) at different time steps. 
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Figure 6-25: Model A - Q2y: Modelled flood extents at different time steps 
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The dynamic of the flood extent in Model A differs from Models C3 and C2 with the 

following major differences. 

In Model A, overbank flow begins later around 04/12/2030 17:30 and is more widely 

spread over all the sub-reaches. Starting at Lake Wood and Cringletie sub-

reaches, they then expand progressively to all areas (areas #1 to 4 - Figure 6-25). 

The fields on both sides of Cringletie Bridge are not flooded as much even at the 

peak. A detailed analysis of the flow patterns using the Particle Tracing tool in HEC-

RAS shows that: 

- the field immediately upstream from Cringletie Bridge is now fed by 

overflow in bend #18 as the former breach in the right bank is not visible 

anymore (Figure 6-26) 

  

 

 

 

 

Figure 6-26: Simulation 1 / Q2y: Detailed modelled water depth extent upstream from Cringletie 
Bridge. Comparison of Models C (C3 & C2) and Models A & B (black arrows displaying water 

particles) 

- the field immediately downstream from Cringletie Bridge is gradually fed by 

overbank flows near Pt Q, Pt P, then Pt N (Figure 6-27). The flood spreads 

on the left side of the former straightened channel only because of a ditch 

that connects the flow from the upstream flooded areas. The bank 
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protection secured in 2016 (bend #20) protects the avulsion into the former 

channel. 

   

Figure 6-27: Simulation 1 / Q2y: Detailed modelled water depth extent downstream from Cringletie 
Bridge. Comparison of Models C (C3 & C2) and Model A (black arrows displaying water particles) 

The embankment built as part of the re-meandering to protect the field immediately 

downstream from Lake Wood, and the embankments on the left bank of Milkieston 

protect nearby fields from a flood of this magnitude (Figure 6-28): 
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Figure 6-28: Simulation 1 / Q2y: Detailed modelled maximum water depth extent downstream 
from Lake Wood. Comparison of Models C (C3 & C2) and Model A 

The fields upstream from Lake Wood are barely flooded even at peak flow (Figure 

6-29):  

   

 
 
 
 
 

Figure 6-29: Simulation 1 / Q2y: Detailed modelled water depth extent upstream from Lake Wood.  
Comparison of Models C (C3 & C2) and Model A 
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At the peak of the flood, the extent is quite similar to those for Models C2 and C3 

as it remains within the valley boundary and is also confined at the 3 locations cited 

above (upstream layby, Cringletie Bridge, downstream topography). The old 

embankment (railway) along the left bank is still playing an important role in limiting 

the flow to extend further (Lake Wood, Cringletie sub-reaches). However, the main 

difference corresponds to Milkieston sub-reach where the new embankments are 

limiting the flood extent. The long profiles for Models A and B show a backwater 

effect from the narrowing at the end of MK sub-reach (Pt3) and from Cringletie 

Bridge on the water levels (Appendix 14). 

In summary, because of the changes made in the channel by re-meandering, the 

order at which areas are flooded differ (Table 6-19) and because of some 

topographic features, some areas are not flooded.  

Table 6-19: Comparison of the timing at which the flow starts to extend onto the floodplain on  
the modelled event 04/12/2030. 

 Timing of flooding on 04/12/2030 

Flooded area / time  Models A Model C2 Model C3 

fields across Cringletie Bridge 18:15 17:15 10:00 

Lake Wood 17:30 18:55 17:45 

upstream fields (left bank) 19:15 19:20 18:00 

fields downstream Cringletie 
Bridge (left bank) 

20:15 19:30 18:10 

field downstream Lake Wood 19:30 19:35 18:35 

upstream fields (right bank) 21:05 21:15 18:45 

field around Milkieston (left bank) na 00:30 19:35 

                     na: part of this area is within the re-meandered channel 

Model B - April 2018 

The patterns and dynamic of the flood extent for Model B are very similar to Model 

A, therefore no map is displayed.  

The time at which the water depth reaches 0.01 m at reference points was used as 

the indication that overbank flow was taking place. The results show some localised 

changes, with some important differences up to -21 and +31 min (timing of Model 

B minus timing of Model A). However, no trend or link is visible with the patterns of 

geomorphic changes analysed previously in Chapter 5 section 5.3.2 as Difference 

of DEM (DoD) (Figure 6-30). That could be explained by the complexity of the flows 
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within the channel and on the floodplain. The amplitude of the geomorphic changes 

seems to be insufficient to modify the dynamic of a flood event of this magnitude 

(Q2y). 

  

Figure 6-30: Simulation 1 / Q2y: Comparison of the time flow go overbank at different reference 
points in the modelled area between Model A and Model B 

6.3.6.2 Other designed flood events: Q5y, Q10y, Q20y, Q50y 

The flood patterns for larger events are based on the ones described for the Q2y 

event. The flood extent and the water depths increase with the magnitude of the 

event, but all remain within the valley boundary. The main differences are: 

- Models C3 and C2: close to the reference Pt 3-MK, the field along the left 

bank stores water for all the flood events (Model C3) but only from the Q5y 

event for Model C2 (Figure 6-31). As it fills up with water, peak water depth 

within the fields is delayed compared to the channel.  

- At Q2y for Model C3 and Q5y for Model C2, the water is stored on the field 

and only a limited amount can exit downstream as the embankment does 

not allow a reconnection with the channel.  

- Above Q5y for Model C3 and above Q10y for Model C2, the water rises 

high enough to overflow over the embankment and join the channel. 

Difference of overflow timing (min)
Sub-reach Reference Local DoD trend Q2

point (A - B) Model A - Model B
Lake Wood Pt A deposition 1

Pt B deposition 5
Milkieston Pt C none 5

Pt D incision 31
Pt E incision -1

Cringletie Pt F incision -5
Pt G none 29
Pt H incision -21
Pt I incision 18
Pt J incision -11
Pt K incision

Nether Kidston Pt L deposition -3
Pt M none -17
Pt N incision -6
Pt O na 11
Pt P deposition 12
Pt Q incision 10
Pt R incision -12
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Figure 6-31: Models C3 & C2: Detailed modelled water depth for different flood events showing 
the reconnection with the channel after the storage in the field at the junction between the future 

MK and CR sub-reaches (black arrows displaying water particles) 

- Models A and B: at Q5y, the fields at the junction between MK and CR sub-

reaches are flooded earlier in Model B than Model A (Figure 6-32). 

Floodwater spreads into the left bank field around 20:00 on 04/12/2030 for 

Model B and 20:50 for Model A. This difference is linked to the 

embankments on MK sub-reach which constrain the flow laterally and the 

channel incision of Model A which both prevent the overflow into the nearby 

field and the storage of a significant volume. 



- 319 - 

 

 

 

 

Figure 6-32: Simulation 2 / Q5y: Detailed modelled water depth extent around Milkieston.  
Comparison of Models A & B on 04/12 20:50 (black arrows displaying water particles) 

Between Model A and Model B, the comparison of the time at which the flow goes 

overbank at reference points for all flood events shows some localised changes, 

but no trend or link with the patterns of geomorphic changes analysed previously 

as Difference of DEM (DoD) and no changes between flood events (Table 6-20, 

Figure 6-33). 

Table 6-20: Simulations 1 to 4: Comparison of the time flow goes overbank  
at different reference points between Model A and Model B. 

 

Difference of overflow timing (min)
Sub-reach Reference Local DoD trend Q2 Q5 Q10 Q20

point (A - B) Model A - B Model A - B Model A - B Model A - B
Lake Wood Pt A deposition 1 1 2 1

Pt B deposition 5 4 5 5
Milkieston Pt C none 5 3 3 3

Pt D incision 31 29 30 34
Pt E incision -1 -1 -2 -1

Cringletie Pt F incision -5 -6 -8 -8
Pt G none 29 26 26 30
Pt H incision -21 -19 -18 -19
Pt I incision 18 16 16 16
Pt J incision -11 -12 -14 -16
Pt K incision 31 17 13

Nether Kidston Pt L deposition -3 -3 -3 -2
Pt M none -17 -18 -23 -25
Pt N incision -6 -7 -10 -10
Pt O na 11 7 6 5
Pt P deposition 12 12 16 17
Pt Q incision 10 10 13 14
Pt R incision -12 -11 -10 -10
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Figure 6-33: Simulations 1 to 4: Comparison of the time flow goes over bank  
at different reference points in the modelled area between Model A and Model B 

6.3.6.3 Conveyance capacity 

The conveyance capacity of the channel was estimated for each model and by sub-

reach. The time at which the flow started overspilling in more than one area in a 

sub-reach was recorded using inundation maps outputs at 1 min interval. The 

corresponding flow of the input design hydrograph was recorded as the 

conveyance capacity of the sub-reach. This is an estimation as the timing of the 

overflow is not homogeneous along a sub reach due to the local topography.  

The results show no change of conveyance capacity along Lake Wood sub-reach 

between Model A and Model B (Table 6-21). Conversely, it increases for Model A 

along the last three sub-reaches (+14% to +22%). This trend is the opposite of flow 

attenuation and can be linked to the channel incision over the period April 2018 - 

May 2020. 

For Models C2 and C3, as expected the conveyance capacity of Model C2 is higher 

than Model C3 as its bathymetry is -0.5 m lower. The results confirm that the former 

breaches in the banks along Cringletie and Nether Kidston sub-reaches artificially 

decreased the conveyance capacity.  
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Compared to Model C3, the conveyance capacities of Models A and B are lower 

along Lake Wood sub-reach and close to each other for the Milkieston sub-reach 

and along the upper part of Cringletie and Nether Kidston sub-reaches (Table 

6-21a). However, when considering the whole channel, the breaches in Cringletie 

and Nether Kidston sub-reaches decrease the conveyance capacity locally, with 

values much lower for Model C3 (0.4 m3/s) than for Models A and B (2.5 to 3.2 

m3/s) (Table 6-21b).  

Compared to Model C2, the discharge to initiate overspill is much lower for the re-

meandered channel (Models A and B) along Lake Wood, Milkieston and the upper 

part of Cringletie and Nether Kidston sub-reaches (Table 6-21a). However, when 

considering the whole channel, the breaches in Cringletie and Nether Kidston sub-

reaches decrease the conveyance capacity locally, with values lower for Model C2 

(ave. 2.5 m3/s) than for Models A and B (2.5 to 3.2 m3/s) (Table 6-21b).  

Table 6-21: Estimation of the maximum conveyance capacity by sub-reaches a) in the upper part 
of Cringletie and Nether Kidston sub-reaches where there were no breaches in the banks, b) 

along the whole sub-reaches where the breaches play a role. 

 

This suggests an improvement in the connectivity with the floodplain from the re-

meandering along the Lake Wood sub-reach, probably driven by the geometry of 

the re-meandered channel which allows high flow events of lower magnitudes to 

overspill sooner. For the Milkieston sub-reach and the upper parts of Cringletie and 

Nether Kidston sub-reaches, such improvement is hard to see because of the 

range of conveyance capacity of the two initial Models C2 and C3 and because of 

the incision of the re-meandered channel that opposes to such trend. For the 

downstream parts of Cringletie and Nether Kidston sub-reaches, there is no visible 

improvement due to the local breaches in the banks. Only additional simulations 

with a new DEM where these breaches would be backfilled could tell us if the re-

meandering would have been able to improve the connectivity. 
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6.3.6.4 Conclusion from the analysis of the flooding patterns 

The detailed analysis of the differences in the dynamics of a Q2y flood event 

between the straight and the re-meandered channel has identified the important 

role local topographic features such as bank breaches, network of ditches and 

embankments have on the location and the timing at which the flow connects or 

remains disconnected with the floodplain areas that can act as storage. The order 

at which the various areas are flooded changes significantly. The embankments 

keep on playing a role for flood events of larger magnitudes.   

With a straight channel, the fields on both sides of Cringletie Bridge are flooded 

first while the flood spreads over more areas for a re-meandered channel. With the 

re-meandered channel, the newly built embankments along the Milkieston sub-

reach prevent the flooding of some nearby fields by constraining the flows for a 

certain flood magnitude. This is also the area where the field along the left bank 

seems to impact the dynamics for all models as it provides storage. The changes 

in conveyance capacity of the channel suggest a better connectivity with the 

floodplain only along Lake Wood sub-reach with the re-meandering. The remaining 

old railway and the new embankments seem to be limiting it elsewhere as well as 

the ongoing re-meandered channel incision. 

As for the geomorphic changes over the period April 2018 - May 2020, they are not 

large enough to noticeably affect the dynamic of any of the flood events. They may 

delay or move forward the time at which the flow goes over bank. The incision 

(Model A) has increased the conveyance capacity by more than 14%, preventing 

a better connectivity with the floodplain and flow attenuation. The analysis of the 

peak travel times will help identify if this can affect the flood event at the reach 

scale. 

6.3.7 Maximum flood extents 

6.3.7.1 Maximum flood extents for all models and design events 

Maps of maximum flood extents from HEC-RAS for each design flood event (Q2y, 

Q5y, Q10y, Q20y, Q50y) show that they all remain within the valley bottom 

boundary and the larger the event, the more similar the extent (Appendix 15). 
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The long profiles at peak flood show a backwater effect from Cringletie Bridge on 

the water levels for all the models (Appendix 16). Its length is more pronounced for 

Models A and B than C2 and C3. 

As the magnitude of the flood event rises, so does the flooded area (Figure 6-34a). 

These maximum extents are systematically smaller after re-meandering (Models A 

& B) than before (Models C3 & C2), with the difference decreasing as the 

magnitude of the flood event increases.  

Compared to Model C3, the maximum extent for Model A has decreased by 25% 

for Q2y, 17% for Q5y, to 4% for Q50y (Figure 6-34c). These differences are less 

marked if Model A is compared to Model C2 (12% to 2%). All these values, except 

Q50y Model A vs Model C2 are above the range estimated by the sensitivity 

analysis on the roughness coefficients (±3.5%) (section 6.3.4). This suggests that 

for an identical design flood event, re-meandering is effective in reducing the flood 

extent within the re-meandered area and its floodplain. However, that trend 

reduces as the flood event increases.  

Compared to Model B, the maximum extent for Model A is smaller by 5.2% for Q2y 

and then by less than 2.4% for larger events. Values for events larger than Q2y are 

within the range of the sensitivity analysis on the roughness coefficients (±3.5%) 

(section 6.3.4). This shows the overall impact of the incision of the channel between 

the two surveys. It is minimal and decreases with the flood magnitude. 

For both comparisons, as the flood magnitude increases, an increasing proportion 

of the flow expands over the floodplain, reducing the role of the channel and its 

geometry (straight, re-meandered and with more geomorphic changes). 
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Figure 6-34: Summary of the maximum flood extent by flood magnitude for all models 

Flow across three cross-sections at the three gauging stations (New Lake Wood, 

Cringletie, Nether Kidston) have been extracted from HEC-RAS at the maximum 

flood extent for all design events and models (Table 6-22). The flow distribution is 

estimated across the floodplain on the right bank, the left bank and across the 

channel (top of bank). The results show the proportionate decrease of the flow 

within the channel as it increases on the floodplain as the flood event magnitude 

increases.  

At New Lake Wood GS, the relatively high banks and the old railway embankment 

limit the extent on the floodplain for all models. At Cringletie GS, the flow spreads 

evenly on both sides of the floodplain for the re-meandered channel (Models A & 

B) as no embankment is present nearby. For all channel geometries, the old railway 

embankment located on the left bank is limiting the spread on this side of the 

floodplain. At Nether Kidston GS, the natural high topography along the right bank 

prevents the spread on this side of the channel. Additionally, the limited 

conveyance capacity of the channel allows an increasing part of the flow to transit 

on the left bank floodplain.  

In all three cases, the systematic higher proportion of the flow within the channel 

for Model C2 compared to Model C3 is due to its larger conveyance capacity as its 

bathymetry is -0.5 m lower than Model C3. The difference in channel conveyance 

b) 

c) 
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capacity between Models A and B is visible with the higher proportion of the flow 

within the channel for Model A except at New Lake Wood GS.  

These three examples show the impact of the local topography, natural and 

anthropogenic and geomorphic changes, on the shift in flow distribution.  
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Table 6-22: Simulations 1 to 4: Distribution of the flow across the floodplain and the channel for all the design flow events and all the models (orange cells 
highlight the maximum value). 

 

 

Floodplain RB Channel Floodplain LB Floodplain RB Channel Floodplain LB Floodplain RB Channel Floodplain LB Floodplain RB Channel Floodplain LB

Model A 9% 91% 0% 18% 82% 0% 22% 78% 0% 25% 73% 2%
Model B 7% 93% 0% 15% 85% 0% 19% 81% 0% 22% 76% 2%

Model C2 14% 66% 19% 22% 60% 18% 24% 58% 18% 25% 55% 20%
Model C3 33% 43% 25% 35% 40% 24% 35% 39% 27% 35% 36% 29%

Model A 23% 62% 15% 28% 49% 22% 30% 42% 27% 32% 37% 31%
Model B 27% 54% 19% 31% 42% 27% 32% 37% 31% 34% 32% 34%

Model C2 26% 54% 20% 44% 45% 10% 52% 36% 12% 57% 29% 14%
Model C3 52% 36% 12% 62% 26% 12% 65% 21% 14% 67% 18% 15%

Model A 3% 58% 39% 4% 43% 54% 4% 36% 60% 4% 31% 65%
Model B 4% 55% 41% 4% 41% 55% 4% 35% 61% 4% 31% 65%

Model C2 1% 68% 31% 2% 50% 48% 3% 42% 55% 3% 36% 60%
Model C3 3% 37% 60% 4% 29% 67% 4% 26% 70% 4% 24% 72%

Q20

New Lake Wood GS

Cringletie GS

Nether Kidston GS

New Lake Wood GS

Q10Q5Q2

New Lake Wood GS New Lake Wood GS

Cringletie GS Cringletie GS Cringletie GS

Nether Kidston GS Nether Kidston GS Nether Kidston GS
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6.3.7.2 Maximum flood extents at the sub-reach scale 

Looking at the scale of each sub-reach, the difference in maximum flood extent is 

distributed over all the re-meandered sub-reaches LW to NK and is not limited to 

upstream and downstream from the re-meandering (Figure 6-35). Except for CR 

sub-reach, the extent for Model A is the smallest, then is Model B, Model C2 and 

finally Model C3.  

 

Figure 6-35: Q2y - Distribution of maximum flood extent by sub-reach and model 

The difference in sequence on CR sub-reach (Model C2 < Model B) comes from 

the embankments on both sides of the channel for the straight channel (Model C2) 

that limit the extent of the flow over the floodplain while it is made possible for Model 

B (Figure 6-36). 
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Figure 6-36: Q2y - Spatial comparison of the maximum flood extents of Model B and  
Model C2 over CR sub-reach (TOB as Top Of Banks to delineate the channel)  

Beyond the re-meandered reach, the main differences are located (Figure 6-37): 

- upstream (Ups) between Models A and C3 as the flow spreads over the 

nearby fields (maps 1a, 1b), 

- downstream NK sub-reach (Dws NK), where the model C2 lowered 

channel implies a smaller flooded extent (maps 5e). 

 

Along the re-meandered sub-reaches, the maps displaying the maximum flood 

extent for each sub-reach for Models A, C2 and C3 show (Figure 6-37): 

- The role of the new embankments around MK sub-reach in limiting the 

extent of the Q2y flood to protect the nearby fields (maps 2a, 2b). 
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- On CR sub-reach, the embankment along the left bank of the former 

straight channel is limiting the extent of the flow on the fields across this 

bank (maps 3c, 3d). 

- On NK sub-reach, for Model A the embankment along the left bank of the 

former straight channel is dividing the flow on the floodplain in two areas 

(maps 4c, 4d). One over the floodplain with the re-meandered reach, the 

other on the left bank of the former straight channel which is fed by the 

ditch parallel to it that connects the upstream flooded area. Flows finally 

converge downstream of this reach. 

- On NK sub-reach, additional ground works close to Cringletie Bridge are 

also probably contributing to limiting the extent. 

 

 

 

 

 

 

 

 

 

 

 

 
 

a) 
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Figure 6-37: Q2y - Spatial comparison of the maximum flood extents  
by sub-reach between Models A, C2 and C3 

The differences between Model A and B are only visible where MK and CR sub-

reaches meet, where the channel incision is the most pronounced and therefore 

the flooded area for Model A is smaller than for Model B. Maps are displayed in the 

Appendix 17. 

For larger flood events (Q5y, Q10y, Q20y, Q50y), the same trends are noticeable 

(Figure 6-38). The difference in maximum flood extent is distributed over all the re-

meandered sub-reaches and the extents for Models A and B are the smallest, then 

Model C2 and Model C3. The difference in area decreases as the flood magnitude 

increases. Comparisons of the flood extents between Model A and Models C2 and 

C3 are displayed in Appendix 18 and Appendix 19. 
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Figure 6-38: Q5y, Q10y, Q20y, Q50y - Distribution of maximum flood extents by sub-reach and 
model  

6.3.7.3 Conclusion from the analysis of the maximum flood extents 

Across all events, at reach and sub-reach scale, Model A displays the smallest 

extent, then comes Model B, Model C2 and finally Model C3. The difference 

diminishes as the magnitude of the flood event increases. 

If flood attenuation is considered at the downstream end of the re-meandered reach 

from the point of view of a possible community at risk of flooding, an increase in 

maximum flood extent where the re-meandering took place would imply more 

attenuation from the larger friction and storage on the floodplain and less risk of 

flooding. However, in our case, the opposite trend is identified with Models A and 

B compared to Models C2 and C3. This difference is linked to the old embankment 

(railway) and the new ones around MK sub-reach which confine part of the flow, 
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limit flood extents and reorganise flow patterns. It suggests that for all design 

events, flood attenuation has decreased with re-meandering.  

The maximum flooded area is also reduced since the geomorphologic changes 

took place, but only by less than 5% and is only noticeable around the junction 

between MK and CR sub-reaches probably due to the vertical incision of the 

channel. It suggests that flood attenuation has decreased between April 2018 

(Model B) and May 2020 (Model A) but only for a Q2y event and not for larger 

events.  

Direct quantification of flood attenuation can be done with comparing the maximum 

flood extent between Model A and Model B. Otherwise, it can only be used as a 

qualitative estimation of the changes. 

6.3.8 Volume of water at peak time 

The volume within the modelled area at the maximum flood extent was estimated 

using the average water depth per cell and the cell size (Figure 6-39). Within the 

re-meandered area and its floodplain, similar to the maximum flood areas, as the 

magnitude of the event increases, so does the volume, and the difference of 

volumes decreases between the models (Figure 6-39b).  

Compared to Model C3, the total volume for Model A has decreased by 18% for 

Q2y, 10% for Q5y, to 1.7% for Q50y (Figure 6-39d). Compared to Model C2, the 

volumes are larger for Model A (1.7 to 4.4%).  

Compared to Model B, the volume for Model A is smaller by 4% for Q2y and then 

by less than 2% for Q20y and Q50y. The decrease in maximum volume suggests 

less storage is used at the peak of the flood with the re-meandered reach and since 

the incision took place (Model A). 
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Figure 6-39: Summary of the total volume at the maximum flood extent  

What is true at the reach scale is more subtle at the sub-reach scale. An analysis 

of the volume at peak time for the Q2y flood event was made by sub-reach (Figure 

6-40). It shows the larger volume stored in the area of Lake Wood sub-reach after 

being re-meandered (Model A and B) compared to before (Model C2 and C3). This 

matches the result found by JBA Consulting (2020) using the catchment model, 

whereby re-meandering had increased by 6% the volume stored at peak for their 

selected calibration events. 
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Figure 6-40: Distribution of the total volume at the maximum flood extent  
by sub-reach for the Q2y flood event 

These volumes were compared to the volume of each design flood event. The 

estimation was made by multiplying the average flow by the event duration (Figure 

6-41b). As shown on Figure 6-41a, this duration (tEvent) is defined from the start 

of the rise (A) to the estimated inflection point separating the storm event from the 

baseflow component (I). Here Point A was defined as the average time at which 

the flow starts to overspill in the Lake Wood sub-reach for all the models. 

 

 

Figure 6-41: a) Definition of the event duration and b) application to the design flood events 
 

Comparatively, the volumes at peak flow within the re-meandered area and its 

floodplain represent between 9.2% and 13.1% of the volumes of each design flood 

event (Table 6-23). If considering the volume at peak over the whole model, these 
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percentages increase to 13 to 19%. This represents the storage capacity of the re-

meandered area compared to the total amount of water within the flood events. 

This storage capacity is higher in order for Model C3, then Model B, Model A and 

Model C2 for all flood events. 

Table 6-23: Proportion of the volumes stored at the maximum of flood extent within the extent of 
the re-meandered channel and its floodplain compared to the volumes of each flood event. 

 

6.3.9 Travel time and peak flow differences  

6.3.9.1 Peak travel time differences 

Flood wave travel times between the start of the modelled reach (Pt1-Ups) and its 

end (Pt5-NK) are within the same order of magnitude whatever the flood magnitude 

and the channel geometry (Table 6-24). As the flood magnitude increases, peak 

travel times even out. They are equal from Q10y and above for Models A and B, 

and from Q20y and above for Models C2 and C3. For Q50y, the are equal for all 

models. Three extreme values stand out with peak travel times noticeably larger 

than for other events. 

Table 6-24: Flood wave travel times calculated for each model and flood event  
(extreme values in bold). 

 

A detailed analysis of the complex dynamics of the flow, its pathways, velocity, 

hydrograph and timing of extent was carried out in an attempt to explain the 3 

extreme values. Using peak travel times between other reference points, these 

delays were identified along CR sub-reach, between reference points Pt3 and Pt4.  
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For Model A at Q5y, the delay in peak travel time is estimated as +17 min compared 

to Q2y and Q10y. It appears at the start of CR sub-reach between Pt3 and PtF 

(Figure 6-42) then remains steady until the end of the reach. Analysis of the data 

suggests that as the flow extends on a larger area of the floodplain with a higher 

roughness (0.055 s/m1/3) the flow might be slowed down. 

 

Figure 6-42: Model A - Comparison of the Q2y and Q5y at the junction  
between Milkieston and Cringletie sub-reaches (black arrows displaying water particles) 

For Model C2 at Q10y, the delay appears close to Cringletie GS. It is estimated as 

+9 min compared to Q5y and Q20y. The reason for this delay is hard to identify 

and might be due to a localized increase in lateral flow extent on the floodplain with 

higher roughness value (0.055 s/m1/3). 

For Model C3 at Q2y, the peak is travelling 8 minutes slower than the Q5y event. 

The delay appears in the same area, at the start of CR sub-reach. The main 

difference seems to come from the flow stored in the field along the left bank 

(Figure 6-43). For Q2y, the water levels within the channel and over the field remain 

lower than the embankment. The field drains slowly within the ditch network and is 

slowed down by the floodplain with higher roughness. For Q5y, both levels are high 

enough to connect the field with the channel. Therefore, the water depth increases 

at the junction of the two limiting the importance of the friction from the floodplain 

and the flow is travelling faster than for Q2y. 
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Figure 6-43: Model C3 - Comparison of the Q2y and Q5y at the junction between  
the future Milkieston and Cringletie sub-reaches (black arrows displaying water particles) 

Based on the flood wave travel time, the differences between models and flood 

event were calculated (Table 6-25). They suggest the flood wave is mainly 

travelling slower for Model A than for the other models. However, the delays are 

very limited in magnitude with maximum values of +15 minutes (Q5y). Considering 

the uncertainty in selecting the time of the peak, and the results from the sensitivity 

analysis of the roughness coefficients (section 6.3.4), values below a few minutes 

might not be meaningful.  

Table 6-25: Peak travel time differences between models for all the flood events  
(green cells stand for flood attenuation, orange cells for the opposite) . 
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6.3.9.2 Peak flow changes 

As the flood wave travels downstream, it is attenuated by the channel and the 

floodplain. This phenomenon was estimated between the start (Pt1-Ups) and the 

end (Pt5-NK) of the re-meandered modelled reach (Figure 6-44).  

Prior to re-meandering (Models C2 and C3), the magnitude of the flood attenuation 

as the flood wave travelled downstream was limited to a reduction between 2.9% 

and 1% for all events (Figure 6-44b). After the re-meandering, the flood peak 

reduction remains within the same order of magnitude between 2.5% and 0.9% for 

Models A and B for all events (Figure 6-44d). These values are of greater amplitude 

than the values estimated by the sensitivity analysis on the roughness coefficients 

(0.2% max) (section 6.3.4). 

The “extra” peak attenuation from the re-meandering is calculated as the difference 

of peak flow attenuation percentages between two models. For the re-meandering 

(Model A) compared to the straightened channel (Models C2 and C3), it is only 

visible for (Figure 6-44c): 

- the Q5y event with values from 0.7% to 1.2% compared to Model C2 and 

C3, 

- the Q20y event with values from 0.9% to 1.1%. 

Therefore, Model A is displaying more attenuation than Models C3 and C2 for Q5y 

and Q20y events, but less for Q2y and Q10y events. 

Between the two re-meandered channel, Model A is providing “extra” peak flood 

attenuation for the Q5y event (1.4%), but less attenuation for Q2y event (-0.5%) 

and none for the Q10y event. The value for Q20y event (0.1%) is within the values 

estimated by the sensitivity analysis (0.2%). 

Only Model C3 is showing a linear trend with a decreasing peak flow attenuation 

as the flood magnitude increases (Figure 6-44c). The other models don’t show any 

clear trend. The maximum values for Q2y, Q5y and Q10y correlate with the longest 

peak travel times shown earlier in Table 6-24. 
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Figure 6-44: Comparisons of the peak flow reduction between the start and the end of the 
modelled reach 

6.3.9.3 Conclusion from the peak travel time and peak flow changes 

Analysis of the flood wave travel times and peak flow values shows mixed results. 

Signs of flood attenuation are noticed for the Q5y event from the re-meandered 

channel (Model A) compared to a straight channel (Models C2 & C3) and to the 

former re-meandered channel (Model B). Conversely, more flood attenuation is 

identified from the straight channel than for the re-meandered one for the Q2y and 

Q10y events. For the Q20y event, the re-meandered channel displays larger peak 

flow attenuation but no marked changes in peak travel times. 

Complex interactions with the floodplain and specific topographic features 

(embankments, breaches, ditches) impact the flow patterns and the travel times for 

different magnitude of flood events at different times. There is no linear increase or 

decrease of flood attenuation from the re-meandered reach. 

6.3.10 Summary of the findings 

The 2D hydrodynamic models have been calibrated and validated with recorded 

flood events of various magnitudes. Accuracy of the calibration and validation 



- 342 - 
 

 

 

varied between models, with some uncertainty from the channel bathymetry 

downstream from the end of the re-meandered reach or from the observed data for 

the oldest period of recording. The uncertainty about the straight channel 

bathymetry was factored in by building two models (C2 and C3), assuming they 

encompass the real bathymetry prior to re-meandering. 

Using these validated models, predictive simulations were run. Flow attenuation is 

considered at the downstream end of the re-meandered reach from the point of 

view of a possible community at risk of flooding.  

A summary of the main findings is presented below and in Figure 6-45 and Figure 

6-46: 

- Overall, flood attenuation due to the re-meandering of the reach is of limited 

amplitude with a maximum of 15 minutes of peak travel time delay, 1.2% 

of “extra” peak flow reduction, 25% of maximum flood extent reduction.  

- Overall, flood attenuation linked to the geomorphic changes which took 

place over the period April 2018 - May 2020 is of limited amplitude with 

maximum values of 14 minutes of peak travel time delay, 1.4% of “extra” 

peak flow reduction, 5.2% of maximum flood extent reduction.  

Analysis of the flooding patterns shows the involvement of topographic features in 

the flooding patterns, that makes it hard to assign these changes purely to the 

channel re-meandering itself.  

Comparing the straight and the re-meandered reaches (Figure 6-45), it is hard to 

assign peak flow attenuation to the re-meandering apart from the Q5y event with 

longer peak travel time difference and some peak flow attenuation linked to a better 

connectivity with the floodplain. The Q20y event only shows some peak flow 

attenuation, but no marked delay in peak travel time. In both cases, the maximum 

flood extent is decreasing which is the result of the interaction with existing and 

new topographic features. The decrease in volume at maximum flood extent is a 

combination of diminishing flooded areas and rearrangement of flow dynamics over 

the course of each flood event.  
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Figure 6-45: Summary of the results between the re-meandered (A) and the straight (C2 & C3) 

modelled channels 

The geomorphic changes that took place between April 2018 and May 2020 have 

also led to limited signs of flood attenuation (Figure 6-46). For the Q2y event, the 

decrease in maximum flood extent and a lesser peak flow decrease shows the 

detrimental effect of the channel incision on the flood attenuation. For the Q5y 

event, only the peak travel time difference and the peak flow decrease are showing 

some signs of flood attenuation but from the latest channel geometry (May 2020). 

For events equal or larger than the Q10y event, the changes in indicators are within 

the values of the sensitivity analysis. 

 
Figure 6-46: Summary of the results between the re-meandered modelled channels (A & B) 
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Analysis of the flood patterns, maximum extents and channel conveyance capacity 

have shown the differences between the situation with and without re-meandering. 

Original and new features such as bridges, embankments, breaches and ditches 

limit the spread of the overbank flows and the floodplain connectivity over the whole 

valley and between the different modelled channel geometries. As for the 

geomorphic changes within the re-meandered reach, the dominant process of 

incision is limiting the flood attenuation. 

6.4 Discussion 

The aim of this chapter is to answer the following research questions:  

1- How is the re-meandering of the channel from Lake Wood to Nether Kidston 

impacting flood attenuation for flood events of different magnitudes compared to a 

straight channel?  

2- How is the flood attenuation impacted by the geomorphic changes of the re-

meandered channel Lake Wood to Nether Kidston that took place between two 

dates two years apart for flood events of different magnitudes? 

Flood attenuation was considered at the downstream end of the re-meandered 

reach from the point of view of a hypothetical community at risk of flooding.  

It was expected that re-meandering would have increased peak travel times from 

the lengthening of the channel, leading to a more efficient flood attenuation than a 

straight channel. While enhancing floodplain connectivity is a different factor than 

re-meandering, it is often part of the design geometry of such restoration works and 

both cannot be separated. It will also lead to more flood attenuation. The recorded 

geomorphic changes should oppose flood attenuation because of the enhanced 

channel conveyance from the channel incision, but local changes could also have 

enhanced floodplain connection. Flow attenuation was to be identified through an 

increase in peak travel times and flood extents, but a decrease in peak flow values 

and channel conveyance capacity. These changes were quantified and analysed 

by means of 2D hydrodynamic models simulating design flood events of different 

magnitudes with these different channel geometries (straight vs re-meandered). 
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Combination of topographic data of various resolutions, localised observed 

hydrologic time series and field observations were used to build 2D hydrodynamic 

models of a section of the Eddleston Water catchment of 2.3 km long and 500 m 

wide (1.1 km²) focussing on the re-meandered reach Lake Wood - Nether Kidston. 

The models built with HEC-RAS v6.0.0 represent the re-meandered channel 

geometry as surveyed in May 2020 (Model A), the re-meandered channel geometry 

as surveyed in April 2018 (Model B), the straight channel geometry before re-

meandering took place (Model C). For the latter, the uncertainty about the channel 

bathymetry was considered by building two models: one with the same bathymetry 

as the catchment model 2020 (JBA Consulting, 2020) (Model C3), the other with 

this bathymetry lowered by -0.5 m (Model C2). 

6.4.1 Main findings 

The results are summarized in section 6.3.10. Changes in indicators suggest a 

larger flood attenuation from the re-meandered reach and its latest geometry 

compared to the straightened channel, but only for the Q5y event and they are of 

limited amplitude. Changes in indicators decrease with the magnitude of the flood 

event. Flow patterns are complex and influenced by topographic features such as 

historic and new embankments, breaches in the banks and ditches, and channel 

incision. Re-meandering is not providing flood attenuation neither for the Q2y 

event, nor for larger events than Q5y excluded. When it is (Q5y event), it remains 

of very limited amplitude, between +12 to +15 minutes for the peak travel time, and 

between 0.7 and 1.2% of “extra” peak flow reduction. However, it is also related to 

a decrease of the maximum flood extent (10 to 17%) and to a variation of volume 

stored at peak time between 2.6% and -10%. These values remain above the range 

of amplitudes estimated by the sensitivity analysis. The Q20y event only displays 

some peak flow attenuation (-1 to -1.2%). 

Changes in indicators suggest a smaller flood attenuation from the re-meandered 

reach with its latest geometry (May 2020) compared to the previous (April 2018) 

for the Q2y event and the opposite for the Q5y event. These changes remain of 

limited amplitude, less than a +14 minutes of peak travel time, between -0.5 and 

1.4% of “extra” peak flow reduction. For larger events, the changes are within the 

range of the sensitivity analysis. 
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6.4.2 The uncertainty in the data and in modelling 

Such small amplitudes of changes must be considered within the range of 

uncertainty from the modelling process. Sources of uncertainty lie within the model 

structure (e.g. numerical scheme, grid), the input data (inflow hydrograph, 

topography), the complex interactions of the flow with small-scale features, the 

complex interactions of the parameters (Pappenberger et al., 2005, Merwade et 

al., 2008, Dottori et al., 2013, Dimitriadis et al., 2016). Although quantifying model 

results uncertainty is now being developed by means of stochastic framework 

(Pappenberger et al., 2005, Pappenberger and Beven, 2006), this approach was 

not implemented in this project, but an analysis of the uncertainty is discussed 

below. 

The choice of a 2D model solving fully dynamic 2D shallow water equations was 

made because of the moderate amplitude of the geomorphic changes of the 

channel, the importance of flow on the floodplain observed during flood events, the 

relatively high resolution of the re-meandered bathymetries, the important number 

of topographic features and the limited extent of the modelled area. Such models, 

although demanding in terms of computation time, are known to provide highly 

accurate results (Teng et al., 2017). Using a 2D model reduces the uncertainty from 

interpolating the flows based on cross-sections compared to a 1D model that does 

not represent lateral flows on floodplain as well (Dimitriadis et al., 2016).  

The high resolution of the topographic data, at least for the re-meandered models 

(LiDAR 0.5 m resolution and detailed bathymetric surveys) and the annual review 

of the recorded water stages and the rating curves are limiting the uncertainty from 

the input data. However, uncertainty is high from the assumption made and the 

method used to transform water levels into absolute heights values at Nether 

Kidston GS especially for the oldest records (section 6.2.3.1). This uncertainty 

weighed in on the quality of the models calibration. An additional uncertainty lies in 

the design input hydrographs as while the delay for the flood wave to travel the 

distance from the gauging station to the start of the model was considered (Figure 

6-1), the natural peak attenuation from the channel and the floodplain roughness 

was not. The changes in peak flow values were estimated between -0.14 and -0.84 

m3/s which represents 0.9% and 5.1% of the input Q2y peak flow and 0.4% to 2.2% 
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of the input Q20y peak flow and probably fall within the range of the rating curve 

uncertainty. From the Factorial Standard Error (FSE) estimated by the annual 

review of the water levels time series and the gaugings at Nether Kidston GS, the 

standard deviation for the rating curve was back calculated and reaches a value of 

0.8 m3/s. The decrease in peak flow values for all the simulations are therefore 

within the amplitude of the standard deviation attached to the rating curve. A similar 

uncertainty is attached to the upstream gauging stations (Eddleston Village, 

School) used to represent the upstream inflow boundary condition of the model and 

to the approximation of summing these flows.  

Peak travel time differences of a few minutes can be considered as the level of 

uncertainty of the method. As explained before (section 6.2.5.3), in some cases the 

peak flow value was reached for more than one 1-minute time step in a row and a 

rule was set to select the middle time step in such cases. Therefore, a difference 

of a few minutes can be associated with the methodology and not with the flood 

attenuation. 

The sensitivity analysis (section 6.3.4) has provided some amplitudes for changes 

in WSE, peak flow values and timing, maximum flooded extent. Results have been 

given within the range of these amplitudes. 

For a given increment in water depth, a flat floodplain will display a larger flood 

inundation extent than a steep floodplain (Merwade et al., 2008). Several fields 

forming the floodplain of the modelled area have low longitudinal and lateral 

topographic gradients (<5%0), therefore a small increase of flood extent might be 

within the uncertainty attached to the modelled water depths. 

The uncertainty from the accuracy of the calibration and validation is also to be 

considered, but efforts were made to minimize them. Overall, these uncertainties 

exist and are similar for each of the 4 models as same inputs and model structure 

were used. 

6.4.3 The influence of the design flow hydrograph shape 

The shape of input hydrographs has been acknowledged as influencing peak flow 

attenuation when comparing upstream and downstream hydrographs (Archer, 

1989, Woltemade and Potter, 1994, Förster et al., 2008). Analysis of how the 
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hydrograph shape is influencing flood reduction by the differences in interaction 

with the floodplain and its retention capacity have been carried out (Schober et al., 

2015, Rak et al., 2016). Results confirm that for a similar peak value, steep flood 

waves with short duration were more attenuated than flat and long duration ones.  

The design flood events used here are based on the shape of a real flood event 

that took place in early December 2020 in the Eddleston catchment. Its peak value 

ranks it around Q10y. Although its rise and fall are steep, its duration is rather long. 

It is therefore possible that the flood attenuation was limited by the choice of the 

shape of the design hydrograph.  

6.4.4 Floodplain connection 

Floodplains are recognised as providing water storage during flood events. 

However, many have been disconnected from their river channels through 

anthropogenic activities and construction of levees, dikes, embankments 

(Kundzewicz and Menzel, 2005, Schober et al., 2015). Examples of modelled 

scenarios of removing or setting back levees have shown positive impacts on flood 

risk reduction from reconnecting floodplains to their channels and allowing the 

water to expand (Acreman et al., 2003, Ghavasieh et al., 2006, Schober et al., 

2015, Guida et al., 2015). 

In the case of the Eddleston catchment, the old railway embankment remains along 

the left bank with the re-meandering being implemented to the west of this feature. 

Additional embankments were built along the MK sub-reach as part of the project. 

The modelled maximum flood extents are not so different before and after the re-

meandering as the room available for the water to spread is still very much confined 

by these features (section 6.2.5.3). Analysis of the channel conveyance capacity 

for each sub-reach has shown that the changes are small and are not increasing 

much the floodplain reconnection. When they do, as for the Lake Wood sub-reach, 

it is insufficient to have an impact on the overall re-meandered reach. 

Example of storage ponds used as Runoff Attenuation Features (RAF) show their 

potential for flood attenuation (Wilkinson et al., 2010, Ghimire et al., 2014). In the 

case of the Eddleston catchment, the modelled scenarios with the former straight 

channel identified breaches in the banks close to Cringletie Bridge. By diverting the 
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flow to the fields, they were probably acting like storage ponds and delayed the 

flow. With the new re-meandered channel, these breaches were closed, and this 

assumed effective direct storage effect disappeared. 

6.4.5 Larger scale drivers: valley confinement, floodplain connectivity 

As investigated by Woltemade and Potter (1994), large scale geomorphic factors 

(e.g. valley width, geomorphology, slope) influence river behaviour and directly 

affect its potential for flood attenuation. In Van Appledorn et al. (2019), the authors 

highlighted the limited flood attenuation due to high valley confinement of one of 

the analysed reaches (3 km). In Schober et al. (2015), the effectiveness of 

floodplain retention in reducing flood risk was analysed for different floodplain 

configurations (natural, artificial with dikes, natural gorge creating backwater 

effects) and reach sizes (20 to 40 km). 

The degree and nature of confinement of the Eddleston Water within the area of 

interest is likely to be playing an important role in its capacity to attenuate flood 

events. The reach is localised within a valley bottom (channel and active floodplain) 

of between 110 and 200 m wide for a bankfull width of around 10 m. In the context 

of the Morphological Quality Index (MQI), the confinement index of more than 10 

for a single-thread channel is classified as “low confinement” (Rinaldi et al., 2016). 

However, anthropogenic margins represent an important length of the channel 

banks, even after re-meandering. In the context of the River Styles Framework 

(Fryirs et al., 2016), with a valley margin confinement and a valley bottom 

confinement less than 1% but an anthropogenic confinement of 32%, its river type 

can be classified as still “anthropogenic”. 

As shown in Schober et al. (2015), a constriction can be effective in attenuating 

flood provided that the backwater effect is sufficient and helps storing a significant 

volume. In the case of the re-meandered reach between Lake Wood and Nether 

Kidston, the Cringletie Bridge is acting as a major constriction and creates a 

backwater effect. However, even if it extends on a longer distance for the re-

meandered reach than for the straightened one (Appendix 16), it does not seem to 

play a role in attenuating floods. It is likely that the available volume of storage 

within the floodplain has not improved so much from it, even after the re-

meandering.  



- 350 - 
 

 

 

6.4.6 The role of the flow dynamics 

Flow dynamics on the floodplain are complex due to the interaction with the local 

topography, drainage ditches, and different roughness. In Rak et al. (2016), the 

authors highlighted the complex relation of the flow with the floodplain roughness 

through modelling. By increasing floodplain roughness, the decrease in velocity 

can be so marked that the increase in WSE limits the space available for the flood 

wave to overspill on the floodplain and reduces the flood attenuation. In Nicholas 

and Mitchell (2003), the authors identified complex flow conditions during the initial 

stages of inundation with flow depths and velocities both declining as discharge 

rises. Then, above a threshold, water depths and velocities increased progressively 

following a more conventional trend which corresponds to the more homogeneous 

direction of the dominant floodplain slope. From that point, the channel and the 

floodplain were acting as a single unit (Turner-Gillespie et al., 2003).  

In the case of the re-meandered reach between Lake Wood and Nether Kidston, 

understanding the extreme values of peak travel time was difficult as flow patterns 

were complex for the return periods analysed (Q2y, 5y, 10y) (section 6.3.9.1). The 

increase of floodplain roughness within Cringletie sub-reach could be limiting the 

flood attenuation at greater discharges as well as the backwater effect from 

Cringletie Bridge. 

6.4.7 Conclusion 

Overall, this analysis does not show marked flood attenuation from this re-

meandering under the selected design flood events of Q2y, Q5y, Q10y, Q20y and 

Q50y. Since re-meandering was implemented, changes in the complex interactions 

with topographic features potentially turn out to be detrimental to the expected 

increase in flood attenuation. Some potentially increased the confinement of the 

floodplain (new embankments), others decreased floodplain connection (filling of 

former breaches) or remained with their lasting negative impacts (bridge, old 

embankment). The dominant vertical incision identified by the measured 

geomorphic changes is too small in amplitude compared to the volume of the flood 

events to markedly change the flood attenuation, however it has tended to impact 

it negatively. 
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Using a fully dynamic 2D hydrodynamic model, although demanding in 

computation time, proved to be very useful in understanding flow patterns, 

quantifying flood attenuation and identifying potential reasons for the limited flood 

attenuation. 
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7 Chapter 7.  

Discussion  

 

The overarching research question addressed in this PhD work was to confirm or 

refute the idea that re-meandering a river is an effective measure able to attenuate 

floods in the context of a rural meso-scale river the size of the Eddleston Water. 

7.1 Complementary methodologies 

Analysis of the empirical hydrological data presented in Chapter 4 was essential in 

understanding the hydrological context of the catchment and the study reach. The 

results (which were mixed) failed to show a consistent or significant measure of 

flood attenuation from the re-meandering of the Lake Wood - Nether Kidston reach, 

which was confirmed by the 2D hydrodynamic modelling (Chapter 6). The repeat 

topographic surveys and analysis of the geomorphic changes (Chapter 5) followed 

by the 2D hydrodynamic modelling allowed further understanding of the role played 

by these changes on flood attenuation.  

The methodology used to analyse the empirical hydrological data is based on 

statistics, which by considering median values tends to smooth the dataset. This is 

a limitation since high flow events are scarce by nature and the results from the 

hydrodynamic modelling indicated that flood attenuation was partly linked to 

topographic thresholds on the floodplain. Therefore, such flood attenuation might 

have been masked in the process of analysing median statistical values. An 

alternative would have been to find comparable individual events with close 

characteristics (i.e. peak flow value, hydrograph shape) as done by, for example 

Sear et al. (2006) and Addy and Wilkinson (2021), both in the context of river 

restoration projects, the former with two river flow hydrographs, the latter with 

groundwater water levels. However, finding comparable individual events is quite 

uncertain and unlikely as each event is unique and similar tests with the Eddleston 

dataset were inconclusive. 
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Using the three methodologies together (empirical data analysis, channel 

geomorphic changes and 2D hydrodynamic modelling) to analyse the flood 

attenuation stemming from a river restoration project and its changes over time is 

uncommon. In the case of the Eddleston Water, each method has proved to be 

complementary to the others and put together they improved the understanding of 

the processes at play and allowed their quantification.  

There are examples of analysis of empirical datasets in the context of peatland 

restoration (Grayson et al., 2010, Shuttleworth et al., 2019), multiple NFM 

measures (ponds, tree planting, flow restrictors) (Sear et al., 2006, Black et al., 

2021) or large woody debris (Wenzel et al., 2014). By using different metrics, they 

identified changes in hydrographs characteristics (e.g. peak flow, lag time, shape) 

and linked them to the potential of their restoration measures to reduce flood risk 

further downstream. The Pontbren experiment (Wheater et al., 2008) is a rare 

example of detailed empirical data analysis used in conjunction with modelling. It 

aimed at assessing the link between flood risk and land use. The empirical datasets 

were used to identify and quantify the processes contributing to peak flow runoff. 

Building models from these data extended these results to larger spatial scales and 

levels of process representation. They then allowed a more detailed understanding 

of the processes and their complex interactions, the possibility to test different land 

use scenarios and to quantify their impact on flood reduction. The association of 

the two methods was therefore very beneficial to improve the knowledge of land 

use management on flood risk. 

Characterising the channel geomorphic changes over the re-meandered reach of 

the Eddleston has proved important especially since channel incision is occurring 

and goes against the improvement of flood attenuation. It is now recognised that 

channel geomorphology changes over time under the influence of high flow events 

(Hooke, 2003). These changes can influence flood frequency and extent as 

demonstrated with bed aggradation or narrowing of the channel cross-section at 

the scale of large American rivers (Stover and Montgomery, 2001, Pinter and 

Heine, 2005), or smaller British gravel-bed river (Reid et al., 2007, Raven et al., 

2009). Changes in channel geomorphology following river restoration projects have 

been quantified, in the context of partial bank removal and lowering three to four 
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years after completion (Addy and Wilkinson, 2021, Williams et al., 2020), or 

channel re-meandering (Addy and Wilkinson, 2019a). They provide important 

outcomes to develop the understanding of channel response to restoration projects 

and improve the field of river restoration.  

In the case of the Eddleston Water, joining a hydrodynamic model and the channel 

geomorphic changes improved the understanding of how re-meandering can 

influence flood attenuation and if it should be considered as a valuable measure in 

the NFM context. The modelling has allowed the quantification of the impacts of 

the geomorphic changes on flood attenuation. Although these impacts have 

remained limited so far, they could increase in the future and further impair the 

flood attenuation for the communities located downstream from the re-meandered 

reach.  

There are examples where hydrodynamic models have been used to analyse the 

impacts of existing or future river restoration measures on flood risk in terms of 

peak flow attenuation, flood extent and for differing events magnitude. However, 

they considered the channel geometry as fixed. Clilverd et al. (2016) studied the 

impacts from embankment removal using a 1D coupled hydrological-hydrodynamic 

model; Hammersmark et al. (2008) used a similar type of model to study re-

meandering, channel narrowing and floodplain ponds creation; Sholtes and Doyle 

(2011) used a 1D hydrodynamic model in the case of field-based and hypothetical 

channel re-meandering; and a coupled 1D/2D hydrodynamic model (Ghimire et al., 

2014) and a 2D model (Hankin et al., 2019) were built to analyse the impacts from 

RAF features. 

Other pieces of research have taken into account the changes in channel 

geomorphology, but they are not applied to river restoration projects. Some 

modelled separate recorded channel geomorphologies with events of small 

magnitudes in the context of sediment delivery within a catchment (Lane et al., 

2007, Tayefi et al., 2007) or in the context of extreme events and model sensitivity 

analysis (Wong et al., 2015). Another approach is developing using hydrodynamic 

models that include sediment transport and therefore the changes in channel 

geomorphology (Neuhold et al., 2009, Guan et al., 2016, Pender et al., 2016, 

Fieman et al., 2020).  
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As experienced in this PhD work, 2D models are costly in terms of dataset and 

computation times (Downs and Thorne, 2000, Teng et al., 2017); however, they 

are powerful tools in the context of complex floodplains such as illustrated here.  

The quality of their outcomes relies heavily on the quality of the input data. The 

growing development of remote sensing public LiDAR datasets and affordable 

datasets from Structure from Motion (SfM) devices (Kasprak et al., 2019, Eschbach 

et al., 2021) opens opportunities for quality HRT datasets of floodplains necessary 

to implement 2D hydrodynamic modelling. For rivers the size of the Eddleston 

Water, wadable surveys can provide the channel bathymetry at a reasonable cost. 

7.2 The relevance of monitoring and PPAs 

To be able to carry out such a detailed analysis using the three methodologies 

(empirical data analysis, channel geomorphic changes and 2D hydrodynamic 

modelling), long-term datasets are necessary and can only be obtained if long term 

monitoring is in place. The importance and usefulness of monitoring and Post-

project appraisal (PPA) in the river restoration field has been raised since the 

1990’s to gain understanding of the processes at play, improve project design and 

outcomes, avoid failures or detrimental side effects and prove effectiveness to 

policy and regulatory bodies (Brookes, 1990, Kondolf and Micheli, 1995, Gilvear, 

1999, Downs and Kondolf, 2002, Smith et al., 2014a, Addy and Wilkinson, 2019a). 

Published guidelines (Skinner and Kelday, 2007), feedback on case studies (D16d-

2015-EA), development of platforms sharing information such as the National River 

Restoration Inventory (https://www.therrc.co.uk/national-river-restoration-

inventory-nrri)  and the EU Life project RESTORE (https://restorerivers.eu/) have 

been developed since the issue of the lack of monitoring became apparent. Recent 

publications have reported outcomes from the analysis of impacts of river 

restoration projects of various types on the recovery of biodiversity over periods of 

analysis covering more than 5 years (Louhi et al., 2011, Turunen et al., 2017, 

Lorenz et al., 2018, England et al., 2021) and even more than 10 years (Hering et 

al., 2015, Lorenz, 2021).  

However, because the timescale at which a river adjusts to such important changes 

is long and the adjustments are not linear, the resources needed to monitor these 

responses require long-term investment which is often a constraint (England et al., 
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2008). Focussing on geomorphology, Downs and Kondolf (2002) argue that the 

long-term sustainability of a river restoration project can only be estimated if it has 

experienced sufficient extreme events and/or climatic trend, which only long-term 

scale are likely to provide. They defined medium-term PPA (5 to 10 years) and full 

PPA (over 10 years) based on the duration of the monitoring. Although they do not 

fully fit the definition of a PPA (Downs and Kondolf, 2002), the studies undertaken 

within the Eddleston Water Project and the current PhD work, provide a rare post-

project analysis of the geomorphic evolution of a re-meandered reach over a 

medium-term period (3.5 years after the last works and 6.5 years after the first 

works) in the context of a medium energy river. This is equivalent to a medium-

PPA. Even with such a relatively long monitoring dataset, it has proved to be 

insufficient to test the re-meandering of the Eddleston Water in the situation of a 

flood event as large as a Q10y event or more because no such event has occurred 

yet. 

7.3 How significant is this flood attenuation? 

Using a 2D hydrodynamic model added detailed insight into the flooding process 

and the interactions with the floodplain topography that were not available from the 

empirical hydrological data alone. Peak flow attenuation estimation was also made 

possible, with values obtained from the Eddleston Water reach before and after its 

re-meandering of less than 3% for flood events from Q2y to Q20y.  

These results are of similar amplitude to the ones presented in Sholtes and Doyle 

(2011) where the peak flow reduction for flood events ranging between Q2y and 

Q20y was less than 4.5% (Figure 7-1 a, b). The authors compared the flood 

attenuation arising from re-meandered reaches using a 1D HEC-RAS model, 

focussing on single threaded reaches: two field-based projects and one 

hypothetical reach with dimensions typical of median size restoration projects (ca. 

1 km length) in the USA (Bernhardt et al., 2005). For the South Fork stream field-

based project, the analysis was carried out with a dataset measured four years 

after the completion of the re-meandering. It is not clear if this re-meandering also 

included a decrease in its channel conveyance capacity to promote river-floodplain 

connection and/or banks removal. 
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The peak flow reduction for the Eddleston Water re-meandered reach is not 

systematically higher after re-meandering than before and does not follow a linear 

trend (Figure 7-1 c) suggesting impacts from local topographic features. In Sholtes 

and Doyle (2011), the extreme value at Q10y for the hypothetical reach is explained 

by the authors by the sharp change in channel confinement as an event of this 

magnitude was confined to the channel before restoration and became unconfined 

after the restoration. The linear trend for the field-based case (Figure 7-1b) could 

be explained by the absence of marked topographic feature in this rural floodplain 

actively grazed, with minimal development and some forest cover, however no 

specific description is given by the authors.  

  

  

Figure 7-1: a) Peak flow reduction along a hypothetical reach with median dimensions of restored 
projects in North Carolina and b) for the field-based South Fork stream (Sholtes and Doyle, 2011); 
c) Peak flow reduction along the re-meandered reach with the latest topography (May 2020) and 

the channel before re-meandering.  

This comparison shows that the re-meandered reach of the Eddleston Water is 

providing flood attenuation of similar amplitude although it should be higher due to 
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its higher gain in channel length (+17% compared to 4% and 6%) and its overall 

channel slope that is two times less.  

These differences could be related to the type of model that was used. A 2D model 

represents more precisely the complex interactions between the floodplain 

topography and flow pathways, as analysed by Tayefi et al. (2007). As seen in 

Chapter 6, in the case of the Eddleston Water, the floodplain topography is complex 

(embankments, local breaches, ditches network), therefore, flow paths and timing 

of flooding are better represented with a 2D model that can take into account 

peculiar effects of the topography. In Sholtes and Doyle (2011), the 1D model 

would not have been as accurate in representing them if the floodplain geometry 

was complex.  

In Sholtes and Doyle (2011), the authors conclude that it “is difficult to definitively 

measure and even harder to demonstrate” (p207) that this type of restoration, at 

this scale, can enhance flood attenuation. They suggest that perhaps much longer 

re-meandered reaches (5-10 km) might be necessary to display enough flood 

attenuation to justify this measure as efficient for flood management. With the 

limited flood attenuation estimated in this current analysis, the Eddleston Water 

would also benefit from larger scale re-meandering. However, this current re-

meandering is already quite substantial compared to other projects in the UK 

context (Allt Lorgy, Logie Burn, Rottal Burn, Beltie Burn). Data from the National 

River Restoration Inventory (NRRI) show that out of the 59 restoration projects with 

re-meandering either completed or in progress as of March 2022, the median 

“reach length affected” is 400 m, the average is 860 m and the Eddleston Water 

re-meandered reach is among the top 15% in terms of length (RRC, 2022).  It is 

also already the result of a compromise between the various usages of the 

floodplain. Such compromises can be difficult to strike as re-meandering involves 

the loss of productive agricultural lands which is often a barrier to the 

implementation of such NFM measures (Spray et al., 2015, Holstead et al., 2017, 

Klauer et al., 2015).  

Results from this PhD have shown the role played by embankments (old and new) 

and structures in controlling flood pathways and their timing, as well as confining 

part of the flow. As a result of the whole restoration, the peak flow attenuation is 
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very limited with less than 3% for flow events between Q2y and Q20y. In 

comparison, projects involving measures to specifically remove such structures or 

promote floodplain connection display more efficient results with values from 10 to 

25% for events between Q1.5y and Q16y (Table 7-1). The maximum flood 

attenuation values were reached when overbank flow was promoted the most 

through a marked reduction of the  channel capacity such as most by a factor 11 

(Hammersmark et al., 2008) or by 60% (Clilverd et al., 2016). The intermediate 

values of 10-15% relate to a decrease of 16% and to a comparison of the peak flow 

value at the downstream end of the reach, not along the restored reach (Acreman 

et al., 2003). In comparison, the average channel conveyance capacity of the re-

meandered Eddleston Water reach was smaller along half of the re-meandered 

reach length and larger along the second half. 

Table 7-1: River restoration projects with flood peak reduction estimation. 

Reference Location Restoration Model used 

Results 

(peak flood reduction / 

flooded area) 

Acreman et al. 

(2003) 

5 km single 

thread reach  

River Cherwell 

(UK) 

- hypothetical 

channel width and 

bankfull depth 

reduction  

- bank removal 

1D 

hydrodynamic 

10 to 15% for Q1.5y to 

Q16y** 

Hammersmark 

et al. (2008) 

3.6 km single 

thread reach 

Bear Creek 

(USA) 

new re-meandering 

channel with bed 

raised & lower 

capacity + former 

channel partially 

filled or enlarged or 

unchanged 

coupled 

hydrological-

hydrodynamic 

25% for a Q5y 

larger flooded extent 

Clilverd et al. 

(2016) 

400 m single 

thread reach 

River Glaven 

(UK) (chalk fed) 

existing 

embankment 

removal 

coupled 

hydrological-

hydrodynamic 

24% for the highest 

event recorded over 10 

years 

larger flood extent 

**peak flow reduction measured at the downstream end of the model, not along the restored reach 

The difference in flood attenuation between these projects suggests that because 

of the constraints considered during the design of the project (protection of nearby 
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grazing fields, main road, electric poles, old embankments, bridge) and the 

topography of the valley bottom, the re-meandering of the Eddleston Water reach 

did not allow enough reconnection with its floodplain, and not enough space for the 

flow to over spill and/or that its natural floodplain is not wide enough. Therefore, it 

is not able to take efficient advantage of the floodplain storage capacity. 

Depending on the context, storage capacity could be increased by creating new 

low-lying areas such as temporary flood storage ponds or RAFs which, as other 

research suggests, are likely to slow the peak travel time (Wilkinson et al., 2010) 

or reduce peak (Ghimire et al., 2014, Nicholson et al., 2020, Hankin et al., 2019). 

However, in the context of an alluvial floodplain, interactions with shallow 

groundwater can greatly limit the storage capacity (Ó Dochartaigh et al., 2019). 

7.4 Stream energy 

From the geomorphic changes estimated over the two years period (2018-20) 

(Chapter 5), a marked vertical incision of the channel and little lateral migration 

were identified under a regime of limited high flow events 3.5 years after the end of 

the last works (Chapter 5 section 5.3.1). The concept of specific stream power can 

be used to characterise the sources of these geomorphic changes. 

This concept is used to distinguish rivers in terms of their potential for geomorphic 

adjustment (Ferguson, 1981, Brookes, 1987b) and to predict their adjustments 

(Wallerstein, 2006, Parker et al., 2015). It represents a measure of the capacity of 

the flow within a river to transport sediment and perform geomorphic changes. 

When reported per unit channel width it becomes the specific stream power, a more 

widely used index.  

In the case of the Eddleston re-meandered reach, the mean specific stream power 

of the channel at bankfull in May 2020 was estimated at 18 W/m² for an average 

slope of 0.0025 m/m along the re-meandered study reach (Pt1-Ups to Pt5-NK). 

Values from the HEC-RAS stream power maps indicate a range of specific stream 

power between 5 and 35 W/m². From these values, the channel can then be 

classified as a low to medium energy stream as it lies between the limit of 10 W/m² 

for which channel adjustment is likely to experience sedimentation, to below 35 

W/m² above which erosion is taking place (Thorne et al., 2010).  
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The geomorphic changes quantified along the re-meandered reach of the 

Eddleston Water are the result of the work achieved by this specific stream power. 

Over the period of analysis, this energy has been more successful in eroding the 

channel bed than the banks leading to the vertical incision. It is assumed that the 

amount of coarse sediment within the re-meandered reach is insufficient to 

dissipate this energy and oppose the incision. This is probably linked to the high 

proportion of cohesive alluvial sediments in the banks (clay) and in the vertical 

extent that makes them geotechnically more stable and less prone to erosion than 

the coarse sediments available on the channel bed. Additionally, the substantial 

length of bank protection is also preventing the stream power from eroding them. 

Lateral migration by bank erosion and collapse is then reduced and does not 

generate new sediment (Wohl et al., 2015).  

As the specific stream power is proportional to the flow, the hydrological regime 

during the period of analysis needs to be considered to understand the amplitudes 

of the geomorphic changes. As high flow events since the re-meandering was 

implemented were few and of limited magnitudes (<Q5y), they were unable to 

mobilise new sources of sediment (bars, banks). They couldn’t prevent the 

vegetation colonising some of the existing sources of sediment and trap the 

sediment for as long as a large event destabilises them (Hooke, 2003, Hooke, 

2008). Additionally, the nearest source of sediment immediately upstream from the 

re-meandered reach, within the straight channel, has been identified as boulders 

(old engineered bank protection) for which the competence of the channel is 

assumed to be too low to transport them further as exemplified in Hooke (2003). 

7.5 The importance of repeat long-term channel topographic surveys 

The repeat topographic surveys have proved essential in identifying the channel 

incision over the two-year period April 2018 - May 2020. This is still active 3.5 years 

after the end of the last piece of re-meandering (MK sub-reach) and is decreasing 

flood attenuation for Q2y events. This incision is similar to that reported from the 

restoration of the Allt Lorgy (Williams et al., 2020), where the restored reach (2012) 

has been eroding over two years (2014-16). However, in contrast, the Lunterse 

Beek in the Netherlands which was re-meandered in 2011 was depositional over 

the next two years (2011-13) (Eekhout et al., 2014). Similarly, the Logie Burn in 
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Scotland which was re-meandered in 2011 was annually depositional over the 

three years 2011 to 2014 (Addy and Wilkinson, 2019a). The Lunterse Beek is 

characterised by an overall decrease of its channel slope, and the presence of 

some local peat deposits which act to trap sediment and increase the channel 

width, while the Logie Burn is characterised by a decreasing overall channel slope 

and a low stream power below the threshold of 10 W/m² that makes the channel 

prone to deposition (Thorne et al., 2010). In comparison, the local bare clay 

outcrops on the Eddleston Water reach that prevent any sedimentation, the stable 

channel slope and higher stream power values might explain the differences with 

these other re-meandered reaches which are of lower extent that the Eddleston re-

meandered reach. 

The hydrodynamic model built to represent the Eddleston re-meandered reach was 

helpful in estimating the impact of this incision on the channel conveyance capacity 

and the river-floodplain connection. The increase in channel conveyance was 

shown to be detrimental to the flood attenuation for small events such as Q2y. If 

this incision was to last, so will the decrease in flood attenuation. Repeat 

topographic surveys of the Allt Lorgy (Williams et al., 2020) have shown the same 

incision process over two surveys, up to four years after the channel restoration. 

However, a slowdown in this process was recorded between the second and fourth 

years, but it is probably a consequence of the gravel augmentation that took place 

in the third year. It can be assumed that this augmentation was a response to the 

incision that might have been too strong. It will therefore be of importance to 

investigate further over time the changes in geomorphology of the Eddleston Water 

to assess if this is a long-term trend that will continue to impair flood attenuation or 

if for example higher flow events could be capable of mobilising more sediments 

from various sources (upstream reach, vegetated bars, unprotected banks) and 

slow down or even reverse this incision. The repeat survey and conveyance 

capacity modelling following the embankment lowering of an outer bend of the 

River Dee (Addy and Wilkinson, 2021) is an example of the impact sediment 

deposition can have on decreasing the channel conveyance capacity and on 

increasing longer and larger inundation of the floodplain. 
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Parallel to these repeat topographic surveys, monitoring and analysis of the 

hydrologic regime of the Eddleston Water will be necessary to identify periods of 

such events and decide when such re-surveys will be useful in order to assign 

resources wisely, as suggested by England et al. (2008). This calls for a 

continuation of the monitoring and surveying efforts of the Eddleston Water over 

the long-term as it will add knowledge to the emerging outputs on similar river 

restoration projects.  

7.6 Bridging these results with the other outputs from the Eddleston Water 

Project 

The modelling results have shown that peak travel times for the Q2y event had 

changed between +5 min and -13 minutes due to the re-meandering of the reach. 

Results from the statistical analysis of median peak travel times (metric M0) 

indicated a statistically significant increase of +0.375 hr for in-channel events. The 

decrease of -0.25 hr for overbank events was not significant, but close to (p-

value=0.07). The hydrodynamic modelling has shown that a Q2y event was 

overbank for all the channel geometries. Considered together, these two results 

display similar amplitudes. 

In Black et al. (2021), the hydrologic dataset available for the Eddleston Water was 

analysed to evaluate the change in median lag time between the period before the 

NFM measures were implemented and after. The lag time was calculated as the 

time between the rainfall events’ centroid and peak hydrographs at stream gauges 

along the headwater tributaries and the main stem of the Eddleston Water and for 

events less than Qmed (or Q2y). The authors identified a significant and important 

increase in median lag time (2.6 hr - 7.3 hr) for the headwater catchments provided 

with a range of numerous measures (leaky wood barriers, on-line ponds, riparian 

planting). This trend decreases and becomes statistically insignificant for the 

gauging stations localised downstream from Eddleston village, including the re-

meandered reach. This is due to the increase in size of the catchment now covered 

and the influence of other tributaries and other environmental variables. Although 

these lag times and peak travel times (metric M0) are different parameters, their 

comparison shows the large difference in amplitude for flood events of small 
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magnitude. The re-meandering seems to provide much less slow down of the flood 

wave than the upstream NFM measures. 

The hydrodynamic modelling results have shown the extent of the peak flow 

reduction from the re-meandering. Comparing peak flow values before and after 

the re-meandering at the downstream end of the re-meandered reach (Pt5), the 

flood attenuation from the re-meandering varies and reaches a maximum of 1.6% 

(Figure 7-2a). In Hankin et al. (2021), the model of the Eddleston catchment (JBA 

Consulting, 2020) is used to estimate the peak flow reduction at Peebles 

considering all the NFM measures that were implemented (Figure 7-2b). These 

values range between 5% and 6.4% ±5% (with the uncertainty) for Q5y to Q1000y.  

 

b) 

 

Figure 7-2: a) Percentage peak flow reduction between the re-meandered reach (Model A) and 
the former straight reach (Models C2 and C3) b) Percentage peak flow reduction at the 

downstream end of the catchment scale Eddleston Water model, table 2 from Hankin et al. 
(2021).  

These results suggest that the amplitude of the attenuation from the re-meandered 

reach is reasonable as it accounts for less than the final overall reduction provided 

by all the other NFM measures in the catchment. However, it can be assumed that 

the shape of the design flow events used to model the impact from the re-

meandering already included the influence from the upstream NFM measures. In 

that case, the comparison of these two results means that the remaining 3.4% (5% 

minus 1.6%) of peak flow attenuation is provided by the part of the Eddleston Water 

located downstream from the re-meandering. As there is only one additional NFM 

measure in this area (the Kidston pond) and some tributaries, that is only plausible 

if this feature is able to change the overall synchronisation of the flow with these 

downstream tributaries.  
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8 Chapter 8.  

Conclusions and recommendations  

 

This work adds to the scientific knowledge about the effectiveness of NFM 

measures on flood attenuation with a focus on re-meandering. While there is a 

consensus on its capacity to improve river ecology and hydromorphology, little is 

known about its capacity to play a significant role in flood attenuation. 

The Eddleston Water is a tributary of the Tweed, flowing north to south before 

joining it at Peebles after draining a rural catchment area of 69 km². Part of its main 

channel has been re-meandered along 1.6 km and is used as the site to study its 

impact on flood attenuation. 

8.1 Summary of the main findings 

The main findings of this thesis with reference to the four objectives set in the 

introduction (Chapter 1) are summarised below.  

 

Objective 1. To analyse the changes in the characteristics of hydrographs in 

high flow events before and after re-meandering, using empirical time series. 

The statistical analysis applied to investigate the empirical hydrologic data 

(hydrographs) was made possible by the relatively long length of recorded time 

series (2.5 years baseline monitoring, up to 6.5 years after re-meandering), relative 

to the length of observational records of other NFM interventions that have been 

investigated elsewhere.  

Results are mixed with only the median peak travel time (M0) and change in 

hydrograph shape (M1) displaying statistically significant enhanced flow 

attenuation for in-channel events. For these in-channel events, the hydrographs 

post re-meandering are less intense, and the median peak travel time increased 

by 23 min (38 min for winter events). Changes for the other metrics and for 

overbank events are not statistically significant and show either signs of greater 
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flood attenuation (M1, peak storm flow (M1’), rate of fall (M2b), ratio of 

volume/event duration (M3)), or signs of less flood attenuation (M0, rate of rise 

(M2a)) (section 4.3.9). Post re-meandering, the increase in width of the empirical 

median hydrograph (M4) is statistically significant along its falling limb at the 

downstream end of the re-meandered reach compared to the gauging station 

located upstream. However, this positive effect on flood attenuation includes the 

impacts not only from the re-meandering, but also from the natural attenuation 

along the channel. In this context, the empirical median hydrographs (M4) are 

statistically significantly wider on the rising limb for the in-channel events and on 

both limbs for the overbank events.  

Distinguishing in-channel from overbank high flow events was challenging due to 

the absence of field observation before the re-meandering and by the changes in 

channel conveyance capacity inherent to re-meandering projects (section 4.2.1.5). 

Sensitivity of the results to this parameter was tested and highlighted the 

statistically significant decrease in peak travel time (M0) for overbank events post 

re-meandering.  

Overall, the results show that the re-meandering has slightly increased the flood 

attenuation for in-channel events. There is no visible trend in change of flood 

attenuation for larger overbank flow events. Higher peak values do not correlate 

with a decrease in peak travel times as reported by Gregory et al. (1985) and Sear 

et al. (2006). 

Objective 2. To quantitatively describe geomorphologic changes in the 

channel of this re-meandered reach over a period of two years (April 2018 - 

May 2020) and link them to geomorphic processes. 

Two post re-meandering topographic surveys provided high resolution datasets to 

represent the 3D spatially distributed channel topography of the re-meandered 

reach and to enable analysis of the geomorphological changes over the two-year 

period April 2018 to May 2020.  

3.5 years since the implementation of the last part of the re-meandering, the 

channel was geomorphologically active. All the results identify the degradational 

trend of the re-meandered reach. Vertical incision is visible on the long profiles 
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(around 0.25 m on average), areas of erosion on the DEM of difference (DoD) are 

predominant and of larger amplitude than depositional areas. The total sediment 

budget is degradational for the re-meandered reach (471 ± 280 m3), channel 

erosion is the dominant process and the total area covered by in-channel 

geomorphic units has increased by 10%. These changes are more pronounced in 

the central part of the re-meandered reach. This level of incision (-0.28 m3/m) is 

within the range of that reported in the Allt Lorgy river restoration project 

(embankment removal, gravel injection, wood placement) (-0.18 to -0.69 m3 per 

linear metre of channel). 

These changes are subtle as they represent a small proportion of the overall 

volume of the re-meandered channel at bankfull height (ca. 8%). They point toward 

a possible increase of the channel conveyance capacity which, if pronounced 

enough, could decrease the connectivity with the floodplain. 

Objective 3. To investigate further the impact of these short-term geomorphic 

changes on flood risk, as determined at the downstream end of the re-

meandered study reach, using a 2D hydrodynamic model. 

2D hydrodynamic HEC-RAS models were built to represent the re-meandered 

channel topography in April 2018 and May 2020 and analyse the differences in 

flood patterns, extents, volumes, peak travel times and peak flow attenuation for 

high flow events of increasing magnitude (Q2y, Q5y, Q10y, Q20y, Q50y). 

The short-term geomorphic changes identified earlier (incision) have increased the 

channel conveyance capacity over some parts of the reach with a broad estimate 

between 14 to 22%. As a consequence, the connectivity with the floodplain has 

decreased and so also has the flood attenuation potential from the point of view of 

a community at risk of flooding located at the downstream end of the re-meandered 

reach. However, that impact only affects the smaller flood events (Q2y) and 

remains limited (5.2% reduction in flood extent, 0.5% reduction of extra flood peak 

attenuation). Conversely, the Q5y event displays more flood attenuation although 

of small amplitude (+14 min of peak travel time, 1.4% of extra peak flow 

attenuation). It is driven by topographic features on the floodplain and their impacts 

on the timing of the flood patterns as the influence of the channel on the flow is 

decreasing compared to its floodplain. For larger events (Q10y to Q50y), results 
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are very similar and within the range of the uncertainty attached to the roughness 

coefficients. 

Objective 4. To describe and quantify the differences in flood extent and its 

characteristics between the study reach in its former straightened 

morphology (prior to 2013) and in its latest recorded re-meandered 

morphology (May 2020), using a 2D hydrodynamic model. 

The 2D hydrodynamic HEC-RAS models were built to represent the re-meandered 

channel topography in April 2018 and May 2020 and prior to 2013 before the re-

meandering. They were used to analyse the differences in flood patterns, extents, 

volumes, peak travel times and peak flow attenuation for high flow events of 

increasing magnitude (Q2y, Q5y, Q10y, Q20y, Q50y). 

Uncertainty about the bathymetry before the re-meandering was detrimental to the 

accuracy of the comparison, but efforts were made to factor it in by testing the 

sensitivity to uncertainty in bathymetry. Results are blurred by the complex 

interactions between the flow and the topographic features for all the design events. 

Only the Q5y event shows noticeable signs of flood attenuation from the re-

meandering, however they remain of limited amplitude (less than +15 min of peak 

travel time, less than 1.2% of extra peak flow reduction). 

8.2 Major conclusions 

Combining the three methodologies, the analysis of the empirical hydrological 

datasets, the detailed analysis of the geomorphic changes by means of repeat 

topographic surveys, and of the flood dynamics by means of 2D hydraulic modelling 

proved to be useful in understanding the reasons behind the limited flood 

attenuation first identified by analysing the empirical hydrological time series.  

All these results indicate the low potential in increasing flood attenuation by re-

meandering a 1.6 km long single thread reach (final length) in the context of a rural 

low to medium energy meso-scale river the size of the Eddleston Water. The 

modelled results quantify this potential as a maximum of 1.2% of flood peak 

attenuation and 15 minutes of peak travel time delay for a Q5y event. They also 

indicate that ongoing incision is capable of reducing the expected flood attenuation 

for small flood events (Q2y) by 0.5% of flood peak reduction (modelled). 
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Surprisingly, this impact can be overturned for a larger event (Q5y) and reach 

similar amplitudes as when comparing with the former straight channel (+14 min of 

peak travel time, 1.4% of extra peak flow attenuation).  

Modelled results highlighted the important role of topographic features within the 

floodplain (embankments, ditch, breach) in flood attenuation by interacting with the 

flow and influencing its dynamic. They provide thresholds as to when flow can 

expand over additional areas, then changing the flood dynamic and in turn 

impacting flood attenuation. Such thresholds explain the non-linearity of flood 

attenuation as flood magnitude increases and they also explain some of the 

unexpected results.  

These results must be considered within the range of the sensitivity analysis of the 

model (section 6.3.4). A difference of ±10% in roughness coefficients results in a 

decrease in peak flow value by a maximum of 0.2%, a change in peak timing of 

less than 2 minutes and a change in maximum flooded extent of less than 3.6%. 

The small amplitude of these impacts on flood attenuation are similar to another 

study (Sholtes and Doyle, 2011) and in comparison, other projects perform better 

when they aim specifically at increasing the connectivity with the floodplain by 

narrowing and raising channels or removing embankments (Acreman et al., 2003, 

Hammersmark et al., 2008, Clilverd et al., 2016).  

8.3 Recommendations for policy and practice 

Every re-meandering project and more broadly every river restoration project is 

very specific to its catchment context. That includes its catchment setting (land use, 

sediment connectivity), geology (type of sediment), anthropogenic history (duration 

of channel straightening, embankment), social context (landowner land use), river 

type (slope, bathymetry, aquatic vegetation) and floodplain.  

The current studied project was designed to take into account various needs. Re-

meandering the reach to increase its length and improve the river-floodplain 

connectivity were limited by the need to protect nearby fields from flooding whereby 

new embankments were built along the upstream sub-reaches. Avoiding lateral 

migration of the channel was required to protect the nearby main road and the 



- 370 - 
 

 

 

power cable poles. Partial filling of the former channel and in-filling of former 

breaches in the banks along the lower sub-reaches were other requirements.  

Therefore, care must be taken in transferring the current results from this study 

directly to others. They mostly apply to catchment contexts with similar low 

sediment supply and rivers of low to medium energy. 

What is transferable is firstly the knowledge that re-meandering even at such scale 

as the studied reach (1.6 km final length, +18% overall) can be of limited value for 

flood attenuation unless design options taken to meet the different constraints at 

play, and existing topographic features on the floodplain are recognised and 

considered appropriately to leave sufficient space to the flow. 

Secondly, topographic features on the floodplain impact patterns and timing of 

flooding. It is therefore very important to get a good understanding of their 

characteristics prior to any restoration project. 

Thirdly, channel geomorphic changes occurring as a response to re-meandering 

can have an impact on flood attenuation for small events, but it remains of small 

amplitude (less than 0.5% reduction of extra flood peak attenuation in this context). 

As flow events increase in magnitude, these geomorphic changes become a 

secondary driver as the floodplain becomes the major driver in providing flood 

attenuation through storage and flow slow-down. However, that can reverse if the 

conditions become favourable for more geomorphic changes (i.e. higher flow 

regime, lack of sediment, cohesive bank materials). Therefore, geomorphic 

monitoring of the reach is required to evaluate its long-term trajectory and adapt 

the expectations in terms of flood attenuation to the reality of the geomorphic 

changes.  

Recommendations drawn from this research reinforce and complement the existing 

guidance on river restoration and NFM design that the EA, SEPA, and the River 

Restoration Centre promote (SEPA, 2015, River Restoration Centre, 2019, 

Environment Agency, 2015) and aim at improving the effectiveness of flood 

attenuation: 

- During the inception phase of the project: 
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o Desk study and field visits that document the initial state of the river must 

include the detailed characteristics of its floodplain such as the 

embankments, its confinement, its width (LiDAR data possibly, SfM data, 

OS data, field visit). This aims at identifying the risk of limited space for 

the flow escaping the confinement of the banks and therefore the risk of 

too little flood reduction capacity for the final design of the project.  

o A rapid quantification of the flood inundation extent, the low-lying areas 

and the available storage volume should be carried out to help 

characterise further the amount of space available for the flood flow. That 

could be done as a first step before any further complex hydrodynamic 

modelling. Tools such as the USGS Flood Tool (GFT) (Verdin et al., 

2016), the ArcGIS Pro Flood Impact Analysis solution (Esri) or the JBA 

Runoff Attenuation Feature Finder software (JRAFF) (JBA Consulting, 

2016) can be used.  

o A focus on the geomorphic context of the studied reach at the wider 

catchment scale is necessary. An initial fluvial audit would help to identify 

the context of coarse sediment connectivity and the possible existing 

problems of sediment load such as excessive deposition or incision. The 

project could then be adapted to this risk. 

o Given the resource demands of a fluvial audit and the tendency for fluvial 

processes to change over time, a national programme of proactive fluvial 

audit would have value in the long term for fluvial and river restoration 

research.  In Scotland, perhaps the environmental regulator SEPA could 

run an open competition annually by which bids could be made, setting 

out a case for individual rivers to be surveyed, providing the opportunity 

for suggestions of long-term value to be offered, discussed and 

evaluated. There would have to be scope for SEPA, fishery boards, 

consultants, researchers and interested others to work together on this. 

- At the design stage, re-meandering projects should address improvement 

of connectivity of the new reaches to their adjacent floodplains. The data 

collected following the previous recommendation will help to maximise 

connectivity and identify potential barriers. 
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- Post project, the geomorphology of re-meandered single thread reaches 

should be monitored in the long term. Indeed, as such projects remain a 

major disruption of the channel, it will require time to adjust back to a state 

of equilibrium. Mitigation measures can then be designed if necessary. The 

frequency of such surveys is dependent on the flow regime whereby 

sufficient high flow events must be occurring prior to it. It is therefore 

necessary to simultaneously monitor the river flows. 

8.4 Further research 

In the case of the Eddleston Water study site, the work presented in this thesis can 

be taken forward in several ways: 

- Continued long-term monitoring of the re-meandered reach with repeat 

topographic surveys after periods of sufficient individual high flow events 

(above Q1.5y) or a succession of events. As shown here, a survey every 

two years is of reasonable frequency, unless significant large events occur 

in the meantime. It will take advantage of the existing dataset and build on 

it to improve the knowledge in this restoration project.  

- Further work could be done by using the 2D hydrodynamic model with 

other DEMs to simulate different scenarios and quantify the changes in 

flood attenuation for a less constrained design. They would represent the 

gradual removal of the different components of the existing river restoration 

works to finally consider only the lengthening of the channel and its initial 

design. Firstly, the new embankments could be removed, secondly the 

breaches in the banks could be reinstalled, thirdly the former channel could 

be left partially open. 

- Further work on the coarse sediment connectivity of the re-meandered 

reach with upstream and downstream. Tracked pebbles and impact sensor 

plates could be useful tools to analyse the hypothesis that the incision of 

the reach is a result of insufficient sediments and to get insight into where 

the eroded sediment is going.  

More widely, further research should focus on the long-term trajectory of re-

meandered reaches to increase our understanding of how they adjust over time, 

under variable hydrological regimes, and in different catchment contexts. This 
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requires long-term datasets from hydrological and geomorphological monitoring 

networks. As discussed previously, changes in channel geomorphology can 

influence flood risk. Therefore, these changes are expected to increase under more 

frequent extreme events linked to climate change and to modify further the 

response of the reach to flood risk.  

With a re-meandered reach of 1.6 km of final length, the Eddleston Water is among 

the 15% longest re-meandered reaches in UK. Its flood attenuation potential has 

proved limited.  It is not clear to what extent other medium/low energy rivers would 

be expected to exhibit limited attenuation potential, given that local topographic 

constraints will always be significant. Further research could be done on longer re-

meandered reaches or similar length but within different settings of the floodplain 

such as less channel confinement, medium to high energy rivers.  

An analysis of the existing river restoration projects involving re-meandering in 

Europe, the catchment settings and the associated existing hydrological and 

geomorphological datasets would prove useful in developing the knowledge on 

flood attenuation effectiveness. A starting point could be the UK National River 

Restoration Inventory and European REFORM databases. However, as 

documented in Kay et al. (2019), the absence of a standardised metric to present 

data such as the flood magnitude reported as “small” or “large” events or as water 

depth, flow value or rainfall makes such analysis challenging. This review would 

then have to use an appropriate topology in order to provide the necessary 

framework for comparisons. 

As the amplitudes of flood attenuation from NFM measures can be relatively small, 

further research should carry on in the field of hydrometry in order to improve 

methods to accurately measure high flow events in complex natural settings. That 

would increase the confidence in the results in estimating NFM effectiveness. 
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Appendix 1 

Fluvial audit 2009: Distribution of morphological unit, engineering and 

vegetation data (Werritty et al., 2010a). 
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Maps of reach type and sediment data maps. 

  

Lake Wood 
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Nether Kidston 
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Maps of morphological unit, engineering features, vegetation.  

 

Lake Wood 
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Appendix 2: 

Maps of the fluvial audits (2009, 2016, 2018) along the re-meandered study 

reach Lake Wood - Nether Kidston (Cbec eco engineering, 2009). 
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Detailed legend of the maps 

Reach type and engineering 

pressures 

 

Morphological units and 

vegetation map 

 

Substrate and sediments map 
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Lake Wood (1/3) - Reach type and engineering pressures 
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Lake Wood (2/3) - Morphological units and vegetation map 
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Lake Wood (3/3) - Substrate and sediments map 
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Milkieston and Cringletie (1/3) - Reach type and engineering pressures 
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Milkieston and Cringletie (2/3) - Morphological units and vegetation map 
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Milkieston and Cringletie (3/3) - Substrate and sediments map 
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Cringletie Bridge & Nether Kidston (1/3) - Reach type and engineering 

pressures 
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Cringletie Bridge & Nether Kidston (2/3) - Morphological units and vegetation 

map 

 

 



- 407 - 
 

 

 

Cringletie Bridge & Nether Kidston (3/3) - Substrate and sediments map 
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Appendix 3: 

M0, M1, M1’, M2, M3 - List of the selected peak flow events for the analysis 

of these metrics at NK GS  
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Metric M0 

 

 

BASELINE - Years 0-2

Event nbr at 
NK GS

Peak date and time
Peak water 

level (m)
Event nbr Peak date and time

Peak Q value 
(m3/s)

M0
Peak travel 

time (h)
Type at NK GS Year

#1 22/06/2012 14:45 2.217 #1 22/06/2012 16:15 17.89 1.50 overbank 1
#2 07/07/2012 08:15 1.872 #2 07/07/2012 09:30 15.86 1.25 overbank 1
#3 26/09/2012 11:15 1.885 #3 26/09/2012 12:00 15.76 0.75 overbank 1
#4 25/09/2012 10:15 1.639 #4 25/09/2012 11:30 14.9 1.25 overbank 1
#5 11/08/2011 05:15 1.207 #5 11/08/2011 08:15 12.96 3.00 overbank 0
#6 05/01/2012 00:15 1.127 #6 05/01/2012 02:45 11.11 2.50 overbank 1
#7 12/10/2012 08:15 1.213 #7 12/10/2012 09:45 11.01 1.50 overbank 2
#8 17/10/2011 18:30 1.088 #8 17/10/2011 21:00 10.2 2.50 overbank 1
#9 16/06/2012 22:00 0.982 #9 17/06/2012 02:00 9.21 4.00 overbank 1

#10 17/07/2011 04:45 0.85 #10 17/07/2011 08:00 8.81 3.25 overbank 0
#11 17/10/2012 22:15 0.974 #11 18/10/2012 00:15 8.46 2.00 overbank 2
#12 31/01/2013 14:00 0.881 #12 31/01/2013 15:00 8.1 1.00 overbank 2
#13 01/12/2011 05:00 0.839 #13 01/12/2011 06:45 8 1.75 overbank 1
#14 29/11/2011 17:00 0.77 #14 29/11/2011 18:45 7.67 1.75 overbank 1
#15 27/01/2013 05:00 0.827 #15 27/01/2013 06:30 7.23 1.50 overbank 2
#17 10/07/2012 15:00 0.732 #17 10/07/2012 16:45 6.83 1.75 overbank 1
#18 23/12/2012 13:15 0.729 #18 23/12/2012 15:45 6.56 2.50 overbank 2
#19 20/09/2012 22:00 0.75 #19 21/09/2012 00:30 6.47 2.50 overbank 1
#20 23/07/2012 23:15 0.779 #20 24/07/2012 02:00 6.45 2.75 overbank 1
#21 08/12/2011 13:45 0.739 #21 08/12/2011 15:15 6.23 1.50 overbank 1
#22 09/06/2012 01:00 0.719 #22 09/06/2012 02:30 6.04 1.50 overbank 1
#23 20/07/2011 03:15 0.768 #23 20/07/2011 05:15 7.243 2.00 overbank 0
#24 22/11/2012 18:45 0.731 #24 22/11/2012 19:45 5.73 1.00 overbank 2
#25 27/06/2012 21:30 0.756 #25 28/06/2012 01:15 5.57 3.75 overbank 1
#27 14/12/2012 21:00 0.567 #27 14/12/2012 22:00 5.18 1.00 in-channel 2
#28 31/10/2012 18:00 0.69 #28 31/10/2012 19:00 5.04 1.00 in-channel 2
#33 10/04/2012 15:45 0.645 #33 10/04/2012 17:30 4.82 1.75 in-channel 1
#34 11/05/2012 05:00 0.622 #34 11/05/2012 06:00 4.68 1.00 in-channel 1
#37 20/05/2013 20:00 0.755 #37 20/05/2013 21:45 4.42 1.75 in-channel 2
#38 07/08/2011 22:30 0.53 #38 08/08/2011 00:30 4.41 2.00 in-channel 0
#39 14/12/2011 11:00 0.568 #39 14/12/2011 12:15 4.27 1.25 in-channel 1
#40 26/04/2012 23:00 0.595 #40 27/04/2012 00:30 4.24 1.50 in-channel 1
#41 05/08/2012 16:00 0.607 #41 05/08/2012 17:30 4.2 1.50 in-channel 1
#43 16/10/2012 13:00 0.637 #43 16/10/2012 14:30 4.11 1.50 in-channel 2
#44 06/04/2011 12:30 0.585 #44 06/04/2011 13:15 4.08 0.75 in-channel 0
#46 23/12/2011 08:15 0.526 #46 23/12/2011 09:00 4 0.75 in-channel 1
#49 11/07/2011 13:00 0.31 #49 11/07/2011 14:00 3.79 1.00 in-channel 0
#50 22/09/2011 01:00 0.52 #50 22/09/2011 02:45 3.75 1.75 in-channel 0

#51b 26/09/2011 01:45 0.555 #51b 26/09/2011 04:00 3.66 2.25 in-channel 0
#52b 30/09/2012 11:30 0.547 #52b 30/09/2012 13:15 3.73 1.75 in-channel 1
#53b 13/02/2013 23:45 0.547 #53b 14/02/2013 01:00 3.44 1.25 in-channel 2
#54b 18/05/2013 20:15 0.598 #54b 18/05/2013 22:00 3.10 1.75 in-channel 2
#55b 29/08/2012 23:00 0.46 #55b 30/08/2012 01:00 2.24 2.00 in-channel 1
#57b 04/03/2012 16:45 0.34 #57b 04/03/2012 18:00 1.66 1.25 in-channel 1
#58b 17/03/2012 00:45 0.33 #58b 17/03/2012 01:45 1.65 1.00 in-channel 1
#59b 11/09/2012 01:15 0.31 #59b 11/09/2012 01:45 1.52 0.50 in-channel 1

EDDLESTON VILLAGE GS NETHER KIDSTON GS
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MEANDERS - Years 3-9

Event nbr 
at NK GS

Peak date and time
Peak water 

level (m)
Event nbr Peak date and time

Peak Q value 
(m3/s)

M0
Peak travel 

time (h)
Type at NK GS Year

#1 05/12/2015 18:45 1.401 #1 05/12/2015 20:15 14.26 1.50 overbank 5
#2 22/11/2016 12:00 1.368 #2 22/11/2016 14:30 13.53 2.50 overbank 6
#3 26/12/2015 21:30 1.251 #3 26/12/2015 22:45 11.78 1.25 overbank 5
#4 22/12/2014 05:15 1.22 #4 22/12/2014 07:45 11.5 2.50 overbank 4
#5 01/03/2020 10:15 1.2 #5 01/03/2020 13:15 11.17 3.00 overbank 9
#6 15/11/2015 08:15 1.047 #6 15/11/2015 10:15 11.02 2.00 overbank 5
#9 12/08/2019 00:30 0.807 #9 12/08/2019 02:45 9.2 2.25 overbank 8

#10 30/12/2013 16:30 0.947 #10 30/12/2013 17:45 9.1 1.25 overbank 3
#11 27/12/2013 23:00 0.946 #11 28/12/2013 00:15 8.84 1.25 overbank 3
#12 25/02/2017 08:30 0.917 #12 25/02/2017 10:00 8.53 1.50 overbank 6

#78b 12/01/2016 16:00 0.913 #78b 12/01/2016 18:00 8.52 2.00 overbank 5
#13 01/02/2016 12:45 0.869 #13 01/02/2016 13:45 8.44 1.00 overbank 5
#14 06/10/2019 13:00 0.76 #14 06/10/2019 13:45 8.25 0.75 overbank 9
#15 27/01/2016 13:30 0.923 #15 27/01/2016 14:45 8.08 1.25 overbank 5
#16 11/01/2015 20:45 0.857 #16 11/01/2015 22:00 7.91 1.25 overbank 4
#17 28/11/2019 07:45 0.813 #17 28/11/2019 08:30 7.78 0.75 overbank 9
#18 16/03/2019 18:15 0.776 #18 16/03/2019 19:30 7.76 1.25 overbank 8
#19 23/03/2017 07:00 0.753 #19 23/03/2017 08:15 7.7 1.25 overbank 6
#20 05/11/2019 00:15 0.756 #20 05/11/2019 04:00 7.57 3.75 overbank 9
#21 05/01/2016 23:15 0.75 #21 06/01/2016 00:15 7.53 1.00 overbank 5

#21b 10/01/2016 01:30 0.823 #21b 10/01/2016 03:30 7.57 2.00 overbank 5
#24 24/12/2015 09:15 0.828 #24 24/12/2015 12:00 7.46 2.75 overbank 5
#25 30/06/2017 02:00 0.703 #25 30/06/2017 03:00 7.36 1.00 overbank 6
#27 22/11/2017 18:15 0.719 #27 22/11/2017 19:15 7.1 1.00 overbank 7
#30 10/12/2019 22:00 0.66 #30 10/12/2019 22:45 6.53 0.75 overbank 9
#32 20/02/2020 12:00 0.676 #32 20/02/2020 12:45 6.51 0.75 overbank 9
#34 03/12/2015 18:00 0.618 #34 03/12/2015 20:15 6.37 2.25 overbank 5

#34b 21/02/2020 16:30 0.653 #34b 21/02/2020 17:45 6.36 1.25 overbank 9
#35 24/12/2016 14:45 0.65 #35 24/12/2016 15:30 6.35 0.75 overbank 6
#36 19/10/2019 13:00 0.687 #36 19/10/2019 15:15 6.31 2.25 overbank 9
#37 06/04/2018 20:00 0.682 #37 06/04/2018 22:30 6.3 2.50 overbank 7
#38 14/03/2019 08:15 0.638 #38 14/03/2019 10:00 6.27 1.75 overbank 8
#39 05/01/2016 06:00 0.66 #39 05/01/2016 07:30 6.51 1.50 overbank 5
#41 13/03/2019 02:15 0.631 #41 13/03/2019 03:30 6.13 1.25 overbank 8
#42 21/12/2013 21:15 0.732 #42 22/12/2013 00:00 6.12 2.75 overbank 3
#43 09/12/2019 01:15 0.65 #43 09/12/2019 02:00 6.08 0.75 overbank 9
#44 08/12/2019 05:15 0.66 #44 08/12/2019 07:30 5.9 2.25 overbank 9
#45 05/04/2018 18:45 0.624 #45 05/04/2018 20:30 5.86 1.75 overbank 7
#46 29/11/2015 18:15 0.63 #46 29/11/2015 20:00 5.72 1.75 overbank 5
#47 10/01/2015 06:30 0.652 #47 10/01/2015 08:30 5.72 2.00 overbank 4
#48 20/12/2015 06:15 0.716 #48 20/12/2015 07:45 5.68 1.50 overbank 5
#49 04/10/2014 11:15 0.739 #49 04/10/2014 13:15 5.55 2.00 in-channel 4
#50 29/02/2020 09:15 0.603 #50 29/02/2020 10:30 5.51 1.25 in-channel 9
#51 13/03/2015 00:30 0.67 #51 13/03/2015 01:45 5.49 1.25 in-channel 4
#52 23/12/2016 17:45 0.645 #52 23/12/2016 18:45 5.45 1.00 in-channel 6
#53 04/04/2018 12:00 0.619 #53 04/04/2018 13:45 5.43 1.75 in-channel 7
#54 25/01/2014 15:15 0.737 #54 25/01/2014 17:00 5.24 1.75 in-channel 3
#55 04/01/2016 01:45 0.611 #55 04/01/2016 03:45 5.22 2.00 in-channel 5
#56 25/12/2017 21:30 0.611 #56 25/12/2017 23:00 5.21 1.50 in-channel 7
#57 09/12/2015 23:30 0.673 #57 10/12/2015 01:15 5.17 1.75 in-channel 5
#58 15/01/2015 03:30 0.615 #58 15/01/2015 05:00 5.12 1.50 in-channel 4
#59 14/12/2019 11:45 0.575 #59 14/12/2019 13:45 5.08 2.00 in-channel 9
#60 03/01/2018 20:15 0.581 #60 03/01/2018 21:45 4.95 1.50 in-channel 7
#62 24/02/2014 10:45 0.672 #62 24/02/2014 12:15 4.85 1.50 in-channel 3
#63 10/12/2014 15:00 0.608 #63 10/12/2014 17:15 4.79 2.25 in-channel 4
#65 14/11/2015 01:30 0.609 #65 14/11/2015 02:30 4.73 1.00 in-channel 5
#67 05/10/2017 04:30 0.602 #67 05/10/2017 06:45 4.6 2.25 in-channel 7
#69 17/02/2016 05:00 0.624 #69 17/02/2016 06:45 4.52 1.75 in-channel 5
#70 11/10/2019 04:45 0.536 #70 11/10/2019 06:15 4.42 1.50 in-channel 9
#71 01/02/2014 22:30 0.549 #71 02/02/2014 01:00 4.22 2.50 in-channel 3
#72 13/02/2014 04:00 0.57 #72 13/02/2014 06:00 4.17 2.00 in-channel 3
#74 02/12/2015 15:45 0.573 #74 02/12/2015 18:30 4.28 2.75 in-channel 5
#75 12/11/2016 06:00 0.509 #75 12/11/2016 06:30 4.06 0.50 in-channel 6
#76 01/01/2015 23:45 0.603 #76 02/01/2015 00:45 3.97 1.00 in-channel 4
#77 20/06/2018 07:00 0.54 #77 20/06/2018 09:30 3.94 2.50 in-channel 7
#82 27/09/2019 19:30 0.506 #82 27/09/2019 22:30 3.75 3.00 in-channel 8
#84 14/11/2014 17:00 0.573 #84 14/11/2014 19:00 3.72 2.00 in-channel 4
#85 25/09/2017 09:00 0.487 #85 25/09/2017 09:45 3.69 0.75 in-channel 6

NETHER KIDSTON GSEDDLESTON VILLAGE GS
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Metrics M1 and M1’ 
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Metric M2 
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Metric M3 
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Appendix 4: 

Hydrographs of the selected events for the metrics M1, M1’, M2 and M3. 
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Appendix 5: 

M4 at Nether Kidston gauging station: list of the selected events and their 

hydrographs as selected to build the EMHs. 
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Appendix 6: M4 at Darnhall Mains gauging station: list of the selected 

events and their hydrographs as selected to build the EMHs. 
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Appendix 7:  

Workflow of the Geomorphic Change Detection software: 

http://gcd.riverscapes.xyz/  
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From Wheaton et al. (2013).  
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Appendix 8:  

Tiered approach of the Geomorphic Unit Tool software: 

http://gut.riverscapes.xyz/  
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From Bangen et al. (2017).  
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Generalized topographic shape (top) and contour signatures (bottom) for each of 
the main forms delineated by GUT (Bangen et al., 2017). 

 

Key used in GUT Tier 2 delineation (Bangen et al., 2017). 
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Key used in GUT Tier 3 delineation for Tier 2 Mound unit (Bangen et al., 2017). 
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Appendix 9: 

Detailed calculation of the relationship between georeferenced WSE and 

recorded WSE at New Lake Wood GS, Lake Wood pond, Cringletie GS 
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Explanation: 

 

 

NEW LAKE WOOD GS

RMSE median dZ Ref is:
Survey 

precision (m)

A 0.0522 -0.038 02/10/2019 0.018  --> smallest RMSE & survey precision
B 0.062 0.028 17/10/2019 0.029
C 0.061 0.026 18/10/2019 0.011
D 0.067 0.035 24/10/2019 0.017
E 0.0524 -0.039 04/02/2020 0.025
F 0.056 0.012 05/03/2020 0.011

G 0.123 -0.131 19/05/2020 0.023

NEW LAKE WOOD GS
a b c d e f g

A
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

Calculation:
1 02/10/2019 16:00 0.495 184.379 0.576 16:00 0.052
2 17/10/2019 08:39 184.453 0.605 08:30 0.029 184.41 -0.04 0.00202 c2 = b2 -b1
3 18/10/2019 08:20 184.453 0.607 08:15 0.031 184.41 -0.04 0.00184 d2 = a1 + c2
4 24/10/2019 08:20 184.466 0.61 08:15 0.034 184.41 -0.05 0.00274 e2 = d2 - a2
5 04/02/2020 11:10 184.548 0.745 11:15 0.169 184.55 0.00 0.00000 f2 = e2 * e2
6 05/03/2020 16:35 184.544 0.707 16:30 0.131 184.51 -0.03 0.00115 g1 = sum (f2 to f7)
7 19/05/2020 10:22 184.2756 0.565 10:15 -0.011 184.37 0.09 0.00859

a b c d e f g

B
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

1 02/10/2019 16:00 184.379 0.576 16:00 -0.029 184.42 0.04 0.00202
2 17/10/2019 08:39 0.525 184.453 0.605 08:30 0.062
3 18/10/2019 08:20 184.453 0.607 08:15 0.002 184.46 0.00 0.00000
4 24/10/2019 08:20 184.466 0.61 08:15 0.005 184.46 -0.01 0.00005
5 04/02/2020 11:10 184.548 0.745 11:15 0.140 184.59 0.05 0.00209
6 05/03/2020 16:35 184.544 0.707 16:30 0.102 184.56 0.01 0.00012
7 19/05/2020 10:22 184.2756 0.565 10:15 -0.040 184.41 0.14 0.01893

a b c d e f g

C
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

1 02/10/2019 16:00 184.379 0.576 16:00 -0.031 184.42 0.04 0.00184
2 17/10/2019 08:39 184.453 0.605 08:30 -0.002 184.45 0.00 0.00000
3 18/10/2019 08:20 0.530 184.453 0.607 08:15 0.061
4 24/10/2019 08:20 184.466 0.61 08:15 0.003 184.46 -0.01 0.00009
5 04/02/2020 11:10 184.548 0.745 11:15 0.138 184.59 0.04 0.00191
6 05/03/2020 16:35 184.544 0.707 16:30 0.100 184.55 0.01 0.00008
7 19/05/2020 10:22 184.2756 0.565 10:15 -0.042 184.41 0.14 0.01839

a b c d e f g

D
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

1 02/10/2019 16:00 184.379 0.576 16:00 -0.034 184.43 0.05 0.00274
2 17/10/2019 08:39 184.453 0.605 08:30 -0.005 184.46 0.01 0.00005
3 18/10/2019 08:20 184.453 0.607 08:15 -0.003 184.46 0.01 0.00009
4 24/10/2019 08:20 0.530 184.466 0.61 08:15 0.067
5 04/02/2020 11:10 184.548 0.745 11:15 0.135 184.60 0.05 0.00282
6 05/03/2020 16:35 184.544 0.707 16:30 0.097 184.56 0.02 0.00034
7 19/05/2020 10:22 184.2756 0.565 10:15 -0.045 184.42 0.15 0.02103
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NEW LAKE WOOD GS a b c d e f g

E
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

Calculation:
1 02/10/2019 16:00 184.379 0.576 16:00 -0.169 184.38 0.00 0.00000 c1 = b1 - b5
2 17/10/2019 08:39 184.453 0.605 08:30 -0.140 184.41 -0.05 0.00209 d1 = a5 + c1
3 18/10/2019 08:20 184.453 0.607 08:15 -0.138 184.41 -0.04 0.00191 e1 = d1 - a1
4 24/10/2019 08:20 184.466 0.61 08:15 -0.135 184.41 -0.05 0.00282 f1 = e1 * e1
5 04/02/2020 11:10 0.671 184.548 0.745 11:15 0.052 g5 = sum (f1 to f7)
6 05/03/2020 16:35 184.544 0.707 16:30 -0.038 184.51 -0.03 0.00120
7 19/05/2020 10:22 184.2756 0.565 10:15 -0.180 184.37 0.09 0.00845

a b c d e f g

F
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

1 02/10/2019 16:00 184.379 0.576 16:00 -0.131 184.413 0.03 0.00115
2 17/10/2019 08:39 184.453 0.605 08:30 -0.102 184.442 -0.01 0.00012
3 18/10/2019 08:20 184.453 0.607 08:15 -0.100 184.444 -0.01 0.00008
4 24/10/2019 08:20 184.466 0.61 08:15 -0.097 184.447 -0.02 0.00034
5 04/02/2020 11:10 184.548 0.745 11:15 0.038 184.582 0.03 0.00120
6 05/03/2020 16:35 0.630 184.544 0.707 16:30 0.056
7 19/05/2020 10:22 184.2756 0.565 10:15 -0.142 184.402 0.13 0.01603

a b c d e f g

G
Time of stage board 

reading
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)

Time of 
recording

diff. WSE Z diff. Z diff. Z ̂ 2
RMSE 
(m)

1 02/10/2019 16:00 184.379 0.576 16:00 0.011 184.287 -0.09 0.00859
2 17/10/2019 08:39 184.453 0.605 08:30 0.040 184.316 -0.14 0.01893
3 18/10/2019 08:20 184.453 0.607 08:15 0.042 184.318 -0.14 0.01839
4 24/10/2019 08:20 184.466 0.61 08:15 0.045 184.321 -0.15 0.02103
5 04/02/2020 11:10 184.548 0.745 11:15 0.180 184.456 -0.09 0.00845
6 05/03/2020 16:35 184.544 0.707 16:30 0.142 184.418 -0.13 0.01603
7 19/05/2020 10:22 0.482 184.2756 0.565 10:15 0.123
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Explanation: 

 

 

  

 LAKE WOOD POND

RMSE median dZ Ref is:
Survey 

precision (m)

A 0.110 -0.144 03/04/2019 0.024
B 0.058 -0.019 02/10/2019 0.016  --> smallest RMSE & survey precision
C 0.084 0.065 18/10/2019 0.029
D 0.062 0.019 05/03/2020 0.004

LAKE WOOD POND
a b c d e f g

A
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)
diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

Calculation:
1 03/04/2019 183.183 0.04344 0.110 c2 = b2 -b1
2 02/10/2019 183.57 0.30795 0.265 183.45 -0.12 0.01552 d2 = a1 + c2
3 18/10/2019 183.7337 0.40462 0.361 183.54 -0.19 0.03607 e2 = d2 - a2
4 05/03/2020 183.7994 0.51658 0.473 183.66 -0.14 0.02064 f2 = e2 * e2

g1 = sum (f2 to f4)
a b c d e f g

B
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)
diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 03/04/2019 183.183 0.04344 -0.265 183.31 0.12 0.01552
2 02/10/2019 183.57 0.30795 0.058
3 18/10/2019 183.7337 0.40462 0.097 183.67 -0.07 0.00427
4 05/03/2020 183.7994 0.51658 0.209 183.78 -0.02 0.00036

a b c d e f g

C
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)
diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 03/04/2019 183.183 0.04344 -0.361 183.37 0.19 0.03607
2 02/10/2019 183.57 0.30795 -0.097 183.64 0.07 0.00427
3 18/10/2019 183.7337 0.40462 0.084
4 05/03/2020 183.7994 0.51658 0.112 183.85 0.05 0.00214

a b c d e f g

D
Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE 
recorded 

(logger) (m)
diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 03/04/2019 183.183 0.04344 -0.473 183.33 0.14 0.02064
2 02/10/2019 183.57 0.30795 -0.209 183.59 0.02 0.00036
3 18/10/2019 183.7337 0.40462 -0.112 183.69 -0.05 0.00214
4 05/03/2020 183.7994 0.51658 0.062
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Explanation: 

 

CR GS

RMSE median dZ Ref is:
Survey 

precision (m)

A 0.011 0.004 02/10/2019 0.013
B 0.010 -0.007 18/10/2019 0.013  --> smallest RMSE & survey precision

C 0.011 0.003 25/10/2019 0.014
D 0.022 -0.023 25/10/2019 0.017
E 0.016 0.010 19/11/2019 0.017
F 0.011 0.003 04/02/2020 0.018
G 0.013 -0.012 05/03/2020 0.024

CR GS
a b c d e f g

A Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)
Calculation:

1 02/10/2019 0.43 181.591 0.241 0.011
2 18/10/2019 181.606 0.262 0.022 181.613 0.01 0.00005 c2 = b2 -b1
3 25/10/2019 181.608 0.258 0.017 181.608 0.00 0.00000 d2 = a1 + c2
4 25/10/2019 181.582 0.254 0.013 181.605 0.02 0.00052 e2 = d2 - a2
5 19/11/2019 181.672 0.315 0.074 181.665 -0.01 0.00005 f2 = e2 * e2
6 04/02/2020 181.767 0.417 0.176 181.767 0.00 0.00000 g1 = sum (f2 to f7)
7 05/03/2020 181.698 0.360 0.119 181.710 0.01 0.00016

a b c d e f g

B Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 02/10/2019 181.591 0.241 -0.022 181.584 -0.01 0.00005
2 18/10/2019 0.47 181.606 0.262 0.010
3 25/10/2019 181.608 0.258 -0.004 181.601 -0.01 0.00005
4 25/10/2019 181.582 0.254 -0.008 181.598 0.02 0.00025
5 19/11/2019 181.672 0.315 0.052 181.658 -0.01 0.00019
6 04/02/2020 181.767 0.417 0.154 181.760 -0.01 0.00005
7 05/03/2020 181.698 0.360 0.097 181.703 0.01 0.00003
7

a b c d e f g

C Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 02/10/2019 181.591 0.241 -0.017 181.591 0.00 0.00000
2 18/10/2019 181.606 0.262 0.004 181.612 0.01 0.00005
3 25/10/2019 0.45 181.608 0.258 0.011
4 25/10/2019 181.582 0.254 -0.004 181.604 0.02 0.00051
5 19/11/2019 181.672 0.315 0.057 181.665 -0.01 0.00005
6 04/02/2020 181.767 0.417 0.159 181.767 0.00 0.00000
7 05/03/2020 181.698 0.360 0.102 181.710 0.01 0.00015

a b c d e f g

D Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 02/10/2019 181.591 0.241 -0.013 181.568 -0.02 0.00052
2 18/10/2019 181.606 0.262 0.008 181.590 -0.02 0.00025
3 25/10/2019 181.608 0.258 0.004 181.585 -0.02 0.00051
4 25/10/2019 0.455 181.582 0.254 0.022
5 19/11/2019 181.672 0.315 0.060 181.642 -0.03 0.00088
6 04/02/2020 181.767 0.417 0.162 181.744 -0.02 0.00051
7 05/03/2020 181.698 0.360 0.105 181.687 -0.01 0.00011
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CR GS a b c d e f g

E Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)
Calculation:

1 02/10/2019 181.591 0.241 -0.074 181.598 0.01 0.00005 c1 = b1 -b5
2 18/10/2019 181.606 0.262 -0.052 181.619 0.01 0.00019 d1 = a5 + c1
3 25/10/2019 181.608 0.258 -0.057 181.615 0.01 0.00005 e1 = d1 - a1
4 25/10/2019 181.582 0.254 -0.060 181.611 0.03 0.00088 f1 = e1 * e1
5 19/11/2019 0.55 181.672 0.315 0.016 g5 = sum (f1 to f7)
6 04/02/2020 181.767 0.417 0.102 181.774 0.01 0.00005
7 05/03/2020 181.698 0.360 0.045 181.717 0.02 0.00038

a b c d e f g

F Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 02/10/2019 181.591 0.241 -0.176 181.591 0.00 0.00000
2 18/10/2019 181.606 0.262 -0.154 181.612 0.01 0.00005
3 25/10/2019 181.608 0.258 -0.159 181.608 0.00 0.00000
4 25/10/2019 181.582 0.254 -0.162 181.604 0.02 0.00051
5 19/11/2019 181.672 0.315 -0.102 181.665 -0.01 0.00005
6 04/02/2020 0.735 181.767 0.417 0.011
7 05/03/2020 181.698 0.360 -0.057 181.710 0.01 0.00015

a b c d e f g

G Stage board 
reading (m)

WSE georef. 
surveyed 
(mAOD)

WSE recorded 
(logger) (m)

diff. WSE Z diff. Z diff. Z ^2 RMSE (m)

1 02/10/2019 181.591 0.241 -0.119 181.579 -0.01 0.00016
2 18/10/2019 181.606 0.262 -0.097 181.600 -0.01 0.00003
3 25/10/2019 181.608 0.258 -0.102 181.596 -0.01 0.00015
4 25/10/2019 181.582 0.254 -0.105 181.592 0.01 0.00011
5 19/11/2019 181.672 0.315 -0.045 181.652 -0.02 0.00038
6 04/02/2020 181.767 0.417 0.057 181.754 -0.01 0.00015
7 05/03/2020 0.645 181.698 0.360 0.013
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Appendix 10: 

Detailed calculation of the relationship between stage board reading and 

recorded water levels at the 3 locations of Nether Kidston gauging station 
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Stage Stage Geo-referenced
RECORDING READING water stage

(m) (m) (m AoD)
Old NK #03 09/06/2012 10:05 0.6906 0.636 -
Old NK #03 06/03/2013 10:30 0.1876 0.127 -
Old NK #03 21/07/2013 17:00 0.1169 0.01 -
Old NK #03 04/01/2014 14:15 0.4934 0.435 -
Old NK #03 01/02/2014 11:30 0.3799 0.319 -

Old NK #03 23/07/2014 13:00 0.079
New NK #13 23/07/2014 12:30 0.099 0.186 -

Old NK #03 21/12/2014 15:20 0.352
New NK #13 21/12/2014 15:20 0.4046 0.472 -

Old NK #03 03/04/2015 12:17 0.225
New NK? prob #13 03/04/2015 12:20 0.285 0.360 - probably #13 as marked "new stage board"

Old NK #03 12/06/2015 13:51 0.1
New NK? prob #13 12/06/2015 14:02 0.1365 0.215 - probably #13 as marked "new stage board"

New² NK #23 04/06/2020 14:35 0.150 0.156 -
Old NK #03 04/06/2020 14:40 0.098

New² NK #23 08/11/2020 11:50 0.390 0.403 179.233 geo-reference of the water level

Station Station number Date of stage 
board reading

Comment

Stage Stage Geo-referenced Estimated logger
RECORDING READING water stage georeference

(m) (m) (m AoD) (mAoD)
Old NK #03 09/06/2012 10:05 0.6906 0.636 179.531 178.840 179.230
Old NK #03 06/03/2013 10:30 0.1876 0.127 179.022 178.834 179.224
Old NK #03 21/07/2013 17:00 0.1169 0.01 178.905 178.788 179.178
Old NK #03 04/01/2014 14:15 0.4934 0.435 179.330 178.837 179.227
Old NK #03 01/02/2014 11:30 0.3799 0.319 179.214 178.834 179.224

Old NK #03 23/07/2014 13:00 0.079 178.974
New NK #13 23/07/2014 12:30 0.099 0.186 178.974 178.842 179.232

Old NK #03 21/12/2014 15:20 0.352 179.247
New NK #13 21/12/2014 15:20 0.4046 0.472 179.247 178.842 179.232

Old NK #03 03/04/2015 12:17 0.225 179.120
New NK? prob #13 03/04/2015 12:20 0.285 0.360 179.120 178.835 179.225

Old NK #03 12/06/2015 13:51 0.1 178.995
New NK? prob #13 12/06/2015 14:02 0.1365 0.215 178.995 178.859 179.249

New² NK #23 04/06/2020 14:35 0.150 0.156 178.993 178.843 179.233
Old NK #03 04/06/2020 14:40 0.098 178.993

New² NK #23 08/11/2020 11:50 0.390 0.403 179.233 178.843 179.233

Station Station number Date of stage board 
reading

#03
ave. 

179.22

#13
ave. 

179.24

A recording
of 0.39 m equals

(m AoD)
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Appendix 11: 

WINFAP4 pooling stations used to estimate the growth curve at the 

upstream BC of the models 
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Kidston Mill GS - AM data for the stations of the pooling group (source: WINFAP4) 

 

 

Kidston Mill GS - Catchment descriptors of the stations of the pooling group (source: 
WINFAP4) 
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Growth curve at Kidston Mill GS (source: WINFAP4) 

 

 

Flood frequency curve at Kidston Mill GS (source: WINFAP4) 
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Appendix 12: 

Details of the final roughness values for all 3 models. Aerial photos from 

Google Earth. 
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Appendix 13: 

Photos of the floodplain in February 2020 
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Start of Lake Wood sub-reach 

 
End of Lake Wood sub-reach 

 
View of Milkieston sub-reach 

 
View of Milkieston sub-reach 

 

flow direction 
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Middle of Cringletie sub-reach 

 
Cringletie Bridge 

 
Start of Nether Kidston sub-reach 

 
Middle of Nether Kidston sub-reach 

flow direction 
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Appendix 14: 

Long profiles at Q2y for Models A, B, C2, C3 
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Appendix 15: 

Maps of maximum flood extent for all flood events (Q2y, Q5y, Q10y, Q20y, 

Q50y) and all models (Model A, B, C2, C3) 
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Appendix 16: 

Long profiles for models A, B, C2, C3 and all flood events 
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Appendix 17: 

Comparison of the maximum flood extents between Model A and Model B 

for the Q2y, Q5y, Q10y, Q20y and Q50y flood events 
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Q2y 
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Q5y 
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Q10y 

 

 

Legend

! Gauging station

Valley limits

Initial TOB extent

Re-meandered
TOB extent

Model extent

Model A - Maximum
Q10y flood extent
(water depth >
0.01m)

Model B - Maximum
Q10y  flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Q20y 

 

Legend

! Gauging station

Valley limits

Initial TOB extent

Re-meandered TOB
extent

Model extent

Model A - Maximum
Q20y flood extent
(water depth >
0.01m)

Model B - Maximum
Q20y  flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Q50y 

 

 

Legend

! Gauging station

Valley limits

Initial TOB extent

Re-meandered
TOB extent

Model extent

Model A - Maximum
Q50y flood extent
(water depth >
0.01m)

Model B - Maximum
Q50y flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Appendix 18: 

Comparison of the maximum flood extents between Model A and Model C2 

for the Q5y, Q10y, Q20y, Q50y flood events 
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Q5y 

 

 

Legend

! Gauging station

Valley limits

Pre-NFM TOB extent

Re-meandered TOB
extent

Model extent

Model A - Maximum
Q5y flood extent (water
depth > 0.01m)

Model C2 - Max. Q5y
flood extent (water
depth > 0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Q10y 

 

Legend

! Gauging station

Valley limits

Pre-NFM TOB
extent

Re-meandered
TOB extent

Model extent

Model A - Maximum
Q10y flood extent
(water depth >
0.01m)

Model C2 - Max.
Q10y flood extent
(water depth >
0.01m)

Composite DEM -

Value
High : 236.82

Low : 176.758
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Q20y 

 

 

Legend

! Gauging station

Valley limits

Re-meandered TOB
extent

Pre-NFM TOB
extent

Model extent

Model A - Max.
Q20y flood extent
(water depth >
0.01m)

Model C2 - Max.
Q20y flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Q50y 

 

Legend

! Gauging station

Valley limits

Re-meandered TOB
extent

Pre-NFM TOB
extent

Model extent

Model A - Max.
Q50y flood extent
(water depth >
0.01m)

Model C2 - Max.
Q50y flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Appendix 19: 

Comparison of the maximum flood extents between Model A and Model C3 

for the Q5y, Q10y, Q20y, Q50y flood events 
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Q5y 

 

 

Legend

! Gauging station

Valley limits

Re-meandered TOB
extent

Pre-NFM TOB
extent

Model extent

Model A - Maximum
Q5y flood extent
(water depth >
0.01m)

Model C3 - Max.
Q5y flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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Q10y 

 

Legend

! Gauging station

Valley limits

Re-meandered
TOB extent

Pre-NFM TOB
extent

Model extent

Model A - Max.
Q10y flood extent
(water depth >
0.01m)

Model C3 - Max.
Q10y  flood extent
(water depth >
0.01m)

Composite DEM -

Value
High : 236.82

Low : 176.758
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Q20y 

 

 

Legend

! Gauging station

Valley limits

Re-meandered TOB
extent

Pre-NFM TOB
extent

Model extent

Model A - Maximum
Q20y flood extent
(water depth >
0.01m)

Model C3 - Max.
Q20y flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758



- 499 - 
 

 

 

 

Q50y 

 

Legend

! Gauging station

Valley limits

Re-meandered
TOB extent

Pre-NFM TOB
extent

Model extent

Model A - Max.
Q50y flood extent
(water depth >
0.01m)

Model C3 - Max.
Q50y flood extent
(water depth >
0.01m)

Composite DEM - 2020

Value
High : 236.82

Low : 176.758
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