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Abstract

This thesis addresses practical and conceptual issues associated with the design of rifde-pool 

bedforms in river rehabilitation schemes. Currently, rehabilitation approaches adopt a 'standard' 

model of planform and profile predominantly based on alluvial river systems of intermediate to 

high slope. However, the degree to which this model actually reflects the nature and range of 

form characteristics evident in natural alluvial channels is in question, as is the transferability of 

this model to contrasting river environments (particularly those with more utilitarian managemait 

requirements).

Morphological investigation of a natural alluvial river channel exposes the deficiencies in current 

bedform identification techniques and highlights the diversity of longitudinal pool-riffle character 

at the reach and sub-reach scale. Morphological investigation of rehabilitated non-alluvial urban 

river channels shows that although much of this diversity is not originally replicated, it has to 

some extent developed over time as bed sediments have been extensively reworked. The pool- 

riffle bedforms which now exist in these rehabilitated urban channels also exhibit characteristics 

unlike those identified in the natural alluvial river. These characteristics are, however, similar to 

those identified in other urban river reaches where the bed has developed without restorative 

intervention. The reworked rehabilitated morphology therefore represents an 'intermediate' state, 

reflecting morphological characteristics associated with both natural alluvial as well as those 

specific to non-alluvial urban river systems.

To reduce the extensive reworking of the current simplified natural alluvial river based templates, 

an integrated approach to urban river rehabilitation is proposed. This strategy reduces current 

template simplification by including variable form characteristics apparent at the reach and sub

reach scale in natural river systems, and improves their transferability to engineered urban river 

channels by incorporating morphological characteristics present in these reaches. An integrated 

approach would, in theory, be more stable and subject to less sediment reworking than current 

restorative approaches, and would also provide a more pronounced pool-riffle morphology than 

that which would develop naturally in non-alluvial urban river channels.

KEY WORDS: rehabilitation, pool-riffle form and process, integrated morphology.
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CHAPTER 1

Introduction

1.1 The degradation of fluvial environments

Throughout history, rivers have played a significant role in many human activities such as 

fishing, irrigation, recreation and transportation (Nilsson and Britain, 1996), and remain central to 

the well being of local and global economies (Stanford et al, 1996). Rivers have been directly 

and indirectly altered more than any other type of ecosystem, affecting physical, chemical and 

biological characteristics (Boon, 1992). From a UK perspective, few rivers can still be regarded 

as 'natural', with at least 80% of lowland and 60% of upland river channels having been modified 

in some significant way (Environment Agency, 1998a). Direct modifications to the channel 

typically involve aspects such as bank stabilisation and reinforcement (concrete, wooded, steel, 

gabion revetments); resectioning (dredging the bed and banks); and reprofiling (straightening) 

(Environment Agency, 1998a). These alterations suppress environmental and biological diversity 

(Stanford et al, 1996) and have resulted in the degradation of many aquatic ecosystems (Brookes 

and Shields, 1996). With the ecological consequences of these modifications becoming 

increasingly unacceptable to a progressively environmentally aware population (Ellis and House, 

1994), the restoration of aquatic ecosystem integrity is becoming increasingly prominent 

(Brookes and Shields, 1996).

With respect to the UK, the Passing of the Water Act in 1989 and the creation of the National 

Rivers Authority ushered in a new era in the protection of the water environment (Gardiner and 

Cole, 1992). Under this legislation, the National Rivers Authority, later combined with other 

agencies concerned with air and land pollution in 1996 to form the Environment Agency, is duty 

bound to conserve flora, fauna and geological or physiographical features of special interest, as 

well as to minimise the environmental impact of channel engineering works (Gardiner and Cole,

1992). In addition to these aspects of conservation and mitigation, the Environment Agency is 

also challenged with the task of enhancing river environments. These enhancements typically 

aim to provide a stable channel environment (Osborne et al, 1993), within which sustainable 

plant and animal colonies can develop (Larson, 1996; Gore et al, 1998).



1.2 The restoration of fluvial environments

Ecological objectives are the most prevalent forces driving restorative intervention (Morris, 1995; 

Barinaga, 1996). A survey (conducted by the author) of 65 schemes intended to restore and 

rehabilitate river reaches in the Thames catchment, UK, between 1979 and 1999 (Figure 1.1), 

revealed that 90% were driven by the improvement of habitat diversity (Table 1.1, summary 

Table 1.2, Figure 1.1). The improvement of educational and recreational value as well as 

aesthetical value and water quahty is also prominent, though these are virtually absent in the 

listings for the Thames catchment before 1989 (Figure 1.2).

Caims (1991) defines restoration as the complete structural and functional return to a pre

disturbance state. Natural recovery can also be considered as a management option leading to 

restoration (Brookes, 1995a) although enhanced recovery is more common. This involves the 

direct manipulation of both physical and/or chemical aspects of the charmel environment, such as 

water quality, hydrology, habitat structure and riparian zones (Gore, 1985). This type of strategy 

whereby designs are based on the alteration of physical and chemical characteristics of the river 

system (abiotic approach), is considered to be more appropriate than simply reintroducing extinct 

biota as it recognises the complex interdependence between living things and the totality of their 

environments (Brookes and Shields, 1996; Petts and Calow, 1996).

The methods employed to restore rivers in the Thames catchment are categorised in Table 1.3 

and summarised in Table 1.4. The most prevalent procedures include the alteration to the 

channel cross-section through the reprofiling of berms, and the alteration to the channel profile 

through the creation of pool-riffle sequences. The importation of gravel is also prominent, as is 

the planting of riparian and bankside vegetation. Prior to 1990, the creation and connection of 

ponds and wetlands are not evident in the Thames catchment resulting in a relatively low 

prominence over the 20 year period (15%, Table 1.4). For the period 1990 to 1999, 22% of the 

restoration schemes involved the creation and connection of ponds and wetlands.
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Year River and location
Ecology/<x
Habitat

diversity

rnservation
WatCT

Quality

Amenity 
Aesthetics ; Education 

landscaping ; recreation

Bank
protection
stability

Flood
defence

1979 Roding, Almdge, Essex ✓ ✓

1980 Stort, Bishops Stortford ✓ ! Research

1981 Ock, West of Abingdon, Oxon ✓

1982 Ock, West of Abingdon, Oxon ✓
Roding, nr Passingford, Essex ✓ ✓

1983 Thames, Isle of Dogs, London /  : ✓ ✓

1986 Dun, Freemans Marsh, Berkdiire ✓
Thames, Wolvercote, Ox&rdshire ✓ ✓

1987 Ock, Stanford-in-the-vale, Oxon ✓ ✓
Dyke, High Wycombe ✓ ✓
Lyde, Newham, Hampshire
Lyde, Hertly Wespall, Hants ✓
Loddon and Blackwater, Various sites ✓

1988 Blackwater, Eversley Cross ✓
Finn, Ruislip, W London ✓ ✓ ✓ 1
Thames, Clifton Hampdon, Oxon ✓
Scotsgroge Brook, Oxfordshire
Wandle, Carlshalton, S London ✓ ✓ i

1990 Thames upstream of Sonning Bridge ✓ ✓ ; ✓
Thames, Pinkhill Meadows ✓ ! Monitoring
Ash, Sunbury ✓ ✓ ✓ 1 ✓
Beck, Beckenham, S London ✓ ✓ i ✓

1991 Blackwater, nr Frimley, Hampshire ✓

1992 Cole, Sevenhampton ✓
Lamboume Reduce
Windrush, Sherboume Meadows, Glos ✓ ✓
Windrush, Minster Lovell, Oxfordshire ✓

1993 Colne, MI link, Watford, Hertfordshire ✓
Bear Brook, E Aylesbury ✓ ✓
Thame, Aylesbury ✓
Ravensboume, Bromley ✓ ✓ i
Crane, Richmond Lock, London ✓ ✓ i ✓ ✓
Chess, Blackwell Headi ✓ ✓ ✓ i
Ver, Redboume, Hertfordshire ✓ ✓ ; Research
Pang, Compton, Berkshire ✓ ✓ Î Research

1994 Thames, Pinkhill lock, Oxfordshire ✓
Wye, Woburn Green ✓ ✓ ✓

1994/5 Pool, Bell Green, Sydenham ✓ ✓ ✓ : / ✓ ✓

Table 1.1 Driving forces behind river restoration strategies conducted in the Thames catchment 
1979 - 1999
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Year River and location
Ecology/conservation 

Habitat ; Water 
diversity | Quality

Amenity 
Aesthetics ; Education 

landscaping | recreation

Bank
protection
stability

Flood
defence

1995 Dun, Foxfield, Wiltshire ✓ : ✓
Wandle, Carlshalton, S London ✓ i V" y y
Thames, Thames Valley Park /  i y 1 / y
Kyd Brook, Sundridge Park y ; /  : y
Roding, Redbridge, Essex ✓ i
Thames, S of Shiplake lock ✓ I ✓ ! y
Thames, Bullhead lock, London ✓ : : y y y

1995/6 Blackwater, nr Frimley, Hampshire ✓ : y
1995/7 Thames, Bam Elmes, SW London ✓ ; ! Research

1996 Thames, Limehouse, London y y
Colne, Watford, Herts
Gatwick Stream, Grattons Park ✓ :
Mole, Norbury Park, Surrey ✓ ; ✓ i

1997 Pinn, Cowley, Uxbridge ✓ ; ✓ :
1997/9 Colne, Hammondsworth ✓ i / ✓ i / y

1998 Thames, Grenwich Peninsular ✓ i y y
Enboume, Rennet, Lamboume, Berks ; ✓ y
Ravensboume, Lewisham ✓ i y 1 ✓ y
Bear, Southcourt and Hartwell Ditch, Bucks y 1 y j y y
Hughenden Stream, High Wycombe ✓ : ✓ y :
Colne and Wraysbury, Stains, Surrey ✓ : ✓ y : y
Frayes, Uxbridge, Middlesex ✓ i y i y

1999 Chafiinch, Elmers End, London ✓ : y ; y
Wandle, Colliers Wood, S London ✓ ; ✓ y I y
Loddon, Wokingham, Berkshire 1 ✓
Loddon, Twyford, Berkshire ✓ i y : y

Table 1.1 Driving forces behind river restoration strategies conducted in the Thames catchment 
1979 - 1999

Restoration aim Sub- category Number %of
total

Ecological improvement Habitat diversity (form and flow) 57 88
Water quality (physical and chemical) 15 23

Amenity Aesthetics - landscaping 24 37
Recreation/education/access 15 23

Stability Bank protection 16 25

Table 1.2 Summary of restoration aims for schemes in the Thames catchment (1979 - 1999).
Sources: Environment Agency, River Restoration Centre, Local Authorities, 
Royal Society for the Protection of Birds.
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a) Number of restoration schemes per year b) Objective: Habitat diversity
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Figure 1.2

Objectives of river restoration schemes 
carried out in the Thames catchment between 
1979 - 1999.
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Year River and location Narrow
Cross-section 

Enlarge 2-Stage Reprofîle Deculvert Island
Planform 

Meander Meander 
Full Part

Pool-rifHe
sequnces

Structural
deflector

Bed
Structure
removal

Gravel
import

Dredging
Pond

creation
Wetland
creation

Vegetation 
In-channel Bank

Water Quality 
Physical Chemical

Water
amount

Bank
protection

1979 Roding, Abridge, Essex ✓ ✓ ✓ 1 -
1980 Stort, Bishops Stortford 1

1981 Ock, West o f  Abingdon, Oxon y Modified Pool 1

1982 Ock, West o f  Abingdon, Oxon 
Roding. nr Passingford, Essex

y y
y

Pool -
1983 ■fhames. Isle o f Dogs, London

1986 Dun, Freemans Marsh, Berkshire 
Thames, Wolvercote, Oxfordshire

✓
' '

y
✓

1987 Ock, Stanford-in-the-vale, Oxon 
Dyke, High Wycombe 
Lyde, Newham, Hampshire 
Lyde, Hertly Wespall, Hants 
Loddon and Blackwater, Various sites

✓✓
- - y

; ; '

1988 Blackwater, Eversley Cross 
Firm, Ruislip, W London 
Thames, Clifton Hampdon, Oxon 
Scotsgroge Brook, Oxfordshire 
Wandle, Carlshalton, S London ✓ -

y

y y

Veg filter

-

1990 Thames upstream o f Sotming Bridge 
Thames, Pinkhill Meadows 
Ash, Sunbury
Beck, Beckenham, S London ✓

y

y
y  y  

y

1991 Blackwater, nr Frimley, Hampshire

1992 Cole, Sevenhampton 
Lamboume
Windrush, Sherboume Meadows, Glos 
Windmsh, Minster Lovell, Oxfordshire

- Meadow ✓ 1

✓

1993 Colne, M l link, Watford, Hertfordshire 
Bear Brook, E Aylesbury 
Thame, Aylesbury 
Ravensboume, Bromley 
Crane, Richmond I-ock, London 
Chess, Blackwell Heath 
Ver, Redboume, Hertfordshire 
Pang, Compton, Berkshire

✓
y

No room No room

-
y

Modified y

Connection y

y  Retain

y

y  Sludge removal
y

-

1994

1994/5

Thames, Pinkhill lock, Oxibrdshire 
Wye, Wobum Green 
Pool, Bell Green, Sydenham 3-stage - - - -

Modified

-

Pool
Connection

Island
y

Cone liner
-

Table 1.3 Methods used to restore rivers in the Thames catchment 1979 - 1999
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River and location
Cross-section

Narrow Enlarge 2-Stage Reprofile Deculvert Island
Planform 

Meander Meander 
Full Part

Bed
Pool-riffle Structural Structure Gravel Dredging 
sequnces deflector removal import

Pond
creation

Wetland
creation

Vegetation 
In-channel Bank

Water Quality 
Physical Chemical

Water
amount

Bank
protection

1995 D u n , Foxfield, Wiltshire ✓ ✓ y ✓ ✓

Wandle, Carlshalton, S London ✓ ✓ y Divert

Thames, Thames Valley Park
y y

Kyd Brook, Sundridge Park
Roding, Redbridge, Essex
Thames, S o f  Shiplake lock
Thames, Bullhead lock, London Modified

1995/6 Blackwater, or Frimley, Hampshire y y

1995/7 Thames, Bam Elmes, SW London

1996 Thames, Limehouse, London
Colne, Watford, Herts
Gatwick Stream, Grattons Park Retain

Mole, Norbury Park, Surrey ✓

1997 Pinn, Cowley, Uxbridge ✓ ✓

1997/9 Colne, Hammondsworth ✓ Meadow Land cleanup

1998 Thames, Grenwich Peninsular ■ ✓ Salt marsh ✓ ✓

Enboume, Kennet, Lamboume, Berks .

Ravensboume, Lewisham 3-stage v ' ✓ y y

Bear, Southcourt and Hartwell Ditch, Bucks ✓ ✓ y ✓ ✓

Hughenden Stream, High Wycombe ✓ y Litter cleanup

Colne and Wraysbury, Stains, Surrey Weir V" ✓ l.and cleanup

Frayes, Uxbridge, Middlesex

1999 Chafiinch, Elmers End, London y Flume ŷ

Wandle, Colliers Wood, S London y y ✓ ✓ Dilution Regulated

Loddon, Wokingham, Berkshire Veg Filter

Loddon, Twyfonl, Ba-kshire

T ab le  1.3 Methods used to restore rivers in the Thames catchment 1979 - 1999
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Restoration parameter Number % of total

Cross section Channel narrowing 7 11

Chmmel enlargement 1 2

Deculverting 5 8

Inclusion of inline/adjacent pond areas 10 15

2-3 stage channels 6 9

Reprofiling berms 16 25

Plan Full meander reinstatement 13 20

Partial plan change 6 9

Bed Pool-riffle sequences 18 28

Structural deflectors 9 14

Structural removal/modification (eg weir) 8 12

Gravel import 16 25

Dredging 10 15

Channel island creation 4 6

Ponds Pond creation / connection 10 15

Wetland Including marsh/meadow development 10 15

Vegetation In channel (inc riparian) 15 23

Bank (trees/shrubs) 24 37

Water quality Physical (adding turbulence) 6 9

Chemical 14 22

Water quantity Low flow provision 5 8

Bank protection Piling, screening 16 25

Table 1.4 Summary of restoration methods for schemes in the Thames catchment (1979- 
1999)

Complete structural and functional return to a pre-disturbance state is often problematic (Clifford, 

2001) as, in many cases, a lack of knowledge exists concerning the previous conditions (Brookes, 

1995a). In these circumstances, natural alluvial river morphology often forms the basis of design 

as a return toward natural riverscapes is a desirable objective (RSPB, 1995). This approach 

assumes that if morphological elements of a natural alluvial river system can be transferred to 

other environments, form stability and ecological diversity benefits will be realized (Brookes and 

Shields, 1996). Fundamentally, the success of these schemes relies on the ability to replicate 

natural form characteristics and for the restored morphology to function in a natural manner in a 

range of river environments.

1 6



1.3 Research focus and problem statement

The pool-riffle sequence provides the main focus of this research. These bedforms are one of the 

most important aspects of the channel environment and are an integral component in most 

advanced restoration strategies' (Clifford and French, 1998). Ebrahimnezhad and Harper (1997) 

report that 40 rivers in England have been improved with artificial riffles, and out of the 65 

schemes recorded in the Thames catchment fi*om 1979 -1999, 18 (-30%) involved pool-riffle 

bedforms. In fact, out of all the possible morphological adaptations made, pool-riffle sequences 

were the most prevalent (Table 1.4).

Despite the importance of pool-riffle bedforms in restoration design, the ability to replicate them 

is questionable. Initial concerns surround their identification, as current techniques lack 

objectivity (Clifford and French, 1998; Carling and Orr, 2000). Current restoration templates 

also generally reflect average states of the most basic form characteristics such as those relating 

to pool-riffle morphologies. Consequently, the resultant morphology tends to be significantly 

simplified. Practical constraints such as financial and spatial limitations also restrict the nature, 

scale and comprehensiveness of intervention (Gardiner, 1995).

The suitability of replicating these bedforms in contrasting river environments is also unknown. 

Current restoration models are generally based on natural alluvial river systems of intermediate to 

high slope (e.g. Nixon, 1959; Kellerhals, 1967; Charlton et al, 1978; Bray, 1982; Hey, 1982; Hey 

and Thome, 1986), although these may not be statistically applicable to lowland river reaches 

(Park, 1995), which have been subject to relatively little research (Brookes, 1995). 

Unfortunately, it is these lowland rivers wfiich are often in greatest need for restoration as they 

suffer most fi*om human intervention (Osborne et al, 1993). The nature and degree of this 

intervention further questions the transferability of rural based river templates, as restoration 

goals are not easily reconciled with utilitarian channel requirements such as flood routing 

(Moulton, 1999). This is not to say that a pool-riffle morphology will be absent fi-om heavily 

utilised and altered channels (i.e. realigned and resectioned), just that given the hydrological 

obligations and morphological constraints, form characteristics may not be similar to those in 

naturally developed alluvial river systems.

Transferability concerns are especially pertinent in urban river systems, as hydrological and 

sedimentological regimes can vary significantly fi*om the systems on which the templates are 

derived (Wolman and Schick, 1967; Packman, 1979). Despite this, project designers have not 

always been appreciated the possible implications arising fi'om altered hydrological and 

sedimentary supplies (Kondolf, 1998). Furthermore, although post project appraisals are perhaps 

the most important component in environmental policy relating to the river environment 

(Clifford, 2001), structured appraisals are limited, owing to a lack of funding (implementation 

funds only -  Kondolf, 1998), infi’astructure and/or payoff for individual scientists for an

17



interdisciplinary effort (Osborne et al, 1993). Success rates are therefore unknown (Kondolf, 

1998) and schemes with the greatest potential are not identified (Clifford, 2001). Furthermore, 

post project appraisals of artificial pools and riffles which do exist are generally ecologically 

focused (such as Harper et al, 1998; Ebrahimnezhad and Harper, 1997), rather than 

geomorphologically focused (Kondolf and Michelli, 1995). Consequently, the degree to which 

current schemes mimic natural river morphology is unclear and there is little understanding of 

why current restoration schemes fail. As a result, fiiture progress advances more by intuition than 

through scientific endeavour.

1.4 Aims and objectives

This thesis aims to:

contribute toward the field of river restoration, specifically with respect to the 

effective implementation of pool-riffle sequences into heavily utilised 

(predominantly urban) river systems.

The term 'effective' refers to creating a stable and ecological diverse morphology. Through a 

series of objectives, this thesis considers the ability and suitability of striving to replicate 

naturally developed alluvial river form (pool-riffle sequences) and associated form maintenance 

processes in heavily utilised river systems. Thesis objectives are:

• to evaluate and improve the accuracy o f bedform identification techniques;

• to identify the range ofpool-riffle form characteristics in a natural alluvial river system, and 

to rationally incorporate this diversity into a design framework;

• to identify the degree to which form andform maintenance processes associated with natural 

alluvial pool-riffle sequences are replicated in rehabilitated urban river channels, and 

highlight morphological and hydraulic deficiencies associated with current approaches;

• to identify form andform maintenance processes associated with pool-riffle sequences which 

have developed without the aid o f restorative intervention in engineered river reaches, and i f  

necessary, develop morphological design criteria specifically orientatedfor engineered non- 

alluvial river channels;

• with respect to the provision o f  a diverse morphological and hydraulic habitat, to evaluate 

the consequences o f design criteria specifically orientatedfor engineered non-alluvial river 

channels in relation to current rural-based design criteria.

The following discussion develops the research problem, justifies the focus of the objectives, and 

provides a formal context for the research design.

18



1.5 Pool-riffle form, function and importance in design strategy

As a means to restore degraded river channels 'hard' solutions can be implemented (Richardson et 

al, 1990; Hunter, 1991; Seehom, 1992; Clifford, 2001). Examples of such solutions include 

using concrete hydrofoils to prevent bank erosion (Paice and Hey, 1989) or using current 

deflectors to improve fish habitat (Gore et al, 1998), Increasingly however, restoration 

techniques are using morphological elements present in natural river channels such as pool-riffle 

sequences as these also offer ecological and stability benefits (Clifford, 2001). This strategy can 

be relatively cost effective if utilising local materials, more aesthetically desirable and also has 

less impact on downstream morphology than more traditional 'harder' solutions (Newson, 1985).

Pool-riffle sequences are naturally occurring quasi-periodic reach-scale bed undulations marked 

by stage-dependent contrasts in channel morphology, flow velocity, water surface slope and bed 

sedimentology (Clifford, 1993a; Figure 1.3). Pools are deeper sections, possibly resulting fi-om 

preferential bed scour at high flows (Keller and Florsheim, 1993), and are associated with slower 

convergent flow at low discharges. Pools are generally associated with a finer bed sediments 

(Thompson et al, 1996; Thompson and Hoffinan, 2001) and a more open sediment structure 

(Clifford, 1993a; Sear, 1996). Pools also tend to be located at bends in meandering reaches 

(Brookes, 1990), and together with point bars are usually asymmetrical in cross section reflecting 

flow shear patterns (Einstein and Shen, 1964; Keller, 1975; Thome and Hey, 1979; Hey, 1986; 

Thompson, 1986).

Riffles are topographic highs formed from sediments deposited at high flows (Keller and 

Florsheim, 1993). Relative to pools, riffle sediments tend to be coarser (Leopold et al, 1964; 

Keller, 1971; Yang, 1971; Milne, 1982a), possibly better sorted (Hirsch and Abrahams, 1981 

Milne, 1982a; Carling, 1991), and exhibit a greater degree of structuring (Clifford, 1993a; Sear, 

1996; Clifford and French, 1998). Riffles are associated with higher low-flow velocities relative 

to pools, and shallower flows diverging through a generally wider (Richards 1976a), and often 

more symmetrical cross section (Keller, 1975).

The development of pool-riffle sequences is still not fully understood, although their quasi 

equilibrium state would suggest their form is more stable than a uniform bed topography. 

Theoretical use of extremal hypotheses suggests that an equilibrium state is the 'most probable' 

outcome from the opposing tendencies for a system to minimise overall power expenditure whilst 

minimising the variability of power expenditure (Langbein and Leopold, 1962). A uniform bed 

would satisfy the latter requirement (as uniform flow results) although Yang (1971) has shown 

that a uniform bed maximises the potential energy loss and so does not satisfy the former 

requirement. These two conditions cannot therefore be satisfied simultaneously, and the river 

tends towards a 'most probable' state where power expenditure is as small and as constant as 

simultaneously possible (Cherkauer, 1973).
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Flow direction 
 ►

Pool
Riffle Pool

—  High flow water level

Pool to pool length (or riffle to riffle length) average = 5 - 7 Wb (bankfull widths)
modal = 3 Wb 
range = 1-21 Wb

Figure 1.3 Definition sketch of the idealised pool-riffle sequence (long section).

Ecological goals are deemed by some to be the core objective of restoration (e.g. Bradshaw, 

1987; Cairns, 1987). Pool-riffle sequences offer the ideal medium for the sustainable 

colonisation of biological communities (Keller, 1975 and 1978; Newbury, 1995; Environment 

Agency, 1998a). The physical heterogeneity provided by pool-riffle morphology offers a wide 

variety of potential habitats (Rabeni and Jacobson, 1993; Osborne et al, 1993; Newbury and 

Garboury, 1993, Newbury, 1995), reducing both competitive exclusion as well as predatory 

extinction (de Jong et a l, 1997). The specific flow characteristics associated with these bedforms 

create specific 'functional habitats' which in turn can be associated with specific ecological 

communities (eco-hydraulics). Consequently, assessments of the physical habitats can be used as 

a surrogate measure of macroinvertebrate diversity and hence used as an indicator of overall 

system health (Harper and Everard, 1998). The ecological importance of these bedforms is such 

that Kondolf and Micheli (1995) suggest that creation of pool-riffle habitat is one of the most 

important criteria for evaluating the success of channel restoration projects.

Lilse (1982) states that a highly pronounced pool-riffle sequence provides the cover and diversity 

of substrate and hydraulic conditions that meet the various requirements of salmon and trout life 

stages. Riffle habitats support benthic invertebrate populations as well as small fish whereas the 

deeper pools support larger fish and provide hiding areas during low-flow conditions (Gordon et 

a l,  1990). Zalewski et al, (1998) identified pools to contain the greatest diversity and biomass 

relative to the riffles. Gore et a l,  (1998) also highlight the important role that pool-riffle 

sequences play in structuring communities, with silt free riffles providing a well-oxygenated 

habitat favoured by macroinvertebrates, and deeper pools preferred by fish, especially juveniles 

(Shirvell, 1990). Evans and Petts, (1997) also detected thermal variation between pool-riffle 

units, which has significant ecological implications on both organic matter decomposition and 

ecological life cycles.
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The location of preferred habitats varies both longitudinally (Gore et al, 1998) as well as cross 

sectionally with stage (Statzner et al, 1988). The resultant habitat patchiness provides important 

refuge locations for mobile species during extreme flow conditions (Statzner et al, 1988). Gore 

et al, (1998) show that the occurrence, strength and location of suitable macroinvertebrate 

habitat varies with stage and the placement of pool-rifde bedforms in some low habitat river 

environments is directly linked to an increase in community diversity. Following these 

associations, restorative intervention aims to recreate these physical and chemical conditions by 

manipulating flow and sediments through structural design (Gore et al, 1998).

In addition to ecological benefits, pool-riffle sequences are also credited with being 'stable' 

equilibrium forms (Knighton, 1988) that adjust to longer-term trends in sediment and flow 

character (Lisle, 1982). For example, Dury (1970), found that no change occurred to the pool- 

riffle morphology in a bedrock channel in New South Wales over a 100 year period. Large and 

Petts (1996) also note that channel planform in the River Trent (UK) has been 'fixed' by pool- 

riffle sequences for more than 400 years. As a result, the inclusion of pool-riffle bedforms in any 

restorative intervention should increase the stability of the channel (Keller, 1975). To achieve 

this stability however, restored pool-riffle bedforms to be self maintaining. Consequently, the 

replication of form maintenance processes is required in addition to the replication of the 

morphology (Morris, 1995; Barinaga, 1996; Poff et al, 1997; Kondolf, 1998).

Many theories detailing the process behind pool-riffle formation and maintenance have been 

suggested (Table 1.5) although no one alone is entirely satisfactory. This may however reflect 

the fact that the strength and type of processes can vary depending on local conditions such as the 

underlying geology or the occurrence of channel obstructions such as log jams (Wohl et al,

1993). Langbein and Leopold (1968) propose that granular interaction of a mixed sediment load 

result in the grouping together of same sized sediment particles in order to maximise sediment 

transport and particle sorting will occur in wave like formations of regular spacing. This model, 

based on kinematic wave theory, suggests that a collection/wave of coarser particles will form the 

riffle and the finer particles the pool (Iseya and Ikeda, 1987). Brush however shows that even at 

bankfull flow some bed material is immobile (1967), hardly maximising sediment transport and 

Richards, 1976, argues that special conditions are needed for wave like formations to occur.

Yang (1971) argues that greater dispersive stresses at potential riffle sites (not yet formed) forces 

larger particles to the surface Wiere fines are removed through winnowing. The developing 

profile excentuates the dispersive stresses and hence a pool-riffle morphology develops. 

However, it is not thought that the process could be initially capable of creating bed undulations 

and requires existing bed development before it operates fully (Richards 1976).
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Kinematic wave theory Langbein and Leopold (1968)

Dispersion and sorting Yang (1971)

Secondary flow cell development Keller and Melhom (1973)

Macro scale eddy structures Yalin (1971)

Velocity reversal Keller (1971)

Table 1.5 Explanations proposed for the formation and maintenance of pool-riffle 
bedforms.

Keller and Melhom (1973) propose that secondary currents in river channels create alternating 

patterns of scour and fill resulting in a pool-riffle morphology. At low discharges secondary 

currents are poorly developed and the maximum shear is associated with the maximum velocity 

filament (Thome and Hey, 1979). At intermediate discharges, secondary flow cells are more 

likely to be well developed and coherent, especially in pool zones.

Yalin (1971) proposes that macro scale eddy structures in fully turbulent flow in a imiform 

straight channel produces 'pulses' of alternating flow velocity. These roller eddies modify bed 

topography with a characteristic periodicity related to channel dimensions. Clifford (1993b) 

following Lisle (1986) suggests that major obstacles could cause persistent local scour 

underneath the object and initiate downstream roller eddies which evolve and grow to a size 

dependent on channel dimensions (stage 1). Bed deformation under the obstacle results fi'om 

faster velocities (for continuity) and bed deformation downstream results fi'om increased 

turbulent intensity. Form feedback interactions resulting form the evolving topography enhance 

this semi autogenetic process until negative feedback stabilises the process (scour depth increases 

and mean stress diminishes - stage 2). The turbulent flow structures decay when they have scaled 

to the channel width due to the dampening effect of shear. Sediment deposition occurs at riffle 

sites Wiich act to trigger the initiation of downstream roller eddies through the convergent jetting 

of water on their downstream sides (riffle exit slope - stage 3).

Currently, the velocity reversal hypothesis (Keller, 1971, following Gilbert, 1914) remains the 

dominant theory underpinning channel maintenance models (Carling, 1991). This theory 

proposes that, at low flow, pools are associated with lower flow velocities relative to those at 

riffle sites, whereas at high flow, pools are associated with higher flow velocities relative to those 

at riffle sites. This results in preferential pool scour, with the excavated sediment being deposited 

at the downstream riffle. Keller and Melhom (1978) argue that for the maintenance of pool-riffle 

sequences differential scouring is required. Indeed, scoured bedrock pools with finer material 

drapes are features that necessitate such a reversal mechanism (Keller, 1983). However, Clifford 

( 1993a) argues against the necessity for such a mechanism, suggesting that pool sediments are
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preferentially scoured as they lack the imbricated structuring associated with riffle sediments 

which result from sediment winnowing by the faster velocities at low flows.

Despite the fact that processes responsible for forming and maintaining these bedforms remain 

elusive, replacing pools and riffles in appropriate proportions is seen as an essential prerequisite 

for morphological stability in the face of natural variations in discharge (Harper, 1999). For 

example, a rehabilitated section of Harpers Brook (UK) showed marked physical and biological 

improvement where geomorphological proportions were adhered to (Ebrahiminezad and Harper, 

1997, Harper et al,. 1999), but not where riffles were inappropriately placed or sized (Harper et 

al,. 1999).

With respect to form maintenance and the velocity reversal hypothesis, the importance of 

appropriate form replication is evident from modelling studies that show that the reversal 

mechanism tends to occur in more widely spaced sequences (Carling and Wood, 1994). 

Thompson et al, (1998) also note that pool lengths control the strength of recirculating eddy 

currents, and hence the possible occurrence and nature of form maintenance mechanisms. Lateral 

channel considerations are also important if form maintenance processes are to be replicated. 

Richards (1978) and Carling and Wood (1994) conclude that a reversal in cross-sectional area is a 

major factor in reversing pool near bed velocity/shear. Accurately replicating a stable and 

diverse bed morphology is also ecologically important since pool and riffle form and flow 

characteristics have significant implications for the development of ecological communities. 

Unfortunately, despite these benefits offered by a pool-riffle bedforms, the ability to accurately 

replicate such a morphology is not straightforward.

1.6 Ability to replicate the pool-riffle sequence

The ability to replicate rural pool-riffle sequences can be broadly considered in terms of:

• the integrity of the bedform identification techniques (objectivity, accuracy and

consistency)

• the simplification of form characterisation and restoration design templates

• the simplification and adaptation of restoration design templates arising from the

practicalities associated with form implementation

These aspects of form replication are substantially interrelated, although for clarity, the following 

sections focus on each aspect individually.
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1.6.1 Pool-riffle identification

In order to replicate pool-riffle characteristics, a necessary first step to objectively identify them 

in natural river systems, A sample of bedform identification techniques based on hydraulic and 

morphological parameters is presented in Table 1.6. Unfortunately, the definition of pools and 

riffles in a sequence is problematic (Milne, 1982b; Knighton, 1998, p i93), especially as 

successive features seldom have similar geometries (Jackson and Beschta, 1982). Such 

inconsistencies pose problems for classification schemes, possibly resulting in the wide range of 

characteristics associated with the pool-riffle sequence (Gregory et al, 1994). This lack of clear 

definition contributes to the selection of inconsistent identification criteria Wiich, for many 

studies, are either poorly expressed or not robust (Carling and Orr, 2000). Keller and Melhom 

for example, offer no objective criteria for the identification of the pool and riffle bedforms used 

in their 1978 study. Milnes (1982a and b) does state that the zero-crossing technique was used, 

whereby positive and negative residuals are ascribed as riffles and pools respectively. However, 

not all identifiable residuals are characterised as pool or riffle bedforms (Milne, 1982b, Figure 2). 

Whether an objective tolerance value was used to discriminate between 'significant' and 

'insignificant' bedforms is unknown.

The comparability of pool-riffle characteristics identified in different studies is complicated by 

the fact that different techniques and methodologies can be applied. For example. Lisle and 

Hilton (1992) use a range of methodologies to determine their pool locations including water 

surface slope, degree of charmel occupied and residual pool depth. The residual pool depth 

measure applied was also a relative measure, where a pool was deemed 'significant' if the 

maximum residual pool depth was at least twice the water depth at the downstream riffle crest 

during low flow. Whether or not the same pools would have been identified if the residual pool 

depth was set to a single value, such as 0.15m as in Thompson and Hoffinan (2001), or 0.3m as 

suggested by Brookes (1990) for restoration purposes, is unknown. Further, it is unclear whether 

or not the same pools would have been identified if water surface slope and the degree of channel 

occupied had not been identification criteria.

Relative to the hydraulic measures, morphological measures are less susceptible to variations in 

stage (Richards, 1976b). However, the ability of the morphological techniques to identify bed 

features in an objective manner is undermined by subjective methodological decisions relating to 

data sampling (longitudinal interval and lateral location) and data analysis (tolerance value 

setting and scale of assessment). It is not surprising, therefore, that pool-riffle characteristics may 

vary depending on the technique selected and the methodology used (Richards, 1976b; O'Neill 

and Abrahams, 1984).

The nature and degree to which bedform identification techniques are sensitive to methodological 

variability is largely unknown, as is the sensitivity of the techniques to variations in river
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Parameter Technique Researcher (s) Year

Hydraulic
Froude number Bhowmik and 

Demisse
1982

(including Water surface slope (or energy gradient) Yang 1971
dimensionless Mean velocity^/mean depth Wolman 1955
grouping to Velocity/depth Dolling 1968
avoid scale and Width depth ratio Carling 1991
discharge
dependence)

Near hozl water surface/occupied main part of 
channel/max residual depth at least twice the water 
depth at the downstream riffle crest at low flow

Lisle and Hilton 1992

Water surface slope & low flow depth Wohl et al 1993
Bed material size & water surface slope Wohl et al 1993
Minimum pool depth criterion as a proportion of the 
active channel width.

Smith and 
Buffington

1993

Pool residual depth at least 25% bankfiill depth & a 
length or width at least 10 channel widths

Montgomery et al 1995

Moroholoeical Zero crossing technique (residuals around a Dury 1970
regression) Richards

Milne
Robert
Sidorchuk

1976
1982a,b

1997
1996

Control point method 

Bedform differencing

Spectral analysis and autocorrelation

Yang

O’Neill and 
Abrahams

1971

1984

(NB these do not identify individual forms, they Melton 1962
characterise morphology as a whole) Church

Nordin and Algert
Richards
Clifford
Carling and Orr

1972
1966

1976b
1993b
2000

Airborne multispectral imagery Winterbottom and 
Gilvear

1997

Aerial photography Winterbottom and 
Gilvear

1997

Assumed Features wçq riffles and pools as they were built as Gore et al, 1998
such
These assumptions predominate in post project 
appraisals.

Ebrahimnezhad 
and Harper

1997

Table 1.6 Bedform identification techniques based on hydraulic and morphological 
parameters.
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morphology. Resolving these issues is fundamentally important as robust morphological 

information is required if restored pool-riffle bedforms are to fimction in a natural manner. 

Despite the necessity for robust bedform identification, truly objective techniques remain poorly 

researched (Clifford and French, 1998).

1.6.2 Pool-riffle variability at the reach and sub-reach scale

Complex dynamic relationships between the process of erosion and deposition in fluvial systems 

prevent accurate modelling and form prediction. Consequently, the degree to Wiich natural 

morphology can be replicated is, in part, also reliant on the ability to rationally include 

morphological variability in a design fi*amework. One method for recreating a diverse 

morphology is the 'carbon copy* approach, whereby the original planform can be identified fi'om 

historical maps. This approach is advocated on geomorphological (Kondolf and Downs, 1996) 

and ecological grounds (Newbury and Garboury, 1993). Assuming pool-meander bend and 

riffle-inflexion associations, a diverse pool-riffle spacing arrangement can be recreated. 

Unfortunately, differences in the nature of process responsible for channel pattern change and 

bed material transport make it possible for bed form locations to be independent of planform 

influences (Milne, 1982a). For example, meanders can develop in channels without a pool-riffle 

bed (Knighton, 1998, p200) and pool-riffle sequences can develop in stable straight reaches 

(Keller and Melhom, 1973, Richards, 1976b). Pool-meander bend and riffle-inflexion 

associations cannot, therefore, be used to replicate a pool-riffle morphology fi'om maps detailing 

planform patterns. Furthermore, alterations to the hydrological or sedimentary regimes over time 

can render templates based on old maps geomorphologically inappropriate (Brookes, 1992). In 

these circumstances, a contemporary morphology can be sought in nearby reaches. However, as 

finding reaches of a satisfactory nature can be difficult, especially in urban catchments, this 

intuitive approach to restoration design is therefore limited.

Restoration design templates can also be based on empirical information which establishes 

relationships between form variables (Griffiths, 1983), or between form variables and factors 

summarising some aspect of process (Knighton, 1998, p4). With respect to pool-riffle 

morphology, the empirically derived equations developed by Hey and Thome (1986) are the most 

comprehensive, predicting pool and riffle widths, average and maximum depths as well as 

average spacing values. Replicating form fi'om these equations results in a morphology like that 

presented in (Figure 1.4), where pools are located at meander bends and riffles at inflexions 

(following recommendations by Brookes, 1990).

Unfortunately, empirically derived templates fail to reflect a significant amount of reach to reach 

as well as sub-reach scale variability. For example, an average bedform spacing of 5 - 7 bankfiill 

widths (Wb) is often quoted for pool-riffle bedforms (Richards, 1976b), with channel widths used
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as a scaling parameter due to their assumed controlling influence on bedform processes. 

However, variations in channel width only accounted for 72% of the variation in pool-riffle 

spacing in the study by Keller and Melhorn (1978). This indicates that other factors are 

important for controlling pool-riffle spacing. Grant et al (1990), Wohl et al, (1993) as well as 

Thompson and Hoffman (2001) have observed correlations between average bedform spacing 

and channel gradient. Indeed, as a preliminary guide for restoration purposes. Hey {pers comm 

with Shields, 1996) advises that riffle spacing should be nearer 4 Wy on steeper gradients and 8 to 

9 Wy on more gradual slopes. Unfortunately, the ubiquity of these relationships is questionable, 

especially as more localised controls such as channel constrictions have also been identified to 

influence pool-riffle form character (Thompson and Hoffman, 2001).

The use of average states may not prove the most suitable to replicate at the reach scale even if 

they are accurate, as they do not necessarily relate to the most frequent bedform spacing. For 

example, Milne (1982a), Grant et al, (1990) and Clifford and French, (1998) identify the modal 

spacing of pool-riffle bedforms to be around 3 Wy. In terms of restoration design, a more suitable 

approach would therefore base morphological characteristics around these most frequent values 

(Clifford, 1993b; Clifford and French, 1998).

Pine River

Original 
2:1 Slope

Constructed 4:1 Slope

B oulder nffles

§ 100

Pool and riffle profile

Figure 1.4 Simplified restoration designs. Pine River, USA (from Newbury and Garboury, 
1993, also Newbury, 1995).
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Designs based on modal values alone however still results in a significant simplification of 

natural river morphology. This is especially true at the sub-reach scale, where bedform 

characteristics can be highly variable despite the fact that controlling factors such as width, slope 

and sediment characteristics are effectively constant. For example, Keller and Melhom (1978) 

note bedform spacing ranges between 1 and 23wy, and residual pool depths fi’om O'Neill and 

Abrahams study reach (Fig. 5, 1984), range fi'om 0.096m (their tolerance limit) to -0.4m in short 

(-100m) channel sections. In recognising the ecological and possible geomorphological 

importance of replicating variable form characteristics, a relaxation of design parameters is 

required (Brookes, 1995).

A desire to include variable form characteristics is supported by Gregory et al,. (1994) and Ward 

et al,. (1994), though data relating to variable river morphology is limited (Andrews and 

Nankervis, 1995; Morris, 1995, Newbury, 1995; Carling and Orr, 2000). For restoring pool-riffle 

sequences, Keller (1975) recommends that spacing should vary between 4 and 7wy, and a 

guidance note from the NRA (1992) suggests a wider range between 3 and lOwy. For pool depths 

and riffle heights, Brookes (1990) suggests minimum and maximum values of 0.3m and 0.5m 

respectively, although how variable form characteristics should be constructed around these 

limitations is not specified. Furthermore, these absolute values will not be appropriate for rivers 

of different sizes.

Other morphological characteristics beyond spacing and amplitude, such as bedform shape, 

aspect ratio (height ; length) and longitudinal form asymmetry are also important for form 

functioning both in terms of form maintenance (sediment sorting processes and strength of 

recirculating eddy currents; Thompson et al,. 1998), and in terms of providing a diverse habitat. 

However, despite the possible importance of these bedform characteristics, they are only noted in 

relatively few studies (such as Carling and Orr, 2000).

1.6.3 Pool-riffle implementation

Project financing, time constraints, flood protection, political considerations, building protection, 

public safety and access during construction, as well as available space due to the proximity of 

housing, bridges, pipelines and spoil disposal limit the ability to replicate alluvial river 

morphology in a natural manner (Gardiner, 1995; Nolan and Guthrie, 1998). These constraints 

can significantly influence the scale, comprehensiveness and nature of intervention and are most 

prominent in heavily utilised river systems which are also those most in need of restorative 

attention.

Many restoration schemes are ad hoc (Harper et al, 1999) and small-scale, with the river reach 

being the preferred management unit (Newson, 1995). This results in a fi'agmented, non
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continuum approach, although due to the constraints placed on restoration schemes, this type of 

approach is all that is achievable (Brookes and Shields, 1996). Unfortunately, restoration 

strategies are not conceived with this type of strategy (Nilsson and Brittain, 1996). Full 

restoration however is not practical in many environments (Brookes and Shields, 1996), and 

pragmatic options have to be implemented. Rehabilitation, for example, is the partial structural 

and functional return to a pre-disturbance state (Cairns, 1991). This option involves the 

implementation of a limited number of enhancements (Brookes, 1995; Brookes and Shields,

1996), where an enhancement is regarded as an improvement of a structural or functional 

attribute (NRC, 1992). This is similar to the 'Leitbild' approach described by Kern (1992), 

whereby specific morphological forms selected from natural river systems provide elements in a 

'building block' approach. This approach is also recommended by Osborne et al (1993), who 

suggest that pristine environments should act as a 'point of reference' rather than as a wholesale 

template.

Such a pragmatic approach is also more realistic, given that political public support is likely to 

diminish if more is promised than can be delivered (Cairns, 1989). However, such an approach 

requires the imposed morphology to function in a natural manner despite the fact that relatively 

few morphological characteristics are transferred. For example, the relative variation in pool and 

riffle widths may prove important for charmel maintenance through influencing the occurrence 

and nature of the velocity reversal mechanism (Richards, 1978; Carling and Wood, 1994). 

Consequently, if this lateral form pool-riffle characteristic is not transferred in a building block 

approach, the ability of the forms to function in a natural manner is undermined. The longevity 

of the scheme may, therefore, be reduced.

The nature of intervention is also affected by practical constraints as other demands placed on the 

river channel can conflict with restoration goals (Moulton, 1999). For example, flood protection 

may be compromised by the implementation of a more complex natural river morphology due to 

the increased resistance offered to flow (Newbold et al, 1983). In addition, the safe and efficient 

removal of pollutants may be compromised by implementing a natural river morphology, because 

pools can increase the retention of pollutants and mixing and oxidation at riffles can increase 

pollutant metabolism (Harper et al, 1999). Restoration and utilitarian viewpoints are not always 

easily reconciled, with the former measuring ecosystem health in terms of habitat integrity and 

the latter suggesting that a habitat sustainably functioning for human well-being is a healthy one 

(Karr and Dudley, 1981). These difficulties draw attention to the suitability of transferring 

alluvial river templates into contrasting river systems, especially those with multifunctional uses.

29



1.7 Transferability of natural alluvial pooi-riffle morphology into urban non-aUuvial river 

systems

In many circumstances, rehabilitation designs are required to recognize human use as being an 

integral part of the river environment. For the schemes identified in the Thames catchment, a 

consideration of flood defence was a factor in 40% (Table 1,1; Figure 1.2g). 'Naturalization' is 

the term Rhoads and Herricks (1996) employ for such schemes, and Hey (1996) outlines a series 

of environmentally sensitive flood alleviation approaches which attempt to retain as much natural 

river morphology as possible. Unfortunately, options such as using difluse flood banks, where 

the river meanders fi’eely between distant flood banks, and to a lesser extent implementing flood 

relief channels, are less viable in systems wfiere restorative intervention is restricted laterally. 

Such lateral restrictions are evident for the schemes identified in the Thames catchment as only 

20% involved full meander reinstatement (Table 1.4).

In laterally restricted environments, the channel can be designed in a series of stages (Hey, 1996). 

This strategy attempts to provide a relatively 'natural' channel environment within a larger 

channel which contains flood discharges. For the schemes identified in the Thames catchment, 

9% involved the construction of different channel stages (Table 1.4). Unfortunately, the 

functional characteristics of bed features placed in these channels may not reflect those wiiich 

occur naturally. For example, Flirsh and Abrahams (1981) suggest that riffle sediments in natural 

sequences are larger and better sorted than pool sediments, as the range of discharges during a 

reversal of flow competence are narrower than those in pools (when flow is not reversed) due to 

momentum transfer across the floodplain. Should momentum transfer not occur due to the 

creation of deeper flood protection channels, the range of discharges available for riffle 

deposition would be extended, thereby reducing the degree to which riffle sediments are sorted. 

This alteration to riffle sediment composition could undermine their stability, and hence spatial 

and temporal morphological characteristics.

In heavily utilised river systems, fly tipping may also compromise bedform functioning, as 

channel obstacles promote local bed scour (Lisle, 1986; Clifford, 1993b). As a result of fly 

tipping, form maintenance processes such as those outlined in Table 1.4, may be disrupted in 

rehabilitated reaches resulting in many mismatches between the implemented bedforms and those 

identified. In terms of morphological controls, the presence of scattered bricks, concrete fence 

posts, carpets, wood and shopping trolleys in urban channels (Figure 1.5) may be the equivalent 

of large woody debris found to exert a major influence on bedform characteristics in natural 

alluvial river channels (Montgomery et al, 1995; Gumell and Sweet, 1999). Morphological 

maintenance processes may be further disrupted in urban river channels by extensive backwater 

ponding arising fi-om concrete weirs and flumes. The resultant morphology may not, therefore, 

reflect that present in natural alluvial river systems.
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Figure 1.5 Urban river litter. The presence processes influencing urban river morphology 
may be subject to a range of influences not evident in rural channels.

The upland river focus of empirically derived restoration templates also questions their 

transferability into predominantly lowland river systems, as they may not be statistically 

applicable (Park, 1995). Hey (p229, 1997) stresses that the equations should be 'restricted to 

channels which are similar to those used to derive the equations' and these concerns are especially 

pertinent if upland rural-based morphological templates are implemented in urbanised catchments 

due to variations in hydrological and sedimentary regimes (Wolman and Schick, 1967; Hollis, 

1975), which have been observed to influence pool-riffle characteristics (Lisle, 1982).

Urbanising catchments have been associated with 'flashier' runoff regimes resulting from a 

greater percentage of rainfall forming storm runoff and being efficiently routed and diverted into 

rivers and streams (Packman, 1979). These hydrological events, characterised by higher peak 

discharges and shorter lag times (Hollis, 1975), may not support a rural-based pool-riffle 

morphology. For example, assuming the velocity reversal mechanism maintains pool-riffle 

bedforms, the magnitude of reversed flows could be higher. This would lead to a more 'defined' 

morphology where the pools and riffles exhibit greater amplitudes. The effect of these larger 

flows could however be countered by their shorter duration, as the water is more effectively 

routed in realigned urban river channels. A preponderance of flushing flows could also reduce 

the ability of biota to take advantage of the rehabilitated morphology. Mimicry of form may not, 

therefore, result in mimicry of process (Kondolf, 1998).
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Sedimentary characteristics can also differ between rural and urban river systems thereby 

affecting the suitability of transferring natural alluvial river morphology. For example, pool- 

riffle spacing has been noted to vary with sediment supply (Lisle, 1982). During the initial 

constructional phase in urban catchments, sediment supply can increase significantly due to 

increased soil exposure and vulnerability to erosion (Wolman, 1967; Wolman and Schick, 1967; 

Walling, 1979). As the urban landscape develops, the soil is covered, reducing its exposure to 

erosive forces. Sediment supply therefore decreases (Wolman and Schick, 1967), although it can 

take up to 15 years for constructional sediment to be removed fi’om the river (Robinson, 1976). 

Channel response to urbanisation is therefore complex, with spatial and temporal lags involved 

(Knighton, 1998, p322). With equilibrium forms such as pool-riffle sequence adjusting to the 

average discharge of sediment and water delivered fi-om the upstream catchment (Knighton, 

1988, p4), altered urban flow and sediment regimes may not provide the necessary maintenance 

relationships that natural alluvial river morphology demands. To compensate, rehabilitation 

schemes may be significantly 'over designed' by, for example, using larger calibre sediments. 

With respect to pool-riffle morphology, over design may also help compensate for a lack of 

initial structuring of riffle sediments, by increasing the stresses needed for erosion.

Rivers cannot be separated in theory or in practice fi'om the lands they drain (Hynes, 1975), and 

the failure of many restoration projects can be attributed to a poor understanding of the 

geomorphology and hydrology of the restored environments (National Research Council, 1992; 

Sear, 1994). Consequently, the ability of restored morphology to function in a natural manner 

will be enhanced if the features are designed with respect to the nature of the system in which 

they are implemented (McHarg, 'designing with nature' 1969). Unfortunately, geomorphological 

perspectives are not prominent in design processes which are predominantly ecologically 

focussed (Clifford and French, 1998), despite recommendations to the contrary (Hey, 1986). To 

determine the most appropriate morphology for restorative intervention, an appreciation of 

catchment scale processes is required (Brookes, 1992: Sear, 1994; Sear, 1996; Nilsson and 

Brittain, 1996; Herricks, 1996; Kondolf and Downs, 1996). Detailed geomorphological design 

for particular river types is however limited, due to a lack of understanding of their form and 

functioning (Brookes, 1995a). If sustainable river restoration is to be widely applied to many 

different river environments, further research on the processes and fimctions of stream systems 

needs to be initiated (Brookes, 1995a; Brookes and Sear, 1996).

Deriving templates to cater for such environmental variability have to some extent been achieved 

through classifications such as those by Rosgen (1994, 1996). However, none of these 

classifications are associated with engineered urban river channels (Shields, 1996), and none 

throw light on morphological diversity at the sub-reach scale. With respect to the UK, River 

Habitat Surveys, wiiich assess the character and quality of rivers based on their physical structure 

(Environment Agency, 1998), do report the presence or absence of pool-riffle sequences
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(determined visually) in a variety of river channels. However, morphological attributes such as 

length and amplitude are not reported. Therefore, there are no objective 'baseline' data 

concerning the form and functioning of pool-riffle sequences which have developed without the 

aid of restorative intervention in engineered multifimctional urban river channels. This is despite 

the fact that these river channels are often the focus of restorative intervention. The suitability of 

striving to replicate natural alluvial river morphology in these urban river systems is therefore 

currently unknown.

1.8 Summary

As the degradation of river systems becomes increasingly unacceptable to a progressively 

environmentally aware population (Ellis and House, 1994), restoring aquatic ecosystem integrity 

is becoming increasingly prominent (Brookes and Shields, 1996). Pool-riffle sequences form an 

important component of current strategies aimed at restoring fluvial systems. However, the 

ability to accurately replicate form and processes associated with these bedforms is in question. 

The suitability of transferring pool-riffle morphologies predominantly derived from upland 

alluvial river systems into a range of contrasting river environments is also unknown. 

Transferability concerns are especially pertinent in lowland urban river channels which have to 

cater for utilitarian demands such as flood protection, and where spatial and financial constraints 

restrict the ability to implement environmentally sensitive flood protection options. This research 

examines the ability and suitability of transferring pool-riffle form and processes associated with 

natural alluvial river channels into engineered river channels in urban environments.
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CHAPTER 2 

Scientific approach

2.1 Research design

This research is case study led, whereby pool-riffle form and maintenance processes are 

investigated in three distinct river systems. These are a natural alluvial river, a rehabilitated 

urban river and an engineered urban river in which a pool-riffle morphology has developed 

without the aid of restorative intervention (hereafter referred to as the semi-natural urban river). 

This research initially focuses on the ability to identify accurately pool-riffle bedforms in natural 

river systems. This reveals both the comparability of the identification techniques as well as the 

consistency of results given variable form characteristics at the reach and sub-reach scale.

Four morphological bedform identification techniques are evaluated. These are zero-crossing, 

bedform differencing, AR(2) modelling and spectral analysis. The control-point technique 

(Yang, 1971), which can also be used to identify pool-riffle bedforms was not investigated. This 

technique is based on the principle that riffles pond back the water in pools, and identifies pool 

troughs and riffle crests from a long profile data set by extending horizontal surfaces upstream of 

the low points on each riffle. This technique therefore assumes that bathymetric highs submerged 

at baseflow do not act as control points. Unfortunately, Carling and Orr (2000) found that the 

backwaters associated with relatively few prominent riffles drowned out many topographic highs 

that still exerted some local hydraulic control during baseflow. For this reason the control-point 

technique was omitted from the following investigation.

The bedform characteristics identified in the natural alluvial river are used to illustrate the diverse 

nature of pool-riffle morphology at the reach and sub-reach scale. By rationally incorporating 

these characteristics into a design framework, future restoration schemes will be better placed to 

replicate rural river morphology. If rural river morphology is more accurately replicated, then 

rural river benefits such as the provision of a diverse habitat is more likely to be transferred. 

Functional processes such as those responsible for form maintenance are also more likely to be 

recreated. Restoration goals are therefore more likely to be achieved if a natural alluvial river 

morphology can be effectively replicated.

Bedform characteristics identified in the rehabilitated urban channels are used to illustrate the 

degree to which current restoration approaches replicate a natural river morphology. The 

occurrence and nature of the velocity reversal mechanism is also investigated in these 

rehabilitated reaches, as this process is largely considered responsible for maintaining the pool- 

riffle morphology in natural alluvial rivers. This morphological and hydraulic examination will
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aid future urban restorative strategy by exposing the strengths and weaknesses of current 

restorative approaches.

Bedform characteristics identified in the semi-natural urban river channels are used to evaluate 

the degree to which these engineered systems retain a natural alluvial river character. Form 

characteristics identified in these reaches will provide a means to assess the suitability of 

rehabilitating urban river channels using form elements derived from rural river systems. As a 

result, form characteristics identified in these reaches will aid future urban rehabilitation schemes 

through revealing morphological relationships such as those between channel width and bedform 

spacing. Consequently, forms such as pools and riffles could be implemented with a greater 

sensitivity into the urban channel environment. Sensitive implementation of rural morphology is 

also reliant on the processes responsible for form maintenance in the urban channels supporting 

the implemented bedforms. As the velocity reversal mechanism is largely believed responsible 

for maintaining natural alluvial river bedforms, the occurrence of this process is also investigated 

in the non-alluvial urban reaches.

If a more sensitive approach to urban rehabilitation design is advocated on geomorphological 

grounds, it is possible that the relative ecological benefits offered in relation to a naturally 

developed morphology will be reduced. Aspirations of offering a 'natural' level of pool-riffle 

form and flow diversity may not, therefore, be achievable with a geomorphologically based 

design. Nevertheless, the diversity offered by such an approach may still be greater than that 

provided through natural recovery. Evaluating the benefits of an integrated rehabilitation 

approach over natural recovery provides an indication of what is achievable in these urban flood 

channels given practicalities of implementation.

35



2.2 Natural alluvial river study site - Clyne River. Swansea

A 2.5km section of the Clyne River in Swansea, Wales, was selected for the natural alluvial river 

study site (Figure 2.1). The section of channel investigated flows through a predominantly 

wooded valley which has been designated as a Country Park, and is considered to represent a 

natural physical state as it has not been straightened or resectioned. The Clyne River, is a 

relatively small river with a bankfiill width (w^) of approximately 6m, and flows in a catchment 

of 15.3km^. One tributary of the Clyne flows through the urbanised area of Dunvant, \viiilst 

another flows in a wooded sub-catchment between the urban areas of Killay and Sketty (Figure 

2.1b). Dunvant and Killay were constructed in the 1950s and 1960s as part of a large building 

programme to form a dormitory area for the then town (now the city) of Swansea 

(http://www.churchinwales.org.uk, 2001). The third tributary flows through Sketty and Lower 

Sketty and joins the Clyne below the study reach. It is recognised that the urban pockets within 

the catchment may have resulted in some channel enlargement and possibly influence sediment 

and hydrological regimes. However, the largest areas of urban development (Sketty and lower 

Sketty) drain into the river downstream of the study site.

The earliest historical record of this catchment relates to a grant in 1692 for the 'digging o f coales 

in Clyne Fforesf (Harris, 1935). These, as well as later coalmines supported the needs of the 

smelting trade. In 1805, a tramway was constructed up the Clyne Valley for the purpose of 

opening communication with limestone quarries, coal mines, iron mines and other mines, as well 

as to convey limestone (Harris, 1935). In 1837, arsenic and copper works were built near 

Blackpill, located near the outlet of the Clyne River into Swansea bay (Harris, 1935). By the 

1880s when copper production peaked, smelting activities were extended to the production of 

lead, zinc, spelter, nickel, and cobalt, as well as refining gold and silver (Harris, 1935). After this 

time, the ore, two thirds of which was being imported, was increasingly processed abroad. By 

1900, most of the local copper smelting works had closed down (Harris, 1935). This historical 

context poses certain conceptual problems pertaining to its use as a natural alluvial river. 

However, the closure of the mines and smelting works for over 100 years has provided an 

opportunity for mine tailings to be removed and the physical effects of the mining to be reduced.

Leachate fi'om closed landfill sites as well as the sewerage system are major causes of pollution 

in the river (South Wales Evening Post, 2000). Crude sewage discharged fi'om a combined sewer 

outfall in Woodcote Drive, Dunvant caused the death of more than 400 fish in a 1km stretch of 

the river in August 2000 (South Wales Evening Post, 2000). Between May and September 2000, 

the Clyne failed 18 out of 21 tests for faecal streptococci (bacteria indicative of sewage 

contamination). The water in the Clyne has also repeatedly failed European Union safety and 

hygiene standards (South Wales Evening Post, 1999).
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Figure 2.2 River Clyne meandering through a wooded catchment.
Naturally developed pool-riffle morphology is evident.



2.3 Engineered non-alluvial river study sites

The non-alluvial study reaches were selected from the Ravensboume Catchment, South London 

(Figure 2.3), as these have been extensively engineered to protect nearby communities from 

flooding. The following catchment characteristics are derived from a consultation report by the 

Environment Agency as part of a Local Environment Agency Plan (1997). The Ravensboume 

catchment is predominantly urban with a total area of approximately 180km  ̂(Figure 2.3b). The 

catchment includes approximately 66km of river located in three main sub-catchments, the 

Ravensboume, the Pool and the Quaggy. The south branch of the Ravensboume extends from 

the North Downs through dry valleys and rises at Caesar’s Well on Keston Common at an 

altitude of 270m. The rivers flow mainly on London clays and the Woolwich and Reading beds. 

The sources of the south branch of the Ravensboume as well as the Pool tributaries (Beck and 

ChafiSnch) lie between Addiscombe and West Wickham. The Pool joins the Ravensboume at 

Catford and the Quaggy joins the Ravensboume at Lewisham before discharging into the Thames 

at Deptford (Figure 2.3c).

Owing to a combination of relatively steep topography, impervious lowland geology as well as a 

high degree of urbanisation, the response to rainfall is very 'flashy* and the channel is prone to 

flood (Environment Agency, 1997). Extensive flood alleviation schemes were carried out in the 

upper and lower areas of the catchment from 1960 to 1975 (Environment Agency, 1997). The 

works were designed to contain 1 in 30 year flood events. More recently, the level of protection 

is estimated to be in the range of 50 to 500 year flood events (Gardiner and Cole, 1992).

Flood protection works on the Ravensboume and its tributaries have damaged the river corridor 

by removing much of the natural morphological character (Environment Agency, 1997). 

Approximately 70% of the total river channel in the system has been canalised and culverted 

(Gardiner and Cole, 1992, Environment Agency, 1997). Rivers in this catchment have also been 

extensively realigned. The progression of this realignment from 1862 to the present day is 

presented in Figure 2.4. The 1992 Landscape Assessment of the Ravensboume identified only 

11% of the rivers in the catchment to approximate to a natural meandering watercourse an 

reaches which still retain a 'semi-natural' character form isolated sections. A number of 

enhancement schemes have been implemented which aim to improve the ecological value of the 

channel. Of the 12 enhancement schemes listed in the Environment Agency's consultation report 

for this catchment (1997), this study focuses on two.
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2.3.1 Rehabilitated urban river site - Bell Green Gas Works. Pool River

The area adjoining this river reach was used for the manufacture of natural gas for much of the 

south east of London in the late 1800s and through the 1900s (Environment Agency, 1998b; 

Figure 2.5). The Pool River channel running alongside this site had been culverted for over 100 

years. The downsizing of the gas works provided an opportunity to open up and enhance the site. 

This enhancement commenced in 1994 and the main structural elements were completed in the 

first half of 1995 (Environment Agency, 1998b). By incorporating a drop structure at the 

downstream end of the reach, the new channel reduced the original slope to 1 in 800. A three- 

stage channel was implemented away fi’om the contaminated gasworks site and further protected 

from contamination by a bentonite cut-off barrier. The river now meanders through a 500m long 

linear park, providing both an open space for the public as well as easy access for channel 

maintenance (Figure 2.6).

The first and second stages of the channel are concrete lined due to geotechnical requirements 

(failure planes in the London Clay). These channel stages consist of an undulating concrete bed 

morphology which simulates pool-riffle sequences, and a meandering concrete planform with the 

deeper concrete undulations (pools) being located on meander bends. 14 meander bends and 14 

inflexion points are visually identifiable fi’om Figure 2.5 resulting in an average pool to pool and 

riffle to riffle spacing of 6 channel widths (1 width == 6m). This is almost exactly that predicted 

by regime equations such as those by Thome and Hey (1986) where the meander arc length = 

6.31 channel widths. Concrete bar features separate the first and second channel stages and are 

predominantly located in pools on meander bends to simulate point bar features (Figure 2.7). 

These bars restrict the low-flow pool widths to 2 to 3m and have been planted with native 

species. Plant stability is aided by geotextile matting. Riffle widths are not constricted in most 

cases and are generally 6m wide which is the same width as the second stage of the channel. The 

longitudinal and cross sectional morphology suggests that many geomorphological criteria ware 

used in the design of this channel. A thin layer of sediment overlies the concrete bed morphology 

in the low-flow (first) stage of the channel.
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Figure 2.5 Aerial photograph of the rehabilitated Bell Green Gas Works site, showing the 
extent o f the original gas works, the location o f the previously culverted 
channel, and the location of the rehabilitated River Pool channel.
Photograph source: http://.www.Multimap.com (1999)
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Figure 2.6 Meandering 3-stage concrete channel at the Bell Green Gas Works site on the River Pool showing concrete point bars and pool-riffle morphology
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F igure 2.7 Locations o f the cross sections in the rehabilitated Bell Green reach.
Photograph source: http://.www.M ultimap.com (1999).
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2.3.2 Rehabilitated urban river site - Winsford Road boulder reaches. Pool River

Immediately downstream from the Bell Green site, the river follows a relatively straight course 

through a channel lined with wooden bank protection measures (Figure 2.8). The width of the 

low flow channel between these boards is a constant 7m. At discharges Wiere the stage rises 

above the toe-boarding, the water spills out to the base of the resectioned banks. The width of the 

flow at these stages can be variable through the site but averages at around 12m. The bankfiill 

width (Wb) is approximately 15 to 20m wide and approximately 3m above the bed. This channel 

size is estimated to accommodate a flood event with a return period of 50 to 100 years 

(Environment Agency, 1997).

To improve the habitat potential of this section, fish shelters have also been built into the river 

banks and boulders were placed within the low flow channel in 1997 to increase the habitat 

potential by encouraging form and flow diversity (Environment Agency, 1997). The section 

containing boulders is approximately 800m in length, and can be divided into two main reaches 

separated by the flume at Winsford Road (Figure 2.8). In the upstream reach, large boulders have 

been placed on the left and right hand sides of the channel in an alternating fashion (Figure 2.9 

and 2.10). In the downstream reach, the boulder clusters are found on the left hand side of the 

channel, the right hand side of the channel as well as on both sides of the channel at the same 

cross section (Figure 2.10).
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Figure 2.8 Aerial photograph of the rehabilitated boulder reaches on the Pool River 
showing the proximity and extent of nearby housing.
Photograph source: http://.www.Multimap.com (1999).
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Figure 2.9 Rehabilitated section o f the River Pool showing the boulder clusters.
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Figure 2.10 Locations o f  the cross sections in the rehabilitated boulder reaches.
Photograph source; http://.www.M ultimap.com (2000).
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2.3.3 Semi-natural* engineered urban river site - Ladvweli Fields. Ravensbourne River.

This section of river is selected for the study as the bed morphology has developed without the 

aid of restorative intervention. As such, the bed morphology represents a state which is in 

harmony with the urban environment. This semi-natural site is located on the Ravensbourne 

River, flowing from Catford Bridge through Ladywell fields to Ladywell Bridge (Figures 2.11 

and 2.12). The tree-lined channel selected is approximately 1.4km in length. This section of 

channel contains five major concrete structures along its length which can be used to divide the 

site into four reaches (Figure 2.11). These structures are mainly concrete bridge supports 

although a weir is also present.

The low-flow width is a relatively constant 7m, defined by the toe-boarded banks (Figure 2.13 a 

and b). These boards contain the low flow to a depth of approximately Im. As in the boulder 

reaches, flow overtopping the toe-boarding spills out to a width of -12m. The bankfull width is 

approximately 15 to 20m. Again, this channel size is estimated to cater for a flood event with a 

return period of 50 to 100 years (Environment Agency, 1997). Despite alterations to the 

planform (Figure 2.4) and cross-section (Figure 2.13), a pool-riffle morphology has developed 

(Figure 2.12).
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Figure 2.11 Aerial photograph o f the naturally developed section o f  the Ravensbourne
River showing the proximity and extent o f  nearby housing.
Photograph source; http://.www.M ultimap.com (1999).
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Figure 2.12 Section o f the Ravensbourne River in which a pool-riffle morphology has developed without restorative intervention
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Figure 2.13 Locations of the cross sections in the semi-natural Ravensbourne reach.
Photograph source: http://.www.Multimap.com (2000).
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2.4 Morphological analysis

2.4.1 Zero crossing technique

The zero-crossing technique involves fitting a mathematical function to the river profile data and 

ascribing the positive and negative residuals as riffles and pools respectively. Examples of the 

zero-crossing technique can be found in Richards, 1976a and b; Milne, 1982a and b; and Robert,

1997). Form characteristics derived by this technique depend on the length of the profile fitted as 

well as the type of function applied. Typically, 'simple' linear functions are applied to relatively 

short river sections determined, for example, by tributary junctions (e.g. Shepherd, 1985). 

Shepherd (1985) states that as profiles are near linear at this scale, curvilinear profile analysis is 

not required (citing; Broscoe, 1959; Strahler 1964). However, Tanner (1971) states that profile 

development in natural stream segments is exponential (or nearly so). Furthermore, Richards 

(1976b), advocates the use of second-order polynomials to detrend short river sections, as these 

may be better suited to remove any larger scale undulations in the profile.

This study applies linear, exponential, power, logarithmic and second-order polynomial functions 

to the study reach profiles. Describing profile shape with these functions has the added benefit of 

providing insight into the controls of the river system in equilibrium (Snow and Slingerland, 

1987), as specific shapes have been associated with specific hydrological and sedimentary 

characteristics (Sternberg, 1875; Gilbert, 1877; Krumbein, 1937; Shulits, 1941, Tanner, 1971). 

For example, based on an assessment of functional fits for natural rivers. Shepherd (1985) 

concludes that exponential functions best describe profiles ending downstream in aggradational 

areas. Furthermore, Shepherd (1985) states that logarithmic functions best describe profiles that 

terminate upstream at scarps of steep divides. Identifying specific shapes may therefore provide 

a basis by which longitudinal trends in pool-riffle characteristics can be explained. Mathematical 

functions are applied to the study reaches with the initial distance value set to 0. This heavily 

influences power and logarithmic fits as they are dependant on natural logs of the distance (Snow 

and Slingerland, 1987).

The ability of these fimctions to suitably detrend the river profiles can either be assumed (e.g. 

linearity in short reaches), or identified objectively through the coefficient of determination. The 

latter approach was taken by Shepherd (1985). This measure, commonly referred to as r ,̂ is a 

ratio between the square of the actual variability of the data, and the square of the variability 

predicted by a regression function. A trendline that runs through all actual data points has an r̂  

value of 1. Functions less able to describe relationships between the data have lower values.

Tolerance limits can also be employed with the zero-crossing technique in order to discriminate 

between 'significant' and 'insignificant' bedforms. Unfortunately, deriving an objective and 

appropriate tolerance value is not straightforward (O'Neill and Abrahams, 1984; Clifford and
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French, 1998; Carling and Orr, 2000). The application of any single value may also be limited 

depending on the nature and extent of morphological variability.

2.4.2 Bedform differencing technique

The bedform differencing technique, developed by O'Neill and Abrahams (1984), identifies pools 

and riffles based on their relative elevation from previously identified bedforms. A tolerance 

limit is used to discriminate between 'significant' and 'insignificant' bedforms, and is based on the 

standard deviation of the differenced bed elevation series. Consequently, this value can vary 

from site to site depending on the relationship between data collection interval and bedform 

character. In the development of this technique, O'Neill and Abrahams (1984) deemed it 

necessary to apply a multiplier value to the standard deviation value. Through applying a range 

of multiplier values to the standard deviation values generated by the rural morphology of their 

study site, a multiplier value of 0.75 was recommended as this was deemed to identify the most 

'realistic forms' based on a visual interpretation of the forms identified.

To identify bedforms with the differencing technique, the first upstream data point of a bed 

elevation profile is used as a base from which to start the analysis. This point is initially assumed 

to denote the location of a significant bedform. For example in Figure 2.14, point A is assumed 

to be a significant riffle. The significant downstream pool is identified as the lowest point in the 

data set between the riffle A, and the next highest point which also exceeds the tolerance limit 

from the pool just identified. For example. Pool D is the deepest point after the initial riffle A. 

As riffle E exceeds the tolerance limit from D, D is identified as the significant pool trough. 

'Pool' B was a potential pool as it exceeded the tolerance limit from riffle A. However, the 

deepest point was relegated to pool D, as the intervening 'riffle' C, does not exceed the tolerance 

limit from B.

Significance limit 
(standard deviation of 

I  the differenced series x 
multiplier value)

A  Significant riffle 

A. Insignificant riffle

#  Significant pool 

s  Insignificant pool

D
Figure 2.14 Identification of pool and riffle bedforms through the bedform differencing 

technique (based on O'Neill and Abrahams, 1984).
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2.4.3 I D serial modelling (the AR(2) model)

Serial analysis has been employed to describe statistically channel meandering phenomena 

(Fergusson, 1975). As pool-rifiQe sequences have been likened to meandering in the vertical 

scale (Keller and Melhom, 1978), these techniques are appropriate to objectively classify and 

statistically represent their pseudo-cyclic oscillation (Richards, 1976b, 1979). Clifford and 

French (1998) advocate the use of stochastic modelling to characterise pool-riffle morphology 

because of its relative objectivity and it views the morphology as a connected upstream 

downstream sequence.

Serial analysis assumes that an underlying systematic pattern exists within the data, as well as a 

random noise element (error) which makes the pattern difficult to identify. If a series can only be 

described though the statistical relationships between sequential terms, it is termed stochastic, 

and can be modelled with increasing confidence depending on the consistency and magnitude of 

dependency between the sequential terms. The data, in this case the pool-riffle profile, are 

assumed to be a realisation of a probabilistic process, and the stochastic model describes the 

statistical relationships between sequential terms in the discrete data series according to 

probabilistic laws (Richards, 1979).

The statistical relationships between sequential terms in the data series can he derived through the 

technique of autocorrelation, which assesses the degree of similarity a sequence has when 

compared to itself at successive positions or lags (Richards, 1979). Oscillating autocorrelation 

function (ACF) coefficients indicate that the profile is successively moving in and out of phase 

with itself when lagged at increasing increments. This periodic behaviour suggests that the 

profile may be best described by a higher order model incorporating a greater number of 

preceding data values as they are still statistically related (although to a progressively lesser 

extent).

A useful method to examine serial dependencies is to examine the partial autocorrelation 

functions (PACFs). This is an extension of autocorrelation, where the dependence on the 

intermediate elements (those within the lag) is removed. PACFs are therefore direct measures of 

the excess correlation not accounted for by lower order models (Richards, 1979). The partial 

autocorrelation provides a 'cleaner' picture of serial dependencies for individual lags (not 

confounded by other serial dependencies), and indicates the order of the most appropriate model 

(parsimony). The PACF plot can be used as a guide to indicate whether or not the modelled data 

can be considered to exhibit a definite periodic tendency which constantly changes in period and 

phase due to the disturbance by random shocks. For situations where the autocorrelation process 

is expected to display pseudo periodic behaviour, (in this case reflecting the possible nature of the 

generating process) a second-order process provides the best fit, being a combination of periodic 

and random elements (Melton, 1962; Richards, 1976b; Clifford, 1993b, Carling and Orr, 2000).
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A second-order autoregressive model is specified as:

Xn = 01 Xn.i + 02 Xn-2 + Cn (2.1)

where:
X = bed elevation at distance n
01 = a partial regression coefiBcient for a second-order process at lag 1 
0 2 =a partial regression coefficient for a second-order process at lag 2 
Xn_i = previous value (at lag 1)
Xo_2 = previous value (at lag 2) 
ê  = random component ('shock')

If the undulations in the bed morphology are to be considered as a realisation of an AR(2) 

process, then the second-order coefficients at lags 1 and 2 must satisfy certain stationarity 

constraints. If, for example, 0; = 1.5 and 02 = 1, two successive positive values in the series 

would be cumulated in a weighted sum to give the next value, which would deviate more 

markedly from zero than the initial two values (Richards, 1979). For stationarity, the (AR)2 

coefficients must satisfy:

02 +  0 ] <1

02 - 0] ^ 1

- 1 < 02 < 1  (2 .2)

If 0 < 02 < 1, then the process exhibits different type of behaviour depending on the sign of 0 j. 

If the stationarity requirements are met and 0] is positive, the process will tend to consist of 

successive 'runs' of observations of the same sign. This is because cumulating two positive 

values require a larger random shock value to 'throw* the series across to negative values 

(Richards, 1979). If however 0 < 02  < 1 and 0 i is negative, the process will tend to exhibit 

marked 'up and down' behaviour. This is because cumulating positive and negative values will 

produce a relatively small value which is easily 'thrown' by a random shock value. As a general 

rule, in cases wfiere -1 < 02 < 0, the ACF exhibits sinusoidal behaviour regardless of the value of

0]. However, if 0 , is also negative (-1 < 0] < 0), the random shock value results in the series 

oscillating around zero and disappearing. In cases wbere -1 < 02 < 0 and 0j is positive (0 > 0] >

1), the random component prevents the series from oscillating around zero and disappearing. 

Specifically, if:

01^ + 402 < 0 (2.3)

then the coefficients fall within the permissible regions for pseudo-periodicity.
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To prevent the series from oscillating around zero and disappearing, 02 must also be < 0. Should 

these criteria be met, the series represents a disturbed periodic model in which the behaviour is 

pseudo-oscillatory. The frequency of the process can be calculated through:

cos 271 f  = 01 (2^- 02)'̂  (2.4)

where f  is the number of cycles per unit time or distance in this case, and should be interpreted as 

an average value (Jenkins and Watts, 1968, p i66). The wavelength is determined by multiplying 

the period of the process (1/f) by the data sampling interval.

The degree to which the second-order model can explain the variance in the series can be derived 

from the first-order coefficients 'p’, which are simple regression coefficients at successive lags.

p / - 2p/pz + pẑ  X 100 (2.5)

1 - p /

where:
p' = first-order coefficient at lag 1 
p̂  = first-order coefficient at lag 2

In applying second-order autoregressive model to 8 rural bed profiles, Richards (1976) found the 

variance explained ranged from 40 to 98%, with an average of 70%. Clifford (1993b) found the 

second-order model to explain 72% of the variability in his rural data set and Milne (1982a) 

found the second-order model to explain 70% of the variability. The river profiles for this study 

are modelled by an AR(2) process using SPSS software (Version 9 for Windows, 1998).

2.4.4 Spectral analysis

The object of spectral analysis is to identify those frequencies (wavelengths) which contribute 

most to the variance of the series (Richards, 1979). Any series, no matter how complex can be 

considered as the sum of many simpler sinusoidal waves. Spectral analysis decomposes the 

series into sine and cosine waves of different frequency and amplitude. These are then 

partitioned according to the length of the intervals within which the variation occurs (Diggle, 

1990). A periodogram is the summary description based on a representation of an observed time 

series as a superposition of sinusoidal waves of various frequencies (Diggle, 1990). In other 

words, it is a plot of the contributions made to the total variance of a series by the oscillatory 

components in different frequency bands over a range of frequencies (Richards, 1979). A 

spectral density plot is a periodogram that has been smoothed to remove irregular variation. This
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representation is efifectiveiy another visual representation of the information supplied by the 

correlogram or the autocovariance fimction (Richards, 1976b). Variation spread evenly across all 

frequencies indicates 'white noise', whereas smooth series have more variation at low frequencies 

(Richards, 1976b). The simplest derivation of the spectral density function is by a discrete 

Fourier transform of the autocovariance function (Chatfield, 1984), at lags k = 0 to M.

M

f  (d)) = l/7t (Xo Co + 2 2  X̂ Ck cos Û) k) 
k = 1

(2.6)

where d) = Tcj/M, where j = 0, 1,2, ... .M. X-k represents the lag weights of a smoothing window to 

produce the spectral density plot (for this study a Tukey- Hamming window was applied over 5 

lags). If bed undulations arising from pool-riffle sequences prove to be a significant harmonic, a 

peak on the spectral density plot will allow for their frequency, period (1/frequency), and hence 

wavelength (period multiplied by the data collection interval in m) to be derived. The spectral 

density plots also allow for the identification of distinct wavelength groupings (Harvey, 1993 

pi 84) which may not be revealed through AR(2) modelling. Spectral analysis is conducted using 

SPSS software (Version 9 for Windows, 1998). A summary of the bedform identification 

techniques applied and the morphometric characteristics produced are presented in Table 2.1.

Technique Longitudinal pool-riffle characteristics identified

Zero crossing Spacing (averages, trends, frequencies) 

Asymmetry (averages direction, trends) 

Amplitudes (averages, trends, frequencies) 

Proportions (averages, trends, frequencies)

Bedform

differencing

Spacing (averages, trends, frequencies) 

Asymmetry (direction, magnitude, trends) 

Amplitudes (averages, trends, frequencies) 

Proportions (averages, trends, frequencies)

AR(2) modelling Average spacing

Spectral analysis Modal spacing

Table 2.1 Pool riffle identification/characterisation techniques applied in the present
study and the form characteristics derived.
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Prior to the identification and characterisation of pool-riffle sequences, the ability of the 

techniques to identify pool-riffle morphology is investigated. As the bedform identification 

techniques are sensitive to variations in profile and/or bed form character, reaches of consistent 

morphological character are required. This study employs local boundary hunting techniques to 

identify any 'natural breaks' in river form and hence guide the spatial application of the bedform 

identification techniques.

2.4.5 Local boundary hunting

Local boundary hunting involves a similar methodology to a moving average approach, allowing 

for general trends and breaks in morphological characteristics to be identified. Instead of simply 

averaging characteristics, the fimction applied can be adapted to identify specific types of 

morphological variation. The number of data points included at any one time can also be 

adjusted to increase or decrease the sensitivity of the technique to variations in the data. For 

example, to identify boundaries in profile slope, the 'window span' may be increased to counter 

smaller scale variability such as that associated with pool-riffle sequences. This study develops a 

range of fimctions and applies them at a variety of spatial scales to the study sites in order to 

identify 'natural breaks' in the bed morphology.

2.4.6 Morphological data acquisition

The bedform identification and characterisation techniques listed in Table 2.1 rely on the 

collection of data which accurately represent longitudinal river bed morphology (pool-riffle 

sequences in this case). Centreline and thalweg elevation recordings of the Clyne River were 

surveyed with a Topcon automatic level in September 2000. Based upon a prior assumption of 

bedform characteristics and a theoretical examination of required data quality (section 3.1.1 and 

3.1.2), the longitudinal morphology was sampled at intervals equalling half the bankfull width for 

the alluvial river site. A bankfull width of 6m was derived fi-om six cross sections located at 

semi-regular throughout the alluvial river study site. Through plotting the width depth ratio (w/d) 

against depth, the bankfull level was identified as the height at which w/d is a minimum 

(following Williams, 1978).

Centreline and thalweg elevation recordings of the rehabilitated reaches on the Pool River, and 

the semi-natural reaches of the Ravensbourne were surveyed with a Topcon automatic level in 

July and August 1999. Due to the possible sensitivity of the techniques to variations in data 

quality, data resolution has to be comparable to that collected in a natural alluvial river. 

Identifying a comparable data sampling interval is extremely difflcult as the urban channels have 

been altered in cross-section. The interval for the urban river site was initially based on the
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conservative assumption that the bankfull width in the natural alluvial river was analogous to the 

smallest urban width in terms of influence on bedform character. Consequently, data for the 

urban reaches were sampled at intervals equal to half the low flow width. This provides an 

opportunity for subsequent degradation of the data set (if necessary) so the natural alluvial and 

urban river morphologies are similar in terms of data quality.

2.5 Hydraulic analysis

2.5.1 Pool-riffle maintenance and the velocity reversal hypothesis

One of the objectives of this research is to examine the ability to recreate the velocity reversal 

mechanism in the engineered urban river channel. This is investigated by comparing flow 

velocity measurements obtained at a variety of discharges between sequential pool-riffle units. 

To investigate the suitability of recreating the velocity reversal mechanism in an engineered 

urban river system, this study also assesses its occurrence, ubiquity and nature with respect to 

pool-riffle sequences which have developed in such environments without the aid of restorative 

intervention.

Cross sectional locations for the rehabilitated reaches were located at sites intended to function as 

pools and riffles, as the purpose of the analysis is to assess how the rehabilitated bedforms 

function. The cross sections for both form and flow were perpendicular to the channel centreline. 

Measurement locations and cross sectional morphologies for the rehabilitated reaches are 

presented in Figures 2.7 and 2.10. Cross section locations for the semi-natural urban reaches 

were located at sites where the bedforms were identified through the bedform identification 

techniques as well as an examination of the water surface slope at low flow. Measurement 

locations and cross sectional morphologies for these reaches are presented in Figure 2.13.

Each cross section was divided into 6 equal width sections (based on the low-flow width) 

providing 5 locations used to locate the velocity profiles. An electromagnetic current meter 

(EMCM, Valeport model 802) oriented in a stream wise direction (perpendicular to the banks) 

recorded both longitudinal (streamwise) and lateral (cross sectional) flows at 0.6 x depth to give 

an estimate of the depth-averaged velocity. The EMCM data were obtained at 16Hz raw, and 

averaged over a 30 second period.

Flow characteristics were obtained for all pool-riflfle bedforms at a variety of discharges in the 3 

urban study reaches. In order to determine whether the velocity reversal mechanism is 

responsible for maintaining river bedforms, it is necessary to sample discharges at least up to 

bankfull. Sampling flows to this level are required as it is reasonable to assume that any 

differences in cross-sectional pool-riffle morphology may be at a maximum. Unfortunately,
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given the extensive engineering and possible alterations to the hydrological regime, it is unlikely 

that the bankfull levels in these urban river channels which are constructed to transport the 50 

year flood have the same relationship with the pool-riffle morphology as bankfull widths in 

natural river channels. For this study, the highest flow stage deemed to be of possible 

morphological significance was selected based on a combination of hydrological as well as 

morphological cues. This selection process is detailed in the thesis. Low flow conditions were 

also sampled (baseflow), as were flow conditions between low and high. Sampling these 

'intermediate' flows provide a more detailed impression of flow character with stage.

Cross-sectional areas at different flow stages were also identified for all pools and riffles as an 

aid to explain any identified flow reversals. For pool-riffle area calculations, elevation recordings 

were taken at regular intervals across the channel and at major breaks in morphology. Each cross 

section was typically represented by 20 elevation recordings.

2.5.2 Flow diversity and behaviour

The hydraulic data is also used in addition to the longitudinal morphological analysis, to assess 

flow diversity and behaviour associated with different types and styles of pool-riffle sequences at 

different stages. This provides a basis by which the relative ecological benefits of an enhanced 

over a naturally developed bed morphology can be evaluated. It also provides a basis for 

comparing the relative flow behaviour and ecological benefits provided by the two distinct styles 

of rehabilitation approach used in the Pool River. To compare cross sectional pool and riffle flow 

characteristics at different discharges, measures which are independent of scale are required. 

This study applies two such measures, one directed toward assessing cross sectional asymmetry 

and one toward cross sectional diversity. The asymmetry ratio, 'a', relates the mean flow velocity 

on one side of the cross section to that on the other.

a = v ,rv , (2.7)

where:
V, = mean velocity (an average of the two velocity recordings made near the left bank)

= mean velocity (an average of the two velocity recordings made near the right bank)

Milne (1982b), applies a similar measure to assess variations within and between pool-riffle 

bedforms in a natural gravel bed river. For the present study, the recording made in the centre of 

the channel is omitted for the assessment of asymmetry ratios. The diversity measure, 'b', relates 

the sum of the recorded velocities made in each cross section to the average velocity in the cross 

section.
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b = v /  + \ 2  + V3̂  + V4̂  + Vŝ  (2.8)

V^*n

where:
V = depth averaged velocities recorded across the section (5 verticals, v, to V 5)

V = average velocity for all cross sections 
n = number of recordings (in this case 5)

Values nearing unity indicate uniform form or flow. Progressively higher values are associated 

with increasing lateral diversity. This is a more involved measure than those for asymmetry as it 

identifies variability between all values. Clifford and Richards used this equation to study the 

relative behaviour of pools and riffles in a natural alluvial river (1992, p54. Figure 2.6). They 

found the flow to be less diverse in riffles relative to pools. Furthermore, for both pool and riffle 

bedforms, cross-sectional flow diversity was observed to be relatively high at low discharges, and 

relatively low at high discharges.

B oth asymmetry ratios and diversity measures are independent of scale. These measures allow 

for flows at different stages to be compared, as well as flow characteristics derived from different 

reaches. Unfortunately, the fact that they are not scale-dependent means that they may not 

identify aspects of variability between pools and riffles which may be ecologically important. 

For example, although the flow velocities in the riffle cross section in Table 2.2 have a larger 

range of values than the pool, the diversity coefficients and asymmetry ratios are the same.

Asymmetry ratios and diversity measures are also potentially more erratic when applied to small- 

scale variations in form and flow. For example, form characteristics from riffle sites are more 

sensitive to ratio measures, as these cross sections are relatively symmetrical. A small degree of 

sampling error will, therefore, have a greater impact relative to the same amount of error on 

asymmetrical pools. Flow characteristics are also affected. Ratios for intermediate and high 

flows are relatively stable, in that if they were recorded again, ratios would remain similar. In 

contrast, measures derived from low flow recordings are less stable, as aspects such as equipment 

limitation have more of an impact (accuracy of EMCM = ±0.05m®"', Valeport Model 802 

operation manual, 1998, pp 6). Given the small numbers involved at low flow, the values of the 

ratios produced could also be extremely high.
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Average flow velocity (m®"')
Data collection position Pool Riffle
V3 from left bank 0 0
% from left bank 0.1 1
Mid channel 0.2 2
% from right bank 0.3 3
V3 from right bank 0.4 4

Diversity coefficient 2.5 2.5

Asymmetry ratio 0.14 0.14

Table 2.2 Similarity in diversity and asymmetry ratio coefficients as they are independent
of scale.

Another difficulty with asymmetry ratios relates to the division of alternating lower and higher 

denominators and numerators as the flow meanders throughout the channel. The analysis could 

always divide the higher value by the smaller value, although the directional components to flow 

and form would be lost. Logging the values or graphically representing the values 

logarithmically overcomes this problem. However, where reverse flow occurs in the cross 

section (i.e. recirculating flow moving upstream), negative values arise which cannot be plotted. 

This preferentially sensitises the low flow data collected in pools. These aspects of data 

collection and analysis make it difficult to characterise flow behaviour and compare behaviour in 

different reaches.

Scale-dependent measures do not suffer from the limitations outlined for the ratio measures. 

However, these measures are not directly comparable between flows of different magnitudes as 

they will tend to increase with discharge. Bearing this in mind, scale-dependent measures can 

provide insights into the behaviour of pool and riffle flow at different stages. This behaviour can 

also be related to that identified in other reaches if it is assumed that the three recorded flow 

stages (low, intermediate and high) are broadly comparable in terms of occurrence for those sites. 

For this analysis, another asymmetry measure 'c' is applied. However, instead of dividing flow 

velocities recorded on either side of the channel, they are subtracted.

C =  V ; -  Vr (2.9)

where:

V] = mean velocity (an average of the two velocity recordings made near the left bank) 
Vr -  mean velocity (an average of the two velocity recordings made near the right bank)
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In addition to these flow characteristics, cross sectional form characteristics of the pool-riffle 

units are also assessed in terms of asymmetry (ratios and magnitudes) as well as diversity. This 

morphological assessment is based on the 5 cross sectional recordings of flow depth at low flow 

(and only at low flow). These measurements were sampled at the same time the low flow 

velocity recordings were made and assume the cross sectional water surface is horizontal (i.e. no 

super elevation at baseflow or excessive drawdown). To reduce the effect of the variable water 

depths between pool and riffle bedforms, the shallowest depth recording is set to zero in each 

cross section. For the cross sectional flow recordings, ratio measures were potentially more 

erratic when characterising the pool velocities at low flow. For these form recordings, ratio 

measures are potentially more erratic wiien characterising riffle cross sections. This is due to the 

relatively small differences in cross sectional elevation in comparison to the pools. A summary 

of the morphological and hydraulic indices used in this investigation is presented in Table 2.2 and 

2.3.

Morphological analysis conducted on river long profiles (Section 2.4)

• Local boundary hunting (Section 2.4.5).

• Zero-crossing technique (Section 2.4.1).

• Bedform differencing technique (Section 2.4.2).

• AR(2) modelling (Section 2.4.3).

• Spectral analysis (Section 2.4.4).

Natural alluvial Rehabilitated non-alluvial Naturally developed non-alluvial

Clyne River Pool River Ravensbourne River

Task: Task: Task:

• Identify local boundaries in • Identify local boundaries in the • Identify local boundaries in the profile

the profile profile • Assess pool-riffle morphology at a variety

• Assess pool-rifiQe 

morphology at a variety of 

scales.

• Assess pool-riffle morphology at 

a variety of scales.

of scales.

Objective: Objective: Objective:

• Insight into diversity of •  Insight into ability to recreate • Insight into naturally developed non-

natural alluvial river form. natural alluvial river form. alluvial river form.

• Provide a basis for • Highlight pros and cons of • Provide a basis for assessing form

‘natural’ design adaptation. current approaches (including the 

ability to create a diverse habitat). 

• Provide a foundation for design 

improvements.

diversity (habitat potential) and hence 

necessity of enhanced intervention.

• Provide a basis for harmonious design 

principles (integration).

Table 2.2 Summary of morphological investigations carried out in the present study to
river long profiles.
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Morphological and hydraulic analysis conducted on pool-riflle cross-sections (Section 2.5.1 and 2.5.2)

• Cross-sectional area variation with stage (Section 2.5.1).

• Cross-sectional flow velocity with stage (Section 2.5.1).

• Cross-sectional form and flow asymmetry (ratio) with stage (Section 2.5.2).

• Cross-sectional form and flow asymmetry (magnitude) with stage (Section 2.5.2).

• Cross-sectional form and flow diversity with stage (Section 2.5.2).

NB: Cross-sectional form and flow characteristics are not required from the natural alluvial 

Clyne River site as: a) diversity measurements are used to assess the relative benefits of enhanced rehabilitation 

as opposed to natural recovery and, b) there is already much data on the velocity reversal mechanism in natural 

river environments.

Rehabilitated non-alluvial 

Pool River

Task:

• Evaluate the potential for velocity reversal (identify 

area reversals).

• Identify cross-sectional pool-riffle form and low 

characteristics with stage.

Objective:

• Insight into ability to recreate form.

• Insight into ability of implemented form to support 

form maintenance processes (velocity reversal).

• Insight into ability to recreate processes responsible 

for form maintenance (specifically velocity reversal).

• Highlight pros and cons of current approaches 

(including the ability to create a diverse habitat).

• Provide a focus for design improvements.

Naturally developed non-alluvial 

Ravensbourne River

Task:

• Evaluate the potential for velocity reversal (identify 

area reversals).

• Identify cross-sectional pool-riffle form and low 

characteristics with stage.

Objective:

•  Insight into naturally developed non-alluvial river 

form and form maintenance processes (velocity 

reversal).

•  Provide a basis for assessing form diversity (habitat 

potential) and necessity for enhanced intervention.

•  Provide a basis for harmonious design principles 

(integration).

Table 2.3 Summary of morphological and hydraulic investigations carried out in the
present study to pool-riffle cross-sections.
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CHAPTER 3

Identification of pool-riffle morphology at the reach and sub-reach scale: 

an analysis of four morphological bedform identification techniques.

The ability to recreate a natural pool-riffle morphology is, in part, dependent on the ability to 

identify accurately these bedforms in the field. A range of techniques has been developed for this 

purpose (Table 1.5), along with a range of methodological approaches. However, the 

comparability between the techniques is largely unknown, as is their sensitivity to 

methodological and morphological variability. This chapter provides a theoretical and practical 

examination of four morphological bedform identification techniques in order to assess their 

relative ability to identify pool and riffle bedforms in an accurate and consistent manner. The 

practical examination is conducted on morphological data obtained fi-om the River Clyne, South 

Wales. The sensitivity of these techniques is evaluated with respect to variability exhibited by 

the following morphological parameters;

• Bedform wavelength and amplitude

• Profile slope

• Longitudinal bedform shape

• Cross sectional bedform shape

3.1 Bedform wavelength and amplitude

3.1.1 Theoreticailv obtaining a representative data set

The four morphological bedform identification techniques all rely on the provision of a data set 

which accurately represents the longitudinal bed morphology. Simply stated, a lower resolution 

data set reduces the potential for smaller scale forms to be identified, as they are progressively 

smoothed out. Given the time needed to collect data, a balance needs to be struck whereby an 

adequate resolution is obtained for the features of interest for a reasonable degree of effort.

For periodic functions, no information is lost due to aliasing if the sampling rate is at least twice 

that of the signal of interest (Nyquist, 1928; Figure 3.1a). In terms of identifying the 

topographical highs (riffles) and lows (pools) in a river system, a resolution of 0.5X may, 

therefore, seem appropriate. However, depending on the location of the initial measurement, an 

interval distance equalling 0.5X has the potential to fall in between crests and troughs. This
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would result in the complete removal of topographical undulations (Figure 3.1b). The sampling 

interval must, therefore, be lower than 0.5X,. To cater for circumstances Wiere the initial measure 

is made halfway between trough and crest, the lowest resolution must be at least equal to 0.25X,.

a)
Theoretically for a periodic 
function:

a signal

sampled twice per cycle

has enough information

to be reconstructed.

b)
Initial measurement

(worst case) Sampled morphology (0.51)

Actual morphology

However, this depends on 
the location of the initial 
measurement.

Sampled morphology (0.251)

Actual morphology

Figure 3.1 a) Theoretical minimum data sampling resolution and the Nyquist frequency,
b) Practical minimum sampling resolution.
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The necessity for a minimum data sampling interval of 0.251 can be evaluated through serial 

analysis, specifically the application of an AR(2) model to an artificially generated sine vyave. 

Table 3.1 shows how, for a sine wave, periodicity breaks down when the data sampling interval 

exceeds 0.251. At an interval of 0.251 1, the coefficients still fulfil stationarity requirements 

(equation 2.2) as well as equation 2.3. The data, therefore still fall within the permissible regions 

for pseudo-cyclic behaviour. However, as 02 > 0, the periodicity is weak, and the random shock 

value results in the series oscillating around zero before quickly decaying toward zero.

A sampling interval of 0.251 is therefore the minimum resolution required to adequately 

represent the wavelengths. However, this resolution can still result in a significant reduction in 

actual form amplitudes (form smoothing. Figure 3.2). With a sampling interval of 0.251, sine 

wave amplitudes are reduced by 29% (worst case where the initial measure is 0.1251 fi’om the 

riffle crest). If the resolution is doubled to 0.1251, the maximum possible amplitude lost to 

profile smoothing reduces to 7.5% (worst case where the initial measure is 0.06251 fi-om the 

riffle crest. Figure 3.2). For bedform identification techniques Wiich assess pool depths and riffle 

heights based on relative elevations (i.e. pool depth is the vertical elevation distance measured 

fi-om the trough to the downstream riffle crest), over half the actual depth can be effectively 

removed with a sampling interval equalling 0.251, and 15% with a sampling interval of 0.1251 

(figures based on the smoothing of a sine wave).

Artificial sine wave with a 6.28m wavelength

ARIMA 2 0 0. Reach scale profiles detrended by second order polynomials 

Data collection interval (m) 0.1m 0.2m 0.5m Im 1.57m 1.58m

Data collection interval (1) 0.021 0.031 0.081 0.161 0.251 0.2511

Correlation coefficients 

01 1.989 1.960 1.754 1.081 0.143 -0.059

02 -0.999 -0.999 -0.999 -0.999 -0.940 -0.936

Satisfy stationarity? Yes Yes Yes Yes Yes Yes

0]^ + 402 < 0 = Pseudo periodic? Yes Yes Yes Yes Yes Yes

Different sign? Yes Yes Yes Yes Yes No

Wavelength (m) 6.3 6.3 6.3 6.3 6.3 —

Table 3.1 For an artificially generated sine wave of wavelength, periodicity breaks down
when the data sampling interval exceeds 0.25 1 (the fi-equency 'f  of the process 
is determined by Equation 2.4, wavelength in m = (1/f) x data collection 
interval.
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Figure 3.2 Maximum amplitude smoothing of a sinusoidal morphology with a sampling 
interval equalling 0.251 and 0.1251.

3.1.2 Data sampling resolution and the pool-riffle sequence

Sampling morphological data at a consistent resolution is essential, as at lower intervals the data 

quality degrades quickly to a state where the morphology of interest can be effectively smoothed 

out (from 0.251 to 0.51). In addition, the bedform identification techniques are sensitive to data 

collected at resolutions finer than 0.251. This compromises the comparability of form 

characteristics. In order to map pool-riffle morphology in a consistent manner, the data 

collection interval needs to be based on a channel parameter deemed to exert a dominant control 

on their development. Commonly, this is considered to be bankfull width (wy), based on a 

consideration of the frequency and magnitude of channel forming events (Wolman and Leopold, 

1957; Wolman and Miller, 1960).

The dominance of the bankfull width on bed forming processes is, however, questionable. Baker 

(1977), and Pickup and Warner (1976), for example, identified less frequent flows (those above 

the bankfull width) with doing 'most work', where work relates to the amount of sediment 

transported. Conversely, Harvey (1975), identified more frequent flows (those below the 

bankfull width) with doing the 'most work'. Carlston (1965) also found that higher frequency 

discharges were statistically better associated with variations in meander wavelength. Nash 

(1994), identified six different basic types of effectiveness curve, with the recurrence interval of 

the 'effective' flow varying in relation to considerable inter-basin diversity in discharge and 

sediment characteristics. Using the bankfull width to guide data collection may not, therefore, 

provide data sets of comparable resolution.
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There is also no consistent method for identifying the bankfiill width, although a range of 

approaches have been devised (Knighton, p i64, 1998). Williams (1978), defines the bankfull 

width as the point at which the width : depth ratio (w/d) becomes a minimum. This method, 

when applied to cross-sectional in the Clyne River, reveals the bankfull width of 6.15m for a 

riffle and 6.61m for a pool (Figure 3.3).

A long standing assertion is that pool and riffle bedforms are spaced on average at around 5 to 

7Wb (pool to pool and riffle to riffle, Richards, 1978a). This follows field investigations such as 

those by Leopold and Wolman, (1957); Leopold et al, (1964); Keller, (1972); Keller and 

Melhom, (1978). Based on the lowest resolution necessary to represent bedform undulations 

(0.251), and assuming that 1 bedform wavelength equals 6wy, the sampling interval distance 

should be set to equal 1.5wb. However, when applied to the Clyne River, a sampling interval of 

1.5wb removes bedforms which could be considered significant in terms of elevation (relative to 

the original data set sampled at 0.5wb). For their 1984 study, O'Neill and Abrahams use a slightly 

higher resolution of Iwb. This interval should represent pool-riffle bedforms with wavelengths 

equalling 4wb. When applied to the Clyne River, a sampling interval of Iwb also removes 

bedforms which could be considered significant in terms of elevation (relative to the original data 

set sampled at 0.5wb; Figure 3.4)

Sampling the Clyne profile at intervals equalling Iwb also inhibits morphological analysis with an 

AR(2) model, though a finer resolution of 0.5wb can be modelled. This suggests that the pseudo 

periodic tendencies reflect a wavelength longer than 2wb (for which data are sampled at 0.5wb), 

and shorter than 4wb (for which data are sampled at Iwb). Using an AR(2) model the actual 

wavelength revealed for the reach in Figure 3.4 was 3.3wb. This correlates well with studies on 

other river systems which reveal modal bedform spacing to be around 3wb (Leopold et a l, 1964; 

Keller and Melhom, 1978; Milne 1982a; Grant et a l, 1990; Clifford, 1993b).

Assuming that the modal bedform wavelength in most river systems equals 3wb, the maximum 

permissible sampling interval should equal 0.75wb. This interval however, will still effectively 

smooth bedform wavelengths < 3wb. This tendency will always be apparent no matter what 

interval is used, although it should be removed as much as practicable around the most frequent 

undulation. Collecting morphological data at intervals equalling 0.5wb allows for bedforms 

undulating at a wavelength of 2Wb to be mapped wfiilst still allowing for relatively quick data 

collection. As this recommended sampling interval assumes that bedforms undulating at 

wavelengths less than 2wb are relatively insignificant, its acceptance may not be universal. For 

example. Grant et al, (1990) suggest that bed features spaced at intervals equal to 1 channel 

width are morphologically important. If this is correct, a sampling interval of 0.25wb is required.
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Figure 3.3 Identifying the bankfull width in the Clyne River.
a) Cross-section of a riffle 'a' in the Clyne River (upstream view, axis equal).
b) Cross-section of a pool 'b' in the Clyne River (upstream view, axis equal).
c) w/d plot of riffle 'a'. Minimum ratio identifies Wy at 6.15m.
d) w/d plot of pool 'b'. Minimum ratio identifies Wy at 6.61m .
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Figure 3.4 Bedform smoothing associated with a data collection interval equalling 
bankfull (Clyne reach morphology).

The implications of sampling bed morphology at intervals equalling O.Swy as opposed to Iwy are 

clear for modelling with an AR(2) process, as the larger sampling interval effectively removes 

any underlying periodicity (Table 3.1). In the case of spectral analysis, variations in the sampling 

interval are less clear as only certain bedforms are affected. For example, bedforms from reach 4 

in the Clyne characterised in spectral density plots with wavelengths of 3.8wy are relatively 

unaffected by increases in the sampling interval from 0.5wy to Iwy. This is because these 

bedforms are still adequately represented by the coarser sampling interval. However, bedforms 

undulating at shorter wavelengths are affected by the coarser data sampling interval (Figure 3.5). 

As these smaller bedforms are smoothed out by the coarser resolution, apparent bedform spacing 

increases and the clarity of the peak reduces. The reduction in peak clarity will vary depending 

on the wavelength of the bedforms. In theory, bedforms undulating at Iwy could be completely 

removed if sampled at intervals equalling 0.5wy.
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Figure 3.5 Spectral density plots for reach 4 of the Clyne River showing the variation in 
dominance and wavelength of the prominent bed form, with changes to the data 
sampling interval.
a) 0.5wb (3m) data sampling interval, two clear peaks evident.
b) 1 Wb (6m) data sampling interval, peak representing more closely spaced 
bedforms is less clear.

For the zero-crossing technique, varying the sampling interval form 0.5wb to 1 Wb has a dramatic 

effect on the number of bedforms identified. On average, the higher resolution set identified 50% 

more bedforms in the Clyne River reaches relative to the lower resolution data set. On a reach- 

by-reach basis, these differenced are highly erratic, ranging from 10% to over 100% (Figure 3.6). 

The presence of low amplitude 'insignificant' bedforms, which would be preferentially removed 

from the coarser data set, could confound this comparison of variable data resolutions. However 

the magnitude of the variation between the different data resolutions is similar when tolerance 

values of 0.1m and 0.2m are applied to both data sets (Figure 3.6). The range of values 

associated with the two data sampling intervals complicate any interpretations made on the 

robustness of zero-crossing studies which sample bed data at the larger interval. Milne (1982a 

and b) for example, does not state the data sampling interval used. Consequently, if Milne 

sampled the bed profile at intervals equalling the bankfull width, the average pool-riffle spacing 

value of 7.5wb could be an underestimate by 10 to over 100%.
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The sampling interval is especially important for the bedform differencing technique, as the 

tolerance values used to distinguish between significant and insignificant bedforms is based on 

the standard deviation of the differenced series. In the development of this technique, O'Neill and 

Abrahams (1984) recommend that the standard deviation of the differenced series should be 

multiplied by 0.75 to produce an appropriate tolerance value. This value was selected in a highly 

subjective fashion, based on the identification of 'realistic' pool-rifile bedforms. Unfortunately, 

O'Neill and Abrahams sampled their data at resolutions equalling Iwy. As noted previously, this 

resolution is not recommended as it does not sufficiently represent bedforms wdiich undulate at 

3wb (the assumed modal spacing value for natural alluvial river systems Clifford and French, 

1998). For a data set sampled at resolutions equalling the recommended 0.5wy, the tolerance 

value multiplier recommended by O'Neill and Abrahams may no longer be appropriate.

To identify an appropriate multiplier value for a data set sampled at the recommended 0.5wy 

resolution, the standard deviation of the differenced series is calculated for both the centreline 

and thalweg profiles of the Clyne River reaches. Multiplier values of 0.75, 1, 1.5 and 2 were 

subjectively selected based on their relative impact on bedform identification. These multiplier 

values were applied to the standard deviation values to obtain a final tolerance value. The 

bedforms identified with these tolerance values are presented in (Figure 3.7). Although highly 

subjective, a multiplier of 1 (i.e. none) is the most appropriate single value which identified 

'realistic' bedforms in all Clyne reaches.

For the bedform differencing technique, a data sampling interval of 0.5wy and multiplier value of 

1, is recommended over O'Neill and Abrahams sampling interval of Iwy and multiplier value of 

0.75. The universality of these recommended tolerance value multipliers is, however, 

questionable, since the relationship between bedform character and data sampling interval can 

vary both within, as well as between, river systems. For example, for most of the lower Clyne 

reaches (5, 6, 7 and 8) a multiplier of 1.5 seems appropriate, vdiereas for the upper reaches (1,2, 

3 and 4) a multiplier of 1 (i.e. none) seems appropriate. Unfortunately, levying different 

multiplier values for the different reaches fiirther compromises the objectivity of the techniques 

and the comparability of the morphology.

At a more fundamental level, the fact that 'realistic' bedforms are identified in the Clyne reaches 

with different multiplier values indicates an inconsistent relationship between bedform character 

and the sampling interval. The sampling interval for this study is consistently based on the 

bankfull width, which is constant throughout the Clyne study site (6m). Consequently, the 

bankfull width cannot have a uniform influence on bedform character throughout the Clyne 

River. Keller and Melhom also observed this lack of association, as 30% of the variation in their 

pool-riffie spacing could not be explained by variations in channel width (1978). Other 

morphological influences have also been noted to affect pool-riffie sequences such as the 

predominant sediment cycle (Lisle, 1982), the presence of large woody debris (Montgomery et
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a/., 1995), channel obstructions such as boulder outcrops (Thompson and Hoffinan, 2001) and 

channel slope (Hey pers comm with Shields, 1996). These influences all reduce the ability to 

map the bed morphology in a consistent manner, and hence provide data sets of comparable 

resolution.

Hey ipers comm with Shields, 1996), recommends that if restored morphology is to mimic 

natural river morphology, bedforms on steeper slopes should have shorter wavelengths (4wy) than 

those on shallower slopes (8wb). If a natural river system exhibiting these morphological 

characteristics were sampled at O.Swb, the upstream bedforms would be subject to a maximum 

amplitude loss of 7.5%, whereas downstream bedforms undulating at 8Wb would be subject to a 

maximum amplitude loss of only 1.9% (based on a sinusoidal morphology). Bedform amplitudes 

would, therefore, seem to increase downstream by 5 to 6%. As a result of this amplitude 

variation, bedforms upstream will also have less chance of being identified relative to those 

downstream. Actual downstream increases in bedform spacing will, therefore, be less than the 

identified increase in bedform spacing. This effect would be further exaggerated if a single 

tolerance value were applied over the whole site, as the upstream bedforms would be rendered 

insignificant in preference to those downstream.

To reduce the variability in data quality, other parameters such as catchment area, discharge or 

channel slope could be used in addition to channel width to help derive a locally appropriate 

sampling interval. Unfortunately, the precise nature and ubiquity of their influence on bedform 

character is unknown. These additional parameters would also reduce the ease of data collection. 

Other factors such as woody debris can also affect bedform character, as can other less readily 

identifiable influences such as system maturity (Fujita and Muramoto, 1985). Consequently, 

assuming the impact of these factors beforehand in order to adjust the data sampling interval in 

the field will complicate any evaluation.

The bedform differencing technique is particularly sensitive to variations in data quality as the 

tolerance value is based on the standard deviation of the differenced series. If the bedforms vary 

purely as a result of amplitude variation (as in Figure 3.8a), using the standard deviation of the 

differenced series to produce a tolerance value can be considered appropriate as it produces a 

measure relative to the amplitude of the bedforms. However, as the standard deviation of the 

differenced series also varies with bedform wavelength (Figure 3.8b), forms of similar amplitude 

can produce different tolerance values. If bedform spacing increases downstream from 4wy to 

8wb, the tolerance value levied on the downstream bedforms will be half that levied on the 

upstream bedforms, even if amplitude characteristics are similar throughout (Figure 3.8b). 

Furthermore, it is possible that increasing bedform amplitude can be countered by increases in 

bedform wavelength. Similar tolerances values can, therefore, be levied on bedforms of differing 

amplitude and hence differing significance (Figure, 3.8c).
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Figure 3.8 a) Plot showing the increase in standard deviation of the difference series in 
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These wavelength-amplitude complications can be found in reaches of the Clyne River. For the 

two consecutive reaches selected in Figure 3.9 and Table 3.2, the standard deviation of the 

differenced series is the same. However, when this value is applied to the reaches, riffles in the 

upper reach are 0.12m (25%) higher' (pool depth to riffle crest) than the riffles in the lower 

reach. The similar tolerance value arises as the bedforms in the upper reach are also longer. The 

bedforms in both reaches are, therefore, similar in proportion (height ; length ratio). As the data 

sampling interval is constant, a similar tolerance value is generated by bedforms of differing 

amplitude, and hence significance (as in Figure 3.8c). These morphological variations have 

serious implications for the integrity and comparability of morphological characteristics derived 

through the bedform differencing technique both within and between systems.
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Figure 3.9

Distance dow nstream  (m)

Pool-riffie morphology of 2 consecutive Clyne River reaches

Reach Average riffle Average riffle Riffle height as a Standard deviation of

spacing (m) height (m) % of riffle length the differenced series

Upper reach 23.4 0.57 2.5 0.23

Lower reach 17.4 0.45 2.6 0.23

Table 3.2 Riffle form characteristics derived through the bedform differencing technique
for the 2 different reaches of the Clyne River. Despite variable form 
significance the tolerance values generated are the same.
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3.2 Bedform variability in the Clyne and the need for local boundary hunting

Bedform variability in the Clyne River is evident at many different scales, even though the 

bankfull width was 6m throughout and the bed profile was consistently sampled at 3m intervals. 

This can clearly be seen from the differenced series in Figure 3.10, with form variability between 

0 to 100m and 100 to 400m nested within larger scale trends such as the one between 0 and 

2300m. These variable bedform characteristics have important implications for the bedform 

identification techniques as they affect both data quality and data analysis.

Data quality implications have been discussed, especially in relation to variations in bedform 

wavelength. With respect to data analysis, variations in wavelength and amplitude are important, 

as the bedform identification techniques do not easily handle spatial trends in form 

characteristics. AR(2) modelling, for example, demands that the data set is homoscedastic 

(stationarity in variance). For spectral analysis, trends in form wavelengths will broaden the 

peaks in the spectral density plots and thereby inhibit the accurate identification of any single 

wavelength. For the bedform differencing technique and the zero-crossing technique, trends in 

form amplitude compromise the suitability of applying any single tolerance value over large 

distances. Given that the integrity of data analysis is compromised by trends in bed morphology, 

the integrity of the bedform identification techniques can be improved if river profiles are 

evaluated in a series of reaches rather than as a whole. Characterising morphology at these 

shorter scales may also be more appropriate in terms of restoring river environments, as the reach 

is the preferred management unit (Newson, 1995).
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Figure 3.10 The differenced series for the centreline profile for the Clyne River as well as a 
running standard deviation averaged over a 500m distance. Data collected at a 
constant interval (0.5wy).
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3.3 Profile slope variability in the Clyne and the need for local boundary hunting

Bedform identification techniques such as zero-crossing, autocorrelation and spectral analysis, all 

require the profile slope to be removed. However, as river profiles may adjust to localised 

disturbances such as tributary junctions or geological phenomena, simple mathematical functions 

may not be able to adequately characterise the longitudinal morphology if applied over large 

distances. Consequently, the integrity of these bedform identification techniques can be 

improved if more complex mathematical functions are applied, or if the form variability is 

reduced by segmenting the system into series of smaller reaches (Figure 3.11). Shepherd (1985) 

advocates profile division, suggesting that relatively simply functions should be applied at a more 

local scale.

Shepherd (1985) initially states that river profiles should be divided into upland and lowland 

sections for more appropriate functional fits. These sentiments are also echoed by Yatsu (1955), 

who advocates profile division into up and downstream sections due to discontinuities in 

sediment size. Shepherd (1985) goes on to advise that, at a more local scale, profile divisions 

should be made between tributary junctions as these are likely to be associated with profile 

discontinuities. Unfortunately, profile discontinuities may not be simply related to readily 

identifiable local phenomena. For example, they could also result from natural channel 

instability as the river adjusts its profile to past events. This adjustment maybe over a relatively 

long timescale arising from processes such as land rejuvenation (Born and Ritter, 1970), or occur 

over smaller timescales such as the instability caused by large floods (Hey, 1979). Some of these 

events can cause cycles of erosion and deposition at intervals of around 10 years, and can locally 

influence slope characteristics throughout the profile (Hey, 1979).
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Figure 3.11 Spatial extent of the study influences the appropriateness of using simple single 
functions to characterise the profile. Note the bedforms missed by the single 
linear trendline.
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3.4 Development of local boundary hunting techniques and application to the Clyne River

What constitutes a 'break' in a river long profile depends on what the researcher deems relevant, 

since boundaries can relate to a changes in profile (slope) and/or in bedform character 

(wavelength and amplitude). The type and scale of this variation is important, as it influences the 

nature of the evaluation in terms of'window span' (number of data points included for analysis at 

a given time) as well as analysis methodology. For example, if change in profile slope is sought, 

a relatively wide span is required (including many data points) in order to smooth out the 

influences of a variable bed morphology. Conversely, if a change in bedform character is sought, 

a relatively narrow span is required (including relatively fewer data points) so as to prevent 

smaller bedform scale variations being hidden.

To identify breaks in a river profile, a two-window approach can be used. The characteristics 

identified in one window are then compared to those in the other window. Profile breaks are 

located in areas where the coefficients suddenly change. A simple analysis methodology for this 

two-window approach involves comparing the average elevations identified in each window. 

These can be compared as a ratio, 'a', given by:

a = ( X , / X j '  (3.1)

where;
X, -  mean elevation in window 1 
%2 = mean elevation in window 2

Unfortunately, ratio measures do not produce consistent results, as a drop of similar magnitude 

will produce relatively larger coefiBcients in downstream locations where the elevations are 

lower. For example, an elevation drop from 10m to 8 m (a drop of 2m) produces a ratio of 1.25. 

However, an elevation drop from 4m to 2 m (also a drop of 2m) produces a ratio of 2. 

Consequently, similar breaks in gradient will produce larger coefficients in downstream reaches. 

Subtracting both sides eliminates this 'bias', with a magnitude measure, 'b', given by:

b=(X,-X2)='  (3.2)

where:
Xi -  mean elevation in window 1 
X2 = mean elevation in window 2
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The variation in 'b' for a hypothetical data set is presented in Figure 3.12a. One difficultly 

associated with this measure is that the breaks in the coefficients will naturally reduce 

downstream as the gradient reduces. Smaller breaks in low gradient reaches downstream profile 

breaks may be as morphologically important as larger breaks in upstream reaches, although may 

not be selected relative to the larger coefficients produced in the upstream reaches. Equation 3.2 

is also appropriate to determine breaks in the long profile in some situations where bedform 

variability exists. For example. Figure 3.12b shows that with a relatively constant bedform 

character, the break in profile slope can still be determined fi’om equation 3.2. This break is also 

evident should bedform amplitude decrease on steeper slopes (Figure 3.12c). If, however, 

bedform amplitudes increase on steeper slopes (Figure 3.12d), the clarity of the breaks is much 

reduced.

Variations in bedform wavelength also compromise the ability of local boundary hunting to 

identify breaks in a river profile as it affects the number of bedforms contained within a window 

span. Bedforms of larger wavelengths can produce more erratic coefficients, and this is evident 

in Figure 3.8c. This is an important consideration, especially as pool-riffie spacing has been 

noted to vary fi-om 1 to 21wy in natural river systems (Keller and Melhom, 1978). To remove the 

impact of such bed features, a relatively large window span is necessary. In contrast, a narrower 

window span will be required to identify breaks in form character at a smaller scale, such as those 

associated with pool-riffie bedforms.

To identify breaks in bedform character, single moving window approach can be adopted 

utilising measures of standard deviation. For example, bedforms of increasing amplitude will 

produce larger coefficients (Figure 3.8a). Unfortunately, standard deviation measures are also 

influenced by variations in channel gradient, with steeper profiles dominating values upstream 

relative to those derived fi*om lower gradient reaches downstream. Similar standard deviation 

measures can therefore be found with low amplitude bedforms on steep slopes and high 

amplitude bedforms on shallow slopes (Figure 3.13a). The influence of the profile can be 

removed through differencing the series (Figure 3.13b). The standard deviation of the 

differenced series, 'c', given by:

c = SD(Xdi) (3.3)

where:
SD = standard deviation
Xd] = differenced series in window span
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Figure 3.12 Profile breaks identified by variation in elevation (Equation 3.2) for an 
artificially generated data set.
a) Simple case with no bedform variability
b) Simple case with constant bedform variability.
c) Complex case with reduced bedform variation on steeper slopes.
d) Complex case with increased bedform variation on steeper slopes.
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Figure 3.13 a) Profile and bedform influence on standard deviation coefficients for an 
artificially generated data set.
b) Removal of profile variability through differencing the series. Higher 
standard deviation coefficients identify greater bedform variability.

The coefficients generated by equation 3.3 are able to identify simple breaks in bedform 

amplitude (as in Figure 3.8a) as well as in bedform wavelength (Figure 3.8b). Variations in 

coefficients cannot be simply related to form character as an increase in form amplitude can have 

the same influence on standard deviation values as a decrease in form wavelength (as in Figures 

3.8a and 3.8b). Furthermore, a combination of increasing form amplitude and decreasing form 

wavelength downstream (and visa versa) may cancel out any variation in the standard deviation 

coefficients (as in Figure 3.8c and Figure 3.9).

Downstream trends in pool-riffie wavelengths also complicate local boundary hunting as it 

influences the number of data points included in a single window span. Coefficients generated 

become more erratic with fewer and fewer bedforms. This can be seen in Figure 3.8c where 

standard deviations calculated over a set distance become more erratic as bedform wavelengths 

increase. Consequently, a single window span may not be appropriate for all sections of one 

river or as a means to compare different river morphologies as form characteristics can be highly 

variable.

Instead of trying to adjust the formula and window spans to separate profile from bedform 

variability, another method combines the two. Webster (1976) describes an index which can be 

adapted to identify morphological breaks in river systems. This approach combines changes in 

mean elevation with changes in form variability (equation 3.4). The 'Webster' index, 'd', is given 

by:
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d = (X |-X ;)^  (3.4)

(V," + Vz")

wiicrc.
X] = mean elevation in window 1 
X2 = mean elevation in window 2 
Vj = mean variance in window 1 
V2 = mean variance in window 2

The 'Webster' index tempers the breaks identified in the profile in relation to the morphological 

characteristics exhibited by the bedforms. In cases Wiere bedform amplitudes are relatively high, 

the confidence in any break in the profile is reduced, and the coefficients produced are relatively 

small. However, for a similar drop in profile vdiere the bedform variability is much lower, the 

confidence in the drop being attributable to an actual reduction in profile is increased, and the 

coefficient would be relatively large. One complicating factor in equation 3.4 is that the variance 

parameters will be influenced by profile slope, which reduces downstream. To prevent this, the 

variance of the differenced series can be used. The adapted Webster index, 'e', is given by:

e = (X .-X ,)^ (3.5)

(Vd,^+Vd2^)

where:
X, -  mean elevation in window 1
X2 = mean elevation in window 2
Vd] -  variance of the differenced series in window 1
Vd2 = variance of the differenced series in window 2

Due to the nature of the equations, a change in either profile or bedform character will be marked 

by a sudden rise or fell in the coefficients vffiich then plateau to a new level (as in Figure 3.12 and 

3.13). The rises and falls mark the locations whereby the reaches are morphologically distinct. 

The clarity of these breaks are influenced by the nature of the variability (sudden or gradual) as 

well as the window span selected (wider spans progressively smoothing smaller scale variability). 

Spikes in the coefficients may also arise indicating the presence of a localised disturbance. 

Whilst these disturbances may not indicate a significant and continuing change in morphological 

character, they will affect the integrity of the bedform identification techniques. For example, if 

a profile gradient suddenly increases and decreases to its original gradient within a relatively 

short distance, failure to separate the reaches will seriously compromise the ability to detrend the 

profile with a single fimction. For the present study, both consistent changes and peaks in the
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coefficients are used to segment the reaches. A tolerance value cannot be applied to identify 

significant breaks due to the progressive nature of profile and bedform variability.

Equations 3.1, 3.2, 3.3 and 3.5 were applied to the centreline profile of the Clyne River to 

identify breaks in profile and bedform character. A range of window spans were evaluated (4m, 

10m, 20m, 50m, 100m, 200m), vyith the most appropriate selected on a purely visual basis. This 

selection balances the requirements for break clarity (small span) with the need to identify 

significant changes (larger span). During this analysis, the adapted Webster index (equation 3.5) 

was further amended as squaring the variance practically removed the dampening effect of 

bedform variability. Without squaring the variance, clearer associations were produced. The 

adapted Webster index (2), 'f , is given by;

f = (X ,-X 2)' (3.6)

(Vd,+Vd2>

where:
X] = mean elevation in window 1
%2 = mean elevation in window 2
Vd] = variance of the differenced series in window 1
Vd2 = variance of the differenced series in window 2

Figure 3.14 shows the variation in the coefficient generated fi-om equations 3.1, 3.2, 3.3 and 3.6 

when applied to the Clyne River. The variation is not random, and the river has adjusted into a 

series of reaches of a few hundred metres within which relatively uniform conditions exist. The 

reach scale variation in form character is most noticeable in the standard deviation of the 

differenced series measures (Figure 3.14c). The variability of the profile and bedform 

coefficients exposes the importance of this type of analysis vdien attempting to identify and 

characterise bed morphology. Unfortunately, given that form characteristics can be extremely 

variable between river systems, the functions and window spans derived for the River Clyne may 

not be easily transferable to other river systems. It is therefore difficult to recommend any of the 

parameters used here, although they do offer a foundation for fiiture evaluations conducted on 

other river systems.

The variability between the different coefficients, makes it difficult to select boundaries 

appropriate to all. For the 2.4 km section, 8 breaks (9 reaches) were selected subjectively through 

identifying breaks which were common to the 4 equations applied (Figure 3.15). These reaches 

have already been applied to assess the impact of variations in the data sampling interval (Figure 

3.5 and 3.6). These reaches are also used in the following analysis to determine the impact of 

longitudinal and lateral bedform shape on the bedform identification techniques and associated 

methodologies.
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Figure 3.14
a) Centreline profile of the Clyne River
b) Elevation change (ratio). Split window (each with 100 metre span, 200 total) Equation 3.1
c) Elevation change (magnitude). Split window (each with 100 metre span, 200 total) Equation 3.2
d) Standard deviation of the differenced series. Single window, 100 metre span. Equation 3.3
e) Elevation change (magnitude) / variance. Split window (each with 100 metre span, 200 total) Equation 3.6
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3.5 Longitudinal bedform shape

3.5.1 Variation and impact on data sampling

The ability of bedform identification techniques to identify and characterise bed morphology is 

further challenged by variations in bedform shape. This affects both the data quality and the 

suitability of deriving and applying tolerance limits. In terms of data quality, a constant sampling 

interval has a greater potential to smooth pool-riffle sequences with short crests and troughs 

(short in terms of distance downstream), than to smooth pool-riffle sequences with longer crests 

and troughs. Bedforms which are 'pinched' in nature are, therefore, more likely to be smoothed 

relative to bedforms which are 'sinusoidal' (Figure 3.16). Furthermore, variations in bedform 

shape do not necessarily affect pools and riffles to the same extent. If the bedforms are 

'triangular', 'sinusoidal' and 'pinched' in shape, the potential for pools and riffles to be smoothed 

during data sampling is equal. However, if the bedforms are 'dome up' in shape, riffles have less 

chance of being smoothed than pools. This is because more sampling points will fall on the 

longer riffle crest than in the shorter pool trough. Conversely, if the bedforms are 'dome down' in 

shape, riffles have a greater chance of being smoothed than pools. This is because more 

sampling points will fall in the longer pool trough than on the shorter riffle crest (Figure 3.16).

Triangular Sinusoidal Dome up Dome down Pinched

Similar pool 
and riffle loss 
in data quality

Similar pool 
and riffle loss 
in data quality

Similar pool 
and riffle loss 
in data quality

Preferential 
pool loss in 
data quality

Preferential 
riffle loss in 
data quality

2.5

. o

0.5

0 10 15 20 25 305
Arbitrary distance dow nstream

Actual morphology Sampled morphology

Figure 3.16 The influence of bedform shape on relative pool-riffle data quality with 
variable data sampling intervals (dashed line is a coarser data set). NB: 
bedform shapes such as these can still be longitudinally asymmetrical in 
character and yet still reflect the 'pinched' or 'domed' characteristics.
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3.5.2 Variation and impact on data analysis

Bedform shape influences aspects of data analysis such as the location of a trendline (Figure 

3.17). The 'triangular', 'sinusoidal' and the 'pinched' form shapes do not influence trendline 

location, whereas the 'dome up' and 'dome down' bedforms do. These analytical complications 

are compounded by the preferential bedform smoothing during data collection. Although 

weighted functions are not evaluated in this study, these would also add to these trendline 'biases'.

As a consequence of bedform shape on trendline location, morphological characteristics derived 

through the zero-crossing technique will vary. 'Dome up' bedforms will appear to have deeper 

pools and shallower riffles relative to 'triangular', 'sinusoidal' and 'pinched' bedforms. 

Conversely, 'dome down' bedforms will appear to have shallower pools and more elevated riffles 

relative to the other bedform shapes, especially 'dome up' bedforms. For the Clyne River reaches, 

Figure 3.18 shows the relative differences in pool and riffle amplitudes when identified fi’om the 

centreline and thalweg profiles through the zero-crossing technique (no tolerance applied). With 

the exception of the assessment of the centreline profile in reach 2, the pool amplitudes are 

generally -25% greater than riffle amplitudes (although a great deal of variability exists). This 

indicates a 'dome up' bed morphology. 'Dome up' bedform shapes are also visually apparent in 

Flynn Creek (Oregon, U.S.A.) as presented by Jackson and Beschta (Figure 2, p521, 1982).
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Figure 3.17 The influence of bedform shape on the location of trend lines.

Figure 3.18 Reach average pool and 
riffle amplitudes for the 
centreline and thalweg 
profiles of the Clyne River 
reaches.
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The effect of bedform shape on data quality and trendline location also influences the impact of 

any tolerance value levied for the zero-crossing technique. For 'dome up' bedforms, progressive 

increases in tolerance preferentially remove riffles relative to pools. This effect is presented 

diagrammatically in Figure 3.19. This type of preferential bedform removal is evident in the 

Clyne River (Table 3.3; Figure 3.20). With tolerance limits below 0.10m, a similar number of 

pools and riffles identified. However, with a tolerance value of 0.15m, the effect of the 'dome up' 

morphology becomes evident as riffles are being removed in preference to the pools (Figure 

3.20). With progressive tolerance values, the 'dome up' riffles are being missed at an increasing 

rate relative to the pools.

Tolerance limit Mean elevation (trendline)

R iffle m issed R iffle m issed Riffle m issed R iffle m issed

Pool identified Pool identified Pool identified Pool identified

Figure 3.19 Preferential removal of riffles resulting from the application of a given 
tolerance value to 'dome up' bedforms (diagrammatic).

Tolerance limit N® of bedforms identified

applied Centreline Thalweg

Riffles Pools Riffles Pools

No tolerance 112 109 126 124

0.05m 95 93 109 110

0.1m 80 79 100 97

0.15m 65 60 82 80

0.2m 41 49 62 74

0.25m 20 41 42 68

0.3m 10 30 26 60

Table 3.3 Preferential removal of riffles with the successive application of tolerance (site
data for the Clyne River obtained by identifying positive and negative residuals 
from second order polynomials applied to each reach).
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With a tolerance value of 0.25m (an amplitude recommended by Brookes, 1990, for restoring 

ecologically viable riffles), the number of identified pools outweighs the number of identified 

riffles by 3:1. This raises the question of whether or not pool or riffle characteristics are more 

reliable in rivers where the bedforms are domed in nature. Riffle characteristics alone are 

unsuitable, as many significant riffles are preferentially removed (if the bedforms are 'dome up' in 

shape). Pool characteristics alone are also unsuitable, as many insignificant pools are identified 

(if the bedforms are 'dome up' in shape). Averaging pool and riffle bedforms assumes that the 

number of significant riffles missed counters the number of pools included. However, this 

assumption is unreliable as the quality of the pool data (resolution) is lower than the quality of 

riffle data. The inclusion or exclusion of pool bedforms is, therefore, likely to be more erratic 

than the inclusion or exclusion of riffle bedforms (if the bedforms are 'dome up' in shape).

Classification of pool lengths by the control-point technique is also compromised by preferential 

bedform removal. This technique characterises pool lengths as the distance back from a riffle 

crest, to where a horizontal plane intersects the riffle upstream. This distance represents the 

water surface in the pool during baseflow (Yang, 1971, Figure 3.21a). However, if tolerance 

values are applied and riffles are preferentially removed, it is possible for a horizontal line taken 

back upstream from a significant riffle crest to intersect an insignificant riffle (Figure 3.21b). As 

this pool length (line'm' in Figure 3.21b) does not fall between two significant riffles, it cannot 

be considered as a suitable estimation of a pool length. If this insignificant riffle is omitted and 

the distance to the next significant upstream riffle is used, then the pool length (line 'n' in Figure 

3.21b) is still inappropriate as the single distance contains two significant pools. The control- 

point technique is, therefore, unsuitable for the characterisation of 'dome' shaped bedforms 

identified by the zero-crossing technique if tolerance values are applied. However, 

morphological characteristics are also compromised if tolerance values are not applied, due to the 

influence of'insignificant' bedforms.
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The characterisation of longitudinal bedform asymmetry is also compromised by the preferential 

removal of bedforms. For example, if riffle 'p' in Figure 3.21c is preferentially removed through 

the application of a tolerance value, the two significant pools 'o' and 'q' are not be separated by a 

significant riffle. As asymmetry measures demand the locations of two pool troughs and one 

riffle crest, one of the original pool locations (the shallowest i.e. pool 'o') has to be removed. As 

a result, the asymmetry for the bedform 'm'-'n'-'o' outlined in bold changes markedly to 'm'-'n'-'q'.

Pool
length

Pool
length

Pool
length

Pool length ?
Line 'n'

Line'm '

A  Significant riffle Horizontal water surface  Tolerance limits

Significant pool Natural gradient

Asymmetry ratio 1:2

T o leran ce  lim its

Asymmetry ratio 1:5 - appropriate?

Figure 3.21 a) Identification of pool and riffle length with the control-point technique.
b) Difficulty in characterising bedforms with the control-point technique due to 
the preferential removal of bedforms with tolerance.
c) Difficulty in characterising bedform asymmetries due to the preferential 
removal of bedforms.
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Given this data collection and analytical sensitivity, an ability to identify bedform shape would 

prove helpfiil in assessing the integrity of the zero-crossing technique and hence the robustness of 

the results. The shape of the bedforms can be determined through an examination of the 

frequency distribution of the residuals. The residuals produced by applying a trendline to the 

bedform shapes depicted in Figure 3.16 are presented in Figure 3.22. One complication to 

residual analysis is that the shape of the plots also reflects the ability of the function applied to 

adequately detrend the profile. The shape of the plots may not, therefore, directly relate to the 

shapes of the bed morphology. Furthermore, as differing bedform shapes can affect the 

distribution of the residuals, the residual plots cannot be relied on for the selection of an 

appropriate detrending function (i.e. the production of normally distributed residuals).

The distributions themselves are also susceptible to the residual categorisation process. This can 

act to shift distribution, and result in the bedforms appearing to be of a specific shape. For 

example, consider the 'pinched' bedforms in Figure 3.23a. If all values falling between -0.5 and 

0.5 are grouped at a value of 0.5, and all values from 0.5 to 1.5 are grouped at a value of 1.5, the 

act of classification results in a shift (not skew) of the frequency distribution (Figure 3.23b). As a 

result of this shift, 'pinched' bedforms appear to be of a 'dome up' character. For this reason the 

x-axis should be recalibrated so all bedform amplitudes are plotted at the average number 

representing these forms (Figure 3.23b).

PinchedDome downSinusoidalTriangular Dome up
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Figure 3.22 Identification of bedform shape through assessing the frequency distributions 
produced by the residuals.
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a) 'Pinched' bed morphology 
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Figure 3.24 shows the frequency distribution of the residuals produced from the Clyne reaches 

(second order polynomials used to detrend the centreline profiles). The shape of the residual 

plots indicate that the bedforms are generally of the 'dome up' type. Figure 3.24 also reveals that 

the shape of the bedforms is highly variable from reach to reach. This variability reduces the 

consistency of data quality from reach to reach, as well as the ability of the zero-crossing 

technique to consistently identify bedforms between river reaches.

5 0 Individual reaches 

Average (all reaches)
4 0
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Figure 3.24 Frequency distributions of residuals for the Clyne River reaches (second order 
polynomial applied to the centreline profiles).
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Variations in longitudinal bedform shape also influence the generation of tolerance values which 

are integral to the bedform differencing technique. A simplistic comparison of this effect is 

presented in Figure 3.25. From this, 'triangular' shaped bedforms produce the lowest tolerance 

values, 'sinusoidal' and 'dome' shaped bedforms produce slightly higher values, and 'pinched' 

bedforms produce the highest values. The 'pinched' bedforms are, therefore, less likely to be 

identified even though they are of similar amplitude to the other bedform shapes.

Variations in data quality complicate this assessment, as the bedform shapes are differentially 

sensitive to aliasing (Figure 3.16). Consequently, although the 'pinched' bedforms in Figure 3.25 

produce the largest tolerance limits, these bedforms are more likely to be smoothed during data 

sampling. Figure 3.26 shows that for high data resolutions (~ 20 data points per bedform), the 

'pinched' bedform shapes produce larger tolerance values relative to all other bedform shapes (as 

in Figure 3.25). With 10 sample points per bedform (which approximates to the number of data 

points on pool-riffle bedforms spaced at 3wy, if sampled at intervals ~ 0.25wy), the standard 

deviation of the differenced series is similar for the 'pinched' and the 'sinusoidal' shaped bedforms 

(Figure 3.26). This is because, at this resolution, the peaks and troughs of the 'pinched' bedforms 

are smoothed to such an extent that further reductions in data quality have relatively little effect. 

In contrast, the broader peaks and troughs of the 'sinusoidal' shaped bedforms are removed at a 

slower rate as the data resolution reduces. Therefore, degrading the data beyond 10 sample 

points per bedform still has a significant affect on the standard deviation of the differenced series.

Triangular Sinusoidal Dome up Dome down Pinched
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Figure 3.25 Influence of profile shape on tolerance value generation for the bedform 
differencing technique.
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Figure 3.26 Relationship between sampling interval and tolerance value setting for bedform 
differencing. This relationship differs depending on bedform shape. The 
vertical black line represents the recommended data sampling interval of 0.5wy, 
and assumes that the modal bedforms undulate at a wavelength of 3wy.

At an even coarser data collection interval where the bedforms are represented by 6 data points 

(which approximates to the number of data points on pool-riffle bedforms spaced at 3wy, if 

sampled at intervals equalling 0.5wy), the tolerance value for the 'sinusoidal' morphology is 

nearly twice that derived for the 'pinched' morphology. These values contrast with those 

produced by these bedform shapes when sampled at higher resolutions. Although this analysis is 

specific to the artificially generated morphology characterised in Figure 3.25, this assessment 

illustrates the complexities associated with determining the relationships between bedform shape 

and the generation of tolerance values.

A preliminary insight into the influence of actual bedform shapes on tolerance value generation is 

presented in Figure 3.27. Figure 3.27 shows 3 consecutive bedforms taken from the thalweg 

profile of the Clyne River (reach 2) which are 'triangular' in character, and 3 consecutive 

bedforms taken from the from the thalweg profile of the Clyne river (reach 8) wfiich are 'dome 

up' in character. The bedform amplitudes have been adjusted so they are of similar vertical 

significance. These bedform wavelengths have also been adjusted so they are sampled by a 

similar number of data points (6). This number of data points approximates to the number of 

points sampling bedforms spaced at 3wb (the modal pool-riffle spacing value), if sampled at 

intervals equalling 0.5wb (the recommended sampling interval). Although the bedforms are of 

comparable amplitude, the 'dome up' features produce tolerance values -30% greater than those 

produced by the 'triangular' bedforms. This variable impact on the standard deviation of the 

differenced series also questions the transferability of any tolerance value multiplier, as bedform 

shape can vary both within and between river systems. This goes some way to explaining the 

difficulty in selecting a single multiplier value for all Clyne reaches by the bedform differencing 

technique (Figure 3.27).
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When autocorrelated, the 'dome up' morphology in the Clyne River profiles are mostly out of 

phase and the positively correlated lags in the correlogram are less significant (Figure 3.28). 

Despite this, the coefficients derived from 8 out of the 9 centreline profiles and in all the thalweg 

profiles in the Clyne satisfy the constraints of stationarity as they fall into the permissible regions 

of pseudo-periodicity. Bedform shape also influences the spectral density plots, as 'domed' and 

'pinched' morphologies act to broaden the spectrum. The magnitude of this impact is 

proportional to w/d, with shallower forms having progressively less impact.
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a) 'Dome up’ shaped bedforms from the Clyne River.
b) 'Triangular’ shaped bedforms from the Clyne River.
c) Variation in tolerance value due to bedform shape.
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Figure 3.28 a) Effect of a dome up morphology on ACFs (Reach 4 of the Clyne River.
b) Effect of a 'dome up' morphology on spectral density plots (bedforms in 
Figure 3.27a used).
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3.6 Cross sectional bedform shape: variation between centreline and thalweg analysis

Most of the techniques in Table 1.5 identify bed morphology from a 1 dimensional profile 

(elevation versus distance). Generalisation of the cross-sectional morphology is, therefore, 

inevitable. O’Neill and Abrahams (1984) suggest that the degree of generalisation is more than 

compensated by the ease of collection. However, the lateral location of the profile (centreline or 

thalweg) is still important if absolute tolerance values are levied. For example, a pool with an 

opposing point bar has less chance of being identified from a centreline profile than from a 

thalweg profile. Moreover, an asymmetric riffle (in cross-section) has more chance of being 

removed by a tolerance value if identified from a centreline profile than from a thalweg profile. 

Justifying one profile over the other for pool-riffle identification purposes is complicated by the 

fact that no consistent cross-sectional definition exists, beyond the fact that riffles tend to be more 

symmetrical than pools (Einstein and Shen, 1964; Keller, 1975; Thome and Hey, 1979; Hey, 

1986). Cross-sectional variability within a site also complicates the robustness of any 

characterisations of pool-riffle morphology. For example, if pool depths remain constant, but 

become progressively asymmetrical downstream, amplitudes will appear to decrease if surveyed 

by a centreline profile. The studies presented in Table 3.4 show that centreline and thalweg 

profiles are often used to assess bedform character.

The effect of selecting the centreline or thalweg profile can be illustrated with respect to 

determining reach boundaries through local boundary hunting (Figure 3.29 NB; thalweg 

distances are standardised in relation to the centreline profile where sampling resolution = 0.5wy). 

This figure shows how the location and magnitude of the breaks in form can vary. Consequently, 

the identification of profile or bedform breaks can vary depending on the profile selected for the 

analysis. Morphological characteristics revealed through the bedform identification techniques 

can also vary depending on the profile selected. Average bedform spacing characteristics 

assessed from the centreline and thalweg profiles for each reach in the Clyne are presented in 

Figure 3.30 and Table 3.5. This comparison assumes the individual reaches determined from the 

centreline profile are also appropriate for evaluating thalweg characteristics.

Date Researcher(s) Profile

1978 Keller and Melhom Thalweg
1982 a & b Milne Thalweg

1999 Made) Thalweg
2000 Carling and Orr Thalweg

1984 O’Neill and Abrahams Centreline
1993 a & b Clifford Centreline

1995 Montgommery et al Centreline
1997 Robert Centreline

Table 3.4 Profile choices for bedform identification studies.
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NB: Break in sampling due to 
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Figure 3.29
Local boundary hunting techniques applied to the centreline (black) and thalweg (red) profiles of the 
Clyne.
a) Centreline and thalweg profiles of the Clyne River
b) Elevation change (ratio). Split window (each with 100 metre span, 200 total) Equation 3.1
c) Elevation change (magnitude). Split window (each with 100 metre span, 200 total) Equation 3.2
d) Standard deviation of the differenced series. Single window, 100 metre span. Equation 3.3
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Bedform spacing characteristics from the thalw eg profile 
expressed  as a multiple of w b

Variation in bedform spacing for the Clyne River reaches when identified fi’om 
the centreline and thalweg profiles by four morphological bedform 
identification techniques.

Bedform identification technique
Reach No Zero-crossing^ Bedform differencing^ AR(2) modelling Spectral
Upstream

1 7 16 --- -14
2 23 18 16 -6
3 -14 9 -11 0
4 14 24 4 64
5 21 30 16 65
6 13 2 3 28
7 -47 -14 8 32
8 32 8 8 33
9 20 -29 59 50

Downstream
Average % 8 7 13 28

difference
No tolerance value applied Adapted bedform differencing

Table 3.5 Percentage difference in bedform spacing when evaluated fi’om the centreline 
and thalweg profile of the Clyne River. Positive values show that bedform 
spacing is longer when identified fî om the centreline profile, negative values 
show that bedform spacing is longer when identified fi-om the thalweg profile.
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The four techniques indicate that bedforms are generally more widely spaced when identified 

from the centreline profile. However, a great deal of variability exists between the techniques, 

with zero-crossing and bedform differencing having the lowest average variation between the 

profiles. Differences in bedform spacing are highly variable between reaches for all techniques, 

and one or two extreme values can dramatically alter the averages. For example, with reach 7 

removed from the zero-crossing evaluation, the average percentage difference of bedform spacing 

between centreline and thalweg profile doubles from 8% to 15%. With reach 9 removed from the 

second order modelling evaluation, the average percentage halves from 13% to 7%.

Amplitude characteristics are also affected by profile selection. For the zero-crossing technique, 

riffle amplitudes are 22% greater when identified from the thalweg profile relative to those 

identified from the centreline profile. Pool amplitudes are 33% greater when identified from the 

thalweg profile relative to those identified from the centreline profile. This suggests that the 

centreline profile is relatively smooth in comparison to the thalweg profile, and this is visually 

apparent from a comparison of the differenced series seen in Figure 3.29d. This difference 

between the profiles arise because the pools in the Clyne are generally asymmetrical in cross- 

section and the riffles are generally s>'mmetrical in cross-section with the deepest point being 

near the channel centre. At the reach-scale, the average differences in amplitudes between the 

Clyne profiles are highly variable (Table 3.6). This reflects variable pool and riffle asymmetries 

throughout the Clyne River.

Zero-crossing technique (no tolerance)
Reach No Riffle amplitudes Pool amplitudes

Upstream 1 19 46
2 75 65
3 49 59
4 13 24
5 32 -12
6 17 -9
7 33 25
8 43 -24

Downstream 9 1 26
Average 31 22

Table 3.6 Percentage difference in pool and riffle amplitude when evaluated from the 
centreline and thalweg profiles of the Clyne River. Positive values show that 
amplitudes are larger when identified from the thalweg profile, negative values 
show that amplitudes are lower Wien identified from the thalweg profile.
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For three of the Clyne River reaches (5,6 and 8), pool amplitudes are lower when identified from 

the thalweg profile (Table 3.6). This is counter intuitive as the thalweg profile maps the lowest 

point in the channel. Such a situation may arise however, if the riffles are asymmetrical and the 

pools are symmetrical in cross-section. Under these circumstances the thalweg profile would be 

relatively smooth in comparison to the centreline profile. Consequently, pool amplitudes will be 

greater if identified from the centreline profile. Unfortunately, the situation is more complex in 

the Clyne River as asymmetrical riffles and symmetrical pools would also result in greater 

centreline amplitudes at riffle sites. This is not evident in Table 3.6 as riffle amplitudes in 

reaches 5, 6 and 8 are greater when identified from the thalweg profile. Some other 

morphological parameter is, therefore, affecting the analysis.

Bedform shape characteristics are similar for both centreline and thalweg profiles when the 

residuals from all reaches are combined (Figure 3.31a). However, bedform shapes can differ 

when single reaches are evaluated (Figure 3.31b). Consequently, the sampling resolution of 

pools and riffles will vary depending on the profile selected. Furthermore, the sensitivity of pool- 

riffle bedforms to data analysis will vary depending on the profile selected. This variation in 

bedform shape between the profiles goes some way to explaining how riffle amplitudes can be 

greater when derived from the thalweg profile and yet pool amplitudes can be lower when 

derived from the thalweg profile (Table 3.6).

Variations in longitudinal bedform shape and cross-sectional bedform asymmetry complicate the 

comparisons of morphological characteristics derived from the centreline profile and thalweg 

profile through the zero-crossing technique. The complexity added by bedform shape is further 

revealed when tolerance values are applied to the centreline and thalweg profile. For the riffles 

identified through zero-crossing in the Clyne River, the rate of removal (sensitivity) to 

progressive increases in tolerance is similar between the profiles (Figure 3.31c). This suggests 

that the riffles are generally similar in terms of cross-sectional symmetry and that the influence of 

the 'dome up' morphology on the vertical location of the trendline is equal between the profiles. 

In contrast, the rate of removal for the pools is lower when derived from the thalweg profile 

(Figure 3.3Id). This suggests that the pools are asymmetrical in cross-section. However as the 

relative removal of riffles with tolerance is equal between the profiles, the effect of these single 

deep locations in the pools cannot unduly affect the vertical location of the trendline (beyond that 

resulting from the generally 'dome up' shape). This lack of influence is reflected in the similarity 

of the frequency distribution of the centreline and thalweg residuals (Figure 3.31a). Different 

aspects of data analysis are therefore differentially affected by variations in bedforms shape.
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Figure 3.31 a) Centreline and thalweg frequency distributions of residuals (9 Clyne reaches)
b) Centreline and thalweg frequency distributions of residuals (Clyne reach 8).
c) Clyne riffle sensitivity to tolerance depending on the profile assessed.
d) Clyne River pool sensitivity to tolerance depending on the profile assessed.

Profile choice is also important for the bedform differencing technique as it influences the 

generation of tolerance values based on the standard deviation of the differenced series also vary 

between profiles. For the Clyne River, tolerance values derived from the thalweg profiles are, on 

average, 30% greater than those generated by the centreline profiles. On a reach by reach basis, 

variation between the centreline and thalweg tolerance values range from 4 to 50% (Figure 

3.32a). Further, the percentage difference between tolerance values generated by the centreline
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and thalweg profiles vary systematically with distance downstream. The greatest difference in 

tolerance is observed in the upstream reaches and reduces downstream (over 2km), with the 

exception of reach 9 (Figure 3.32a). The high upstream values in Figure 3.32a indicate 

symmetrical riffles and/or asymmetrical pools, as these cross-sectional characteristics would 

produce higher amplitude forms if the data were sampled from the thalweg profile (Figure 3.32b). 

The low downstream values in Figure 3.32a show that the centreline and thalweg profiles are 

similar in terms of amplitude. This would result from the pools becoming more symmetrical in 

cross-section downstream, or the riffles becoming more asymmetrical in cross-section 

downstream (or a combination of both). The accuracy of these interpretations of cross-sectional 

form character is, however, undermined as variations in longitudinal bedform shape between the 

profiles (Figure 3.31b) and from reach to reach (Figure 3.24) can also affect the tolerance value 

generated (Figure 3.25, 3.27).
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Figure 3.32 a) Difference in the standard deviation of the differenced series for the Clyne 
River reaches between the centreline and thalweg profiles,
b) Downstream variation in cross-sectional form characteristics resulting in the 
difference in standard deviation between centreline and thalweg profiles.
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Overall, riffle heights identified through bedform differencing are 20% higher when derived fi*om 

the thalweg profile. On a reach by reach basis, differences in riffle heights between the centreline 

and thalweg profiles range fi-om 5 to 40%. As with the tolerance values, these differences are 

greatest upstream and reduce with distance downstream (Figure 3.33, again with the exception of 

reach 9). This also indicates that riffles are symmetrical and the pools are asymmetrical in cross- 

section upstream, and that with distance downstream either the pools are becoming more 

symmetrical, and/or the riffles becoming more asymmetrical (as in Figure 3.32b).
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Figure 3.33 Difference in riffle heights between the centreline and thalweg profile 
identified through the adapted bedform differencing technique.
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3.7 Comparability of the bedform identification techniques

Figure 3.34 summarises the bedform spacing characteristics identified in each of the Clyne River 

reaches through zero-crossing (no tolerance), bedform differencing (adapted), autocorrelation as 

well as spectral analysis, all utilising the 0.5wy data set (centreline profile). The variation 

between techniques is not consistent in direction or magnitude fi’om reach to reach. This implies 

that the techniques are differentially sensitive to aspects of form character which must also vary 

from reach to reach. By directly comparing each the results from each technique, a greater 

understanding of their differential sensitivity can be achieved. Figures 3.35a-c plot average 

bedform spacing characteristics as identified through second-order modelling against those 

identified by the adapted bedform differencing technique and those identified by the zero- 

crossing technique (no tolerance).
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Figure 3.34 Bedform spacing for the 9 reaches in the Clyne River as identified through 4 
techniques. Results from the centreline profile. Pool and riffle data averaged.
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Bedforms identified through second-order modelling and spectral analysis do not correlate as 

closely as the other techniques. This is surprising as the periodicity suggested by the 

autocorrelation function should appear when the time series is analysed in the fi-equency domain 

if the amplitude of the damped sine wave is large enough (Jenkins and Watts, 1968). Bedforms 

identified through second-order modelling and the zero-crossing technique correlate closely, 

possibly reflecting the fact that neither have employed a tolerance value. The bedforms identified 

by second-order modelling are more closely spaced when related to those identified through 

bedform differencing. This may result fi-om the tolerance value the bedform differencing 

technique employs to identify 'significant' bedforms. These correlations suggest that although 

AR(2) modelling is a relatively objective approach in comparison to bedform differencing, the 

objectivity may not be such an advantage in the absence of a tolerance value. The comparability 

of the zero-crossing and the bedform differencing technique can be improved if the zero-crossing 

technique employs a tolerance value (Figure 3.36).
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Without a tolerance, more bedforms are identified by the zero-crossing technique relative to the 

bedform differencing technique (Figure 3.36). This is not surprising as the bedform differencing 

technique inherently incorporates a tolerance value. When the zero-crossing technique applies a 

tolerance value of 0. Im, bedform spacing characteristics in 5 out of the 9 rural reaches are similar 

for both techniques. However, despite this correlation for 5 reaches, 4 out of the 9 reaches 

(circled) suddenly shift when a tolerance value of 0.1m is levied. This implies that in these 

reaches, many bedforms are suddenly rendered 'insignificant' by the zero-crossing technique. 

The sudden shift is due to the fact that the tolerance values applied in the zero-crossing and 

t)edfbrm differencing technique are fimdamentally different. For the zero-crossing technique, the 

tolerance value selected is the same for all reaches. For the bedform differencing technique, the 

tolerance value based on the morphological characteristics of the reach investigated (standard 

deviation of the differenced series). Consequently, this value varies fi-om reach to reach. For the 

Clyne River reaches, the zero-crossing limit of 0.1m suddenly renders many upstream bedforms 

insignificant. However, many bedforms are still identified through bedform differencing in these 

upstream reaches, as the lower amplitude forms produce lower tolerance values.
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Figure 3.36 The variability in average bedform spacing between the adapted bedform 
differencing technique and the zero-crossing technique, with the latter applied 
to the rural river reaches with successive tolerance values.
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3.8 Justification of tolerance values

Deciding whether or not to use absolute or relative tolerance values has important implications 

for deriving bedform characteristics (Figure 3.36). However, deciding whether to use absolute or 

relative tolerance is not straightforward, especially in river systems where bedform characteristics 

trend with distance downstream. In these systems, applying a single tolerance value such as 0.1m 

throughout the whole profile is inappropriate, as the size of significant bedforms upstream are 

different to the size of significant bedforms downstream (Figure 3.36). In these systems, relative 

values applied at the reach scale are better placed to identify pool-riffle bedforms. However, 

relative values undermine the comparability of up and downstream form characteristics, as the 

tolerance values used will vary. This is apparent in the Clyne River, where the relative tolerance 

values used to identify bedforms in the downstream reaches are twice as much as those used to 

identify bedforms in the upstream reaches (Figure 3.10).

Determining the morphological suitability of any tolerance, absolute or relative, is also 

problematic. For the bedform differencing technique, an appropriate multiplier value was 

subjectively selected based on the identification of 'realistic' bedforms (as in O’Neill and 

Abrahams, 1984). A slightly more scientific approach can be based on the assumption that 

bedforms exhibit similar aspect ratios (amplitude/wavelength) both within and between systems. 

Carling and Orr (2000), for their River Severn data identified bedform amplitudes to be 0.01] to 

0.02] (] = bedform wavelength). If the lowest bedform aspect ratio is considered to be just on the 

threshold of significance, and if the modal bedform spacing is assumed to equal 3wb, a suitable 

tolerance value would be equivalent to:

3wb/100 (3.7)

where 3 represents the assumed modal spacing in bankfull multiples, and 100 relates to the 

threshold bedform aspect ratio where amplitude = 0.01]. This value could be set at 50 for a 

threshold bedform where amplitude = 0.02]. For the Clyne River, where Wb = 6m, modal 

bedform wavelengths are assumed to be 18m. If significant amplitudes are assumed >0.01], then 

the lowest suitable amplitude tolerance value should be 0.18m (or 0.36m for riffle height or pool 

depth). Values lower than this would include many insignificant bedforms. Unfortunately this 

method is still relatively primitive as it requires many assumptions relating to the expected modal 

spacing (3wb in Equation 3.7) as well as the minimum significant bedform proportion (amplitude 

= 0.01] in Equation 3.7). Carling and Orr, for example, identified a great deal of variability in 

bedform proportions. Moreover, their bedforms were identified without the application of a 

tolerance value. The proportions of 0.01] may therefore be unduly influenced by relatively 

'insignificant' pool-riffle bedforms.
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Another way of checking the morphological suitability of tolerance values is to identify the 

wavelengths of the bedforms removed by their application. Given that the modal spacing 

averages of pool-riffle sequences in other studies have been identified at 3wy (Leopold and 

Wolman, 1957; Leopold et a l, 1964; Keller and Melhom, 1978; Grant et a l, 1990; Clifford, 

1993a), applying a tolerance value which removes bedforms with wavelengths over 3w|, would be 

inappropriate. This method still relies on an assumed bedform spacing value, although unlike the 

last approach it does not rely on any assumed bedform proportions. Figure 3.37a shows the 

increase in riffle spacing with increasing tolerance applied to riffle amplitudes in the upper 5 

reaches of the Clyne through the zero-crossing technique (black line and axis). Superimposed 

onto this is the increase in riffle spacing with progressive tolerance values applied to riffle 

wavelengths (red line and axis). The axes representing the increases in amplitude and 

wavelength tolerance are adjusted so the rates of removal are aligned. Figure 3.37b is the same 

plot but derived fi’om the lower 4 reaches of the Clyne.

In the upstream reaches, riffles spaced at 3wy are effectively removed when tolerance values of 

over 0.075m are applied (Figure 3.37a). This tolerance value is therefore inappropriately high for 

the pool-riffle sequences in these reaches. In the downstream reaches, riffles spaced at 3wy are 

effectively removed when tolerance values of over 0.1m are applied (Figure 3.37b). This 

tolerance value is therefore inappropriately high for the pool-riffle sequences in these reaches. 

These differences in amplitude tolerance only amount to 0.025m and may therefore seem 

relatively insignificant, however if a tolerance value of 0.1m were applied to the upper reaches of 

the Clyne River, bedforms undulating at wavelengths at 4wb would be effectively removed. The 

variable Clyne morphology is, therefore, extremely sensitive to small variations in tolerance. 

This is also evident in Figure 3.36, where a difference in tolerance of 0.05m results in a dramatic 

change in bedform spacing.
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Figure 3.37 Relationship between the application of an amplitude tolerance limit and one 

levied on bedform wavelength (riffles identified from the centreline profile).
a) Upstream reaches of the Clyne (reaches 1 to 5). Tolerance values higher 
than 0.075m remove bedforms spaced at 3wy and is therefore inappropriate. A 
value of 0.05m is more appropriate as this identifies bedforms with 
wavelengths around the assumed modal value (3wb).
b) Downstream reaches of the Clyne (reaches 6 to 9). Tolerance values higher 

than 0.01m remove bedforms spaced at 3wy and is therefore inappropriate. A 
value of 0.068m is more appropriate as this identifies bedforms with 
wavelengths around the assumed modal value (3wy).
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The tolerance values which remove bedforms at 3wy represent the upper limit of tolerance 

suitability. However, basing this limit on the removal of bedforms spaced around 3wy is not 

desirable, as bedform spacing characteristics lie on a distribution around this value. Therefore, it 

is more appropriate to set a smaller tolerance limit so as to identify bedforms below the modal 

value, such as those undulating at 2wb. This rationale is consistent with a data sampling interval 

of 0.5wb, as this is just sufficient to represent bedform wavelengths of 2wb. This approach 

produces lower amplitude tolerance values, indicated by the dashed lines in Figure 3.37. These 

values represent the lower limit of tolerance suitability. Unfortunately, even setting amplitude 

limits based on wavelength removal of 2wb still infers that bedforms spaced at intervals less than 

2wb are not significant. Grant et al,. (1990) for example, may not be satisfied with such a limit, 

as they note that bed features spaced at intervals at 1 channel width or greater represent a 

'particularly important scale of variation'.

Determining tolerance value suitability by this method also depends on whether rates of pool or 

riffle removal are being assessed, as bedform shape can alter their relative sensitivity to tolerance 

(Figure 3.19, 3.20). For the Clyne River, the bedforms were generally 'dome' up in shape, and 

therefore the riffles were more sensitive to removal. If pools were in used Figures 3.37 instead of 

riffles, the rate of removal would have been slower per unit tolerance increase. As a result, the 

appropriate tolerance values would be higher.

Profile choice is also an important consideration for determining the morphological suitability of 

tolerance values, as variations in cross-sectional morphology can result in different characteristics 

between centreline and thalweg profiles. For the Clyne River, the centreline profile is relatively 

smooth in relation to the thalweg profile, especially in the upper reaches. The rate of bedform 

removal per unit increase in amplitude tolerance values would, therefore, be slower than the rate 

associated with the centreline profile. Furthermore, as more bedforms are identified from the 

thalweg profile per unit distance due to its relatively high rugosity", the rate of bedform removal 

per unit increase in wavelength tolerance would be faster than the rate associated with the 

centreline profile. This dual effect would act to produce higher tolerance value limits if the 

thalweg profile was evaluated. This difference between the profiles would also reduce with 

distance downstream in the Clyne, as changes in the cross sectional morphology renders the 

profiles more comparable (Figure 3.32). Despite these complications, this method can be a useful 

means by which to evaluate the geomorphological suitability of tolerance values levied on pool- 

riffle amplitudes for the zero-crossing technique, or pool-riffle heights and depths for the 

bedform differencing technique.
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3.9 Tolerance application and the scale of analysis

The application of tolerance values also raises further conceptual issues relating to the 

longitudinal distance used in the identification of bedform spacing characteristics. The 

immediately intuitive distance is the length of the reach under investigation, where average form 

spacing is simply this distance divided by the number of bedforms identified. Whilst this 

measure does give an average bedform spacing for the reach, it is not always appropriate as the 

upper and lower boundaries of the reach may not be associated with a significant pool or riffle 

bedform. Consider the pools identified from reach 1 of the Clyne River through the zero- 

crossing technique (Figure 3.38). With a tolerance value of 0.15m, there is a substantial length of 

river downstream without a significant bedform present. Consequently, using the entire reach 

length to calculate average spacing does not provide an accurate portrayal of bedform character. 

A more appropriate value is obtained by dividing the number of bedforms by the distance 

between the first and last significant bedform. This is given by:

a - b 

c - 1

(3.8)

where:
a = distance along profile to last significant bedform 
b = distance along profile to first significant bedform 
c = number of significant bedforms identified

Inappropriate distance as no 'significant' bedform exists in the lower 100m.
19

18

17

This is a more appropriate distance 
although the results are not strictly 
representative of the entire reach.
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Distance dow n reach 1 (m)
200 250

Figure 3.38 Pools identified in reach 1 of the Clyne River (thalweg profile) with an 
amplitude tolerance value of 0.15m. Plot shows the possible distances used in 
assessing bedform spacing.
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As the entire reach length is not used in equation 3.8, average bedform spacing values are greater 

than those calculated using the total reach length. For the 9 reaches of the Clyne River, Figure 

3.39 shows the percentage increase in average pool spacing when evaluated through equation 3.8 

(zero-crossing technique on the thalweg profiles) relative to using the entire reach length. The 

difference in average bedform spacing between the two methodologies is highly erratic from 

reach to reach. With no tolerance value applied, differences range from 0 to nearly 30%. For the 

present study, bedform spacing averages are calculated through equation 3.8. However, these are 

not strictly reach scale measures.

-a—  Reach 1 -e— Reach 2 x Reach 3
50 1

Reach 5 —e—  Reach 6-A— Reach 4

Reach 8 Reach 9Reach 7
40

a>

.i '
a>
I § 20 - o
£

0.25 0.30.15 0.20 0.05 0.1
Tolerance value levied (m)

Figure 3.39 Percentage increase in average pool spacing (with tolerance) when evaluated 
through equation 3.8 relative to using the entire reach distance.

3.10 Pool and riffle characterisation: a peculiarity of the bedform differencing technique

A final comment on the comparability of the techniques relates to a peculiarity of the bedform 

differencing technique in relation to varying profile slope. This technique characterises pool 

depths and riffle heights by the difference in elevation from the previous bedform (Figure 2.14). 

Working in a downstream direction (as per O'Neill and Abrahams, 1984), the height of a riffle 

equals the vertical elevation difference relative to the upstream pool trough, and the depth of a 

pool equals the vertical elevation difference relative to the upstream riffle crest. Consequently, 

profile slope can influence the pool depth characteristics. This influence is greatest on steeper 

reaches, resulting in apparently very deep pools despite the fact that the actual pool depths are 

relatively shallow. For example, pool x in Figure 3.40a (centreline profile for reach 1 in the 

Clyne River) has a 'depth' of 1.2m relative to the preceding riffle, even though the low flow water
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depth in pool x is only 0.14m. Most of this drop is attributable to the steeper slope, the influence 

of which reduces downstream.

Figure 3.40b shows the influence of profile slope on reach averaged bedform height and depths in 

the Clyne River. Due to the influence of the profile, pools are on average 30% deeper than the 

riffles are high. Riffle heights also increase fi’om reach to reach, although pool depths remain 

relatively constant. This results fi-om an increase in actual pool depths being compensated by the 

reducing profile slope. Should pool depths form the focus of the investigation, it would be 

advisable to identify the depth relative to the downstream riffle crest as this ponds back the water.
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Figure 3.40 a) Influence of profile slope on pool amplitude when evaluated by the bedform 
differencing technique
b) Influence of profile slope on pool depths determined through bedform 
differencing for the Clyne River reaches. An increase in riffle height is not 
matched by an increase in pool depth.
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3.11 Summary

Comparing variable form characteristics produced from the different techniques is not 

straightforward as they require different subjective decisions to be made at different stages of the 

identification process. These decisions are not directly responsible for all the variability 

however, as some techniques reveal similar characteristics for some reaches and different 

characteristics for others (Figure 3.34 and 3.35). This results from a diverse bed morphology 

which differentially affects the techniques \^ ich  approach the task of form identification in 

different ways.

Based on a theoretical examination of a sinusoidal morphology, a minimum of 4 data points per 

bedform is required so as not to unduly smooth the morphology. Unfortunately, even if the 

bankfull width can be consistently identified between river systems, the data quality may not be 

consistent as other parameters, such as profile slope, can also influence morphological 

characteristics. Variations in bedform shape can also vary from reach to reach and further reduce 

the consistency of data quality. Moreover, variations in data quality can affect pools and riffles 

to different extents if the bed morphology is 'domed' in nature. Data analysis is also affected by 

variations in longitudinal bedform shape, affecting both the generation as well as impact of 

levying a tolerance value.

Systematic morphological variability also reduces the integrity of the bedform identification 

techniques. Unfortunately, segmenting river profiles raises further concerns relating to the 

comparability of results obtained from the different reaches where tolerance values are applied. 

Morphological characteristics also vary significantly depending on vfrether the centreline or 

thalweg profile is assessed. Differences between form characteristics derived from centreline and 

thalweg form characteristics also occur, the magnitude of which also varies depending on the 

technique applied. The variation in cross-sectional morphology with distance also questions the 

comparability of morphological characteristics derived from the same profile on the same river at 

different locations. A consistent data sampling and analytical approach will not, therefore, 

necessarily provide results of a comparable nature. Despite these complications, a number of 

broad recommendations can be suggested (Table 3.7).
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If only one profile is assessed then the thalweg profile is recommend as it has a greater 
geomorphological significance than the centreline profile. If possible, both profiles 
should be evaluated, as inferences can be made about the variations in cross-sectional 
asymmetry without the need for individual cross sections to be assessed.

Where pool-rifiQe morphology is being assessed, the data-sampling interval should 
equal O.Swy (where the bankfull width is defined in an objective manner).

Local boundaries or breaks in the profile need to be identified to improve the integrity 
of the bedform identification techniques (Equations 3.1 to 3.6 provide a basis for this).

Pool-riffle characteristics derived through spectral analysis and AR(2) modelling 
should be evaluated with caution as they do not identify individual pools and riffles but 
simply characterise the undulations in the long profile.

Pool-riffle characteristics derived through AR(2) modelling should be evaluated with 
caution, as they are similar to those produced through zero-crossing without a tolerance 
value.

Zero-crossing is recommend over AR(2) modelling as individual bedforms are 
identified. Zero-crossing therefore provides a much richer data set.

Bedform differencing is recommended over zero-crossing as bedforms may be 
preferentially removed with tolerance application in the latter technique inhibiting form 
characterisations.

If bedform differencing technique is applied, this study recommends a tolerance value 
multiplier of 1 (none), although it is recognised that this may not be suitable for all 
river systems.

The selection of an appropriate tolerance value can be aided by techniques outlined in 
Figure 3.37.

Bedform shape should be identified through assessing the shape of the fi’equency 
distribution of residuals around a regression, as this provides an insight in to the 
comparability of the results between and within river systems.

The distance between the first and last form identified, rather than the reach length, 
should be used to assess characteristics such as average bedform spacing.

The most important recommendation is that the integrity of the techniques varies both 
within and between river systems as a result of the spatial variability of the bed 
morphology. Any results should therefore be viewed with caution and techniques 
should be explicitly stated in any publications. If possible, a range of bedform 
identification techniques should be applied in order to obtain a more informed 
evaluation of bedform character.____________________________________________

Table 3.7 Recommendations for the identification of pool-riffle bedforms in natural 
alluvial river systems.
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CHAPTER 4

Morphological diversity of a natural river system; 

characterisation for restoration design

Current restoration templates generally reflect only the average states of the most basic form 

characteristics. The resultant morphology therefore tends to be a significant simplification of that 

which exists naturally. To expose the nature and extent of this simplification, this chapter 

examines the nature and range of pool-riffle characteristics in a natural alluvial river system 

Wiich exist at the reach and sub-reach scale. This assessment provides a basis by which a more 

natural pool-riffle morphology might be replicated in future restoration schemes. The natural 

alluvial reaches of the Clyne River form the basis for this assessment. The four bedform 

identification techniques examined in chapter 3 are used to evaluate the Clyne River morphology 

as this leads to more informed decisions. Furthermore, by comparing the bedform characteristics 

revealed at the sub reach-scale, the variability between the techniques (zero-crossing and bedform 

differencing) is exposed in more detail.

4.1 Profile slope

Of the five functions applied to the Clyne reaches, linear and second-order polynomials exhibit 

the highest coefficients of determination (Table 4.1). For consistency, second-order polynomials 

were used to detrend all the profiles, r̂  values for these functions are generally higher for the 

centreline profile than the thalweg profile. This indicates that the centreline profiles are relatively 

'smooth' in comparison to the thalweg profile. In turn, this suggests that the pools are 

asymmetrical in cross section and the riffles being symmetrical in cross section. Furthermore, the 

r  ̂values for linear and second-order polynomial functions reduce downstream. This implies that 

the pool and riffle amplitudes increase downstream. Even this preliminary evaluation of profile 

shape can therefore be used to infer longitudinal and lateral form characteristics, as well as the 

variability of these characteristics downstream.

This remainder of this chapter is split into three main sections, the first section (4.2) simply 

details form characteristics in the Clyne River revealed by the different techniques at the reach 

and sub reach-scale. The second section (4.3) draws together the findings and attempts to 

produce design criteria which allows for these characteristics to be replicated. Any criteria 

produced are summarised in a Table in section 4.4.
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Centreline
Reach Linear

r̂
2“** order polynomial Linear slope

Upstream 1 0.99 0.99 0.0114
2 0.98 0.98 0.0102
3 0.94 0.95 0.0088
4 0.93 0.94 0.0071
5 0.90 0.90 0.0063
6 0.76 0.76 0.0058
7 0.36 0.45 0.0049
8 0.06 0.23 0.0029

Downstream 9 0.63 0.63 0.0031

Thalweg
Reach Linear 2 order polynomial Linear slope

Upstream 1 0.96 0.97 0.0109
2 0.96 0.96 0.0108
3 0.89 0.91 0.009
4 0.88 0.88 0.0065
5 0.87 0.89 0.0066
6 0.73 0.74 0.0059
7 0.36 0.37 0.0047
8 0.13 0.24 0.0032

Downstream 9 0.52 0.53 0.003

Table 4.1 CoefiRcient of determination (non adjusted) for the linear and second-order
polynomial functions fitted to the profiles of the Clyne River reaches. Best fits 
in bold.

4.2 Reach and sub-reach scale diversity of the naturally developed pool-riffle sequence

4.2.1 Second-order AR(21 modelling

For most reaches, the significant (95%) second-order term in the PACE indicates that a second- 

order model is better suited to describe the variability than a first-order model (Figure 4.1a). A 

visual assessment of the ACFs also indicates pseudo-oscillatory tendencies for most reaches. For 

the example in Figure 3.28, the 'cycle' in the data implied by the oscillation of the ACF is 

approximately 7 lags or 3.5wb (21m as 1 lag = 3m - the sampling interval). The series behaviour, 

in most cases, fulfil stationarity requirements, fall in the permissible regions for pseudo

periodicity (satisfy 01^ + 402 < 0) and are of opposite sign (Table 4.2). The series can be 

considered a physical realisation of a process which oscillates as a damped sinusoidal function 

(Jenkins and Watts, 1968, 99 164 - 166).

Bedform wavelengths for the Clyne Reaches determined through an AR(2) model range between 

3 and 4wy, for both centreline and thalweg profiles (Figure 4.1b). This average form wavelength 

is less than the 'expected' 5 to 7wb, but is closely associated with the most fi’equent bedform 

spacing identified in studies by Keller and Melhom (1978), Grant et al, (1993) and Clifford, 

(1993b). The weak downstream trend apparent in Figure 4.1 is easily removed or even reversed 

with the exclusion of 1 or 2 data points.
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Centreline Profile

Second order Upstream Downstream
coefficients Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 Reach 8 Reach 9

01 0.404 0.425 0.684 0.723 0.784 0.883 0.558 0.632 0.735
0 2 -0.004 -0.113 -0.388 -0.463 -0.343 -0.553 -0.411 -0.561 -0.149

Stationarity ? Yes Yes Yes Yes Yes Yes Yes Yes Yes

0.15 -0.27 -1.08 -1.33 -0.76 -1.43 -1.33 -1.85 -0.06

Pseudo periodic? No Yes Yes Yes Yes Yes Yes Yes Yes

% variance explained 16.5 15.8 34.6 27.8 36.5 42.0 30.1 6.9 42.7

Bedform spacing (m) - 21.2 19.1 18.6 22.5 20.2 16.8 16.6 59.9
Bedform spacing (wb) - 3.5 3.2 3.1 3.8 3.4 2.8 2.8 10.0

Thalweg Profile

Second order Upstream Downstream
coefficients Reach 1 Reach 2 Reach 3 Reach 4 Reach 5 Reach 6 Reach 7 Reach 8 Reach 9

01 0.698 0.630 0.727 0.620 0.630 0.812 0.400 0.509 0.677
0 2 -0.282 -0.420 -0.335 -0.394 -0.342 -0.513 -0.335 -0.605 -0.222

Stationarity ? Yes Yes Yes Yes Yes Yes Yes Yes Yes

-0.64 -1.28 -0.81 -1.19 -0.97 -1.39 -1.18 -2.16 -0.43

Pseudo periodic? Yes Yes Yes Yes Yes Yes Yes Yes Yes

% variance explained 34.9 33.2 37.6 31.8 29.6 43.7 26.0 7.8 46.9

Bedform spacing (m) 22.1 17.7 21.1 17.9 18.8 19.5 15.5 15.2 24.5
Bedform spacing (m) 3.7 3.0 3.5 3.0 3.1 3.2 2.6 2.5 4.1

Table 4.2 Detection of pseudoperiodicity and identification of bedform spacing characteristics in the Clyne River through AR(2) modelling 
ARIMA 2 0 0. Profiles detrended by second order polynomials
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Figure 4.1 a) PACF for reach 7 of the Clyne River.
b) Variation in average bedform spacing for the centreline and thalweg profiles 
of the Clyne reaches as identified through second-order modelling.

4.2.2 Spectral analysis

The spectral density plots for the 9 centreline and thalweg profiles are presented in Figure 4.2. 

More than one peak dominates in some of these reach plots, reflecting the presence of two 

equally dominant bedform types within the same reach or the same bedform type undulating at 

two distinct periodicities. On average, the peaks identified from the plots based on the centreline 

profiles reveal a bedform spacing of 7.5wy. Peaks identified from the plots based on the thalweg 

profiles reveal a bedform spacing of 5.3wy. These average form wavelength correlate closely to 

the 5 to 7wb 'expected' in natural river systems. Values for individual reaches range from 2.6wy 

to 16.7wb. Downstream trends in spacing form characteristics are not evident (Figure 4.2).
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Figure 4.2 Spectral density  plots for the  C lyne River reaches I to  5

128



Centreline Thalweg

Reach 6 Reach 6

Frequency 01 0.2 0 3 0.4 0.5
1
1 Frequency 0.1 0.2 0.3 0.4 0.5

Wavelength (m) 30 15 10 7 5 6 1 Wavelength (m) 30 15 10 7.5 6
Channel multiple 5 2.5 1.67 1.25 1 1 Channel multiple 5 2.5 1.67 1.25 1

Reach 7 Reach 7

Frequency 0.1 0.2 0.3 0.4 0.5
1
I Frequency 0.1 0 2 0 3 0.4 0.5

Wavelength (m) 30 15 10 7 5 6 1 Wavelength (m) 30 15 10 7.5 6
Channel multiple 5 2 5 1.67 1.25 1 1 Channel multiple 5 2.5 1 67 1 25 1

Reach 8 13m Reach 8

Frequency 0 1 0.2 0 3 0 4 0 5 I Frequency 0 1 0.2 0.3 0 4 0 5
Wavelength (m) 30 15 10 7 5 6 t Wavelength (m) 30 15 10 7.5 6
Channel multiple 5 2 5 1 67 1 25 1 I Channel multiple 5 2 5 1 67 1 25 1

Reach 9 1  Reach 9
1 s . lOOm D

16 7w e 1

1 M n
1 A

1 / \ s • • 1/ 1 50m
1 0 . 1 1 83w

1 s . \ 13m t 1/ \ 14 3m

' " ■
\ 22w y '  \ 24w

Frequency 0 1 02 0 3 0 4 0 5 J Frequency 0 1 0 2 0.3 0 4 0 5
Wavelength (m) 30 15 10 7.5 6 1 Wavelength (m) 30 15 10 7.5 6
Channel multiple 5 2 5 1 67 1 25 1 1 Channel multiple 5 2.5 1 67 1 25 1

10
8
6
4

2
0

1 2 3
Upstream

▲ Centreline profile 
■  Thalweg profile

4 5 6
Reach number

8  9
Downstream

10

Figure 4.2 Spectral density plots for the Clyne River reaches 5 to 9 and site scale trends.
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4.2.3 Zero-crossing analysis

Bedform characteristics for the Clyne River reaches determined through zero-crossing are 

presented in Table 4.3 (with and without tolerance values). Bedform characteristics for 

individual reaches are presented in Table 4.4 (without tolerance values). Without tolerance 

limits, pool and riffles are spaced an average of 3.6 to 3.1wy (centreline/thalweg). At the reach 

scale, average pool-riffle spacing ranges from 2wy to 5wy (no tolerance value applied. Table 4.4). 

This range is greater than for second-order modelling where individual reach averages ranged 

from 2.5wb to 4wb (Figure 4.1, Table 4.2).

Average spacing values at the site and reach scale are lower than 'expected' for natural river 

systems. This reflects the influence of 'insignificant' forms in the absence of a tolerance value. 

Applying an absolute tolerance limit of 0.3m (» Brookes' 1990 recommendations of restored 

riffle heights being 0.5m above the bed) to the thalweg profiles results in bed features being 

spaced at 5 to 7wb (Table 4.3). These are similar to pool-riffle spacing characteristics identified 

in other natural river systems. With an absolute limit of 0.3m, average bedform spacing 

determined from the centreline profile equals 9.8wb. This higher than that 'expected' spacing 

reflects the fact that a tolerance value of 0.3m is not appropriate to apply to centreline data, as the 

profiles do not map the deepest location in the pool. This spacing value of 9.8wb also comprises 

solely of pool data due to preferential removal of'dome up' riffles.

The task of identifying trends in bedform spacing throughout the study site when tolerance values 

are applied is not straightforward. This is because the riffle data set degrades at a faster rate than 

the pool data set (due to the 'dome up' bedform shapes), and the centreline data set degrades at a 

faster rate than the thalweg (as the centreline profile is 'smoother'). Each reach also varies in its 

sensitivity to the application of tolerance, and there is no downstream trend to this sensitivity 

(Figure 4.3). For example, with a tolerance limit of 0.3m, the average bedform spacing in 

reaches 4 and 7 increase from ~3wb to ~5wb. In contrast, with a tolerance limit of 0.3m, the 

average bedform spacing in reaches 1,3,8 and 9 increase from ~3wb to ~8wb. Furthermore, the 

average bedform spacing values for individual reaches do not consistently increase with 

progressive increases in tolerance. This is due to the fact that the distance between the first and 

last bedform is used to determine average spacing, and not the length of the reach (equation 3.8). 

As a result, variations in form spacing can be highly erratic. This is particularly evident from 

reach 1 in Figure 4.3.

Frequency distributions for pool and riffle spacing are positively skewed, with modal values of 

3wb (Figure 4.4, centreline and thalweg). This distribution is similar to that identified in other 

studies (Leopold and Wolman, 1957; Leopold et a l, 1964; Keller and Melhom, 1978 - Figure 

4.5a; Clifford, 1993b - Figure 4.5b; Grant et a l, 1990 - Figure 4.5c).
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Without tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wb) 3.6 3.7 3.1 3.2
Range (wb) 1-12 1-10 1-13 1-10
Modal Spacing (wb) 3 2 3 2

Average bedform amplitude (m) 0.17 0.20
Maximum riffle amplitude (m) 0.53 0.63
Riffle proportion (amplitude/length) 0.008 0.011

Average pool amplitude (m) 0.25 0.30
Maximum pool amplitude (m) 1.99 1.76
Pool proportion (amplitude/length) 0.011 0.016

Average longitudinal asymmetry -0.38 -0.11
Asymmetry range 4.6 to -7.3 3.5 to -6

Bedform shape 'Dome up' 'Dome up'

With tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wb)

Tolerance value applied
0.05m 4.1 4.3 3.6 3.6
0.1m 4.9 4.6 3.9 4.0
0.15m 6 5.1 4.5 4.9
0.2m 8 5.9 5.5 5.0
0.25m - 6.9 6.7 5.6
0.3m - 9.8 7 6.0

Average amplitude (m)

Tolerance value applied
0.05m 0.19 0.29 0.23 0.3
0.1m 0.22 0.32 0.24 0.4
0.15m 0.24 0.39 0.27 0.4
0.2m 0.27 0.43 0.3 0.4
0.25m 0.33 0.47 0.34 0.5
0.3m 0.38 0.55 0.38 0.5

Bedform aspect ratio (amplitude/length)

Tolerance value applied
0.05m 0.008 0.011 0.011 0.015
0.1m 0.007 0.012 0.010 0.015
0.15m 0.007 0.013 0.010 0.014
0.2m 0.006 0.012 0.009 0.015
0.25m - 0.011 0.008 0.014
0.3m - 0.009 0.009 0.013

Table 4.3 Bedform characteristics for the Clyne River identified through the zero-crossing
technique. Centreline and thalweg profile assessed. Results reflect form charcteristics 
identified with and without tolerance values applied.
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Centreline

Reach Reach Average unit Average riffle Average pool Average riffle Average pool Riffle aspect Pool aspect
number length (m) spacing (wb) spacing (wb) spacing (wb) height (m) height (m) (amlitude/length) (amlitude/length)

1 280 3.4 3.5 3.4 0.11 0.14 0.005 0.007
2 385 3.9 3.6 4.3 0.12 0.17 0.006 0.007
3 265 3.2 3.1 3.3 0.12 0.19 0.006 0.009
4 350 3.4 3.4 3.5 0.19 0.25 0.009 0.012
5 340 4.0 4.0 4.0 0.18 0.33 0.008 0.014
6 265 3.5 3.4 3.6 0.22 0.37 0.011 0.017
7 115 2.2 2.1 2.2 0.18 0.24 0.014 0.018
8 100 2.8 2.7 3.0 0.14 0.21 0.009 0.012
9 260 5.1 5.1 5.2 0.19 0.24 0.006 0.008

Thalweg

1 280 3.2 3.2 3.1 0.13 0.20 0.007 0.011
2 385 3.0 3.0 3.0 0.21 0.28 0.012 0.015
3 265 3.7 3.9 3.5 0.18 0.30 0.008 0.014
4 350 2.9 2.9 2.9 0.21 0.32 0.012 0.018
5 340 3.2 3.1 3.2 0.24 0.29 0.013 0.015
6 265 3.1 3.0 3.1 0.26 0.33 0.014 0.018
7 115 3.2 2.8 3.6 0.24 0.30 0.015 0.014
8 100 1.9 2.0 1.9 0.20 0.16 0.016 0.014
9 260 4.1 4.1 4.1 0.20 0.30 0.008 0.012

Table 4.4 Bedform characteristics for the individual Clyne River reaches identified through the zero-crossing technique. 
No tolerance values applied, centreline and thalweg profiles assessed.
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Figure 4.5 Bedform spacing frequency distributions
a) Keller and Melhom (1978). Wildcat Creek, Indiana, USA. Pools only.
b) Clifford (1993b). River Quarme, UK. Riffles only
c) Grant et al, (1990). Lookout Creek, Oregon, USA. Pools only.

These frequency distributions provide a useful guide for river restoration schemes which aim to 

replicate natural pool-riffle spacing characteristics. In this capacity however, it is important to 

determine whether or not the distributions differ significantly from normality. Keller and 

Melhom (1978), tested for normality in bedform spacing frequency distributions in 11 river 

systems, in order to determine whether parametric analysis techniques were suitable (such as 

ANOVA). Keller and Melhom (1978) applied a Kolmogorov-Smimov goodness of fit test to 

reveal whether the observed distribution of pool spacing conformed to a normal distribution. For 

their 11 sites, no difference was found between the observed values and a theoretical normal 

distribution at the 0.05 probability level. These findings are confirmed in Table 4.5.

The Kolmogorov-Smirnov test however, becomes a conservative test (and thus loses power) if 

the mean and/or variance is not specified beforehand, but must be calculated from the sample 

data. The Shapiro-Wilk test is specifically designed to detect departures from normality, without 

requiring that the mean or variance of the hypothesized normal distribution be specified in 

advance. This test therefore tends to be more powerful than the Kolmogorov-Smimov test. A re- 

evaluation of Keller and Melhoms data using the Shapiro-Wilk test procedure is presented in 

Table 4.5. From this analysis, the pool spacing distributions in Dry, Little Beak and McAlpine 

Creeks significantly differ from normal distributions. However, these three sites have one or two 

values in the tail of the distribution which are not evident in the other sites. By removing these 

'outliers' from the data, only the frequency distribution for Little Beak Creek, North Carolina, is 

significantly non-normal at the 0.05 level (Table 4.6). Unfortunately, justifying the removal of 

data points is problematic, and 'outliers' should be dealt with at the identification stage (tolerance 

value application) rather than at the analysis stage.
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Keller and Melhom (1978) Kolmogorov-Smimov 
p-value

Shapiro-Wilk
p-value

Big Pine Creek, Indiana. 0.31 0.39
Boone Fork, North Carolina. 0.47 0.11
Dry Creek, Califomia. 0.52 0.0005^
Durkee Run, Indiana. 0.88 0.31
Little Beak Creek, North Carolina. 0.05 o.ooof
McAlpine Creek, North Carolina. 0.24 0.0018^
Middle River, Virginia. 0.73 0.16
Ramsey Creek, North Carolina. 0.5 0.21
Sims Creek, North Carolina. 0.89 0.31
Wea Creek, Indiana. 0.27 0.43
Wildcat Creek, Indiana. 0.87 0.15

Typically, a significance level < 0.05 is considered significant

Table 4.5 A re-evaluation of Keller and Melhoms data (1978) using different techniques
for normality testing. The distributions highlighted differ significantly (0.05
level) form normality when evaluated by the Shapiro-Wilk method.

Shapiro-Wilk Shapiro-Wilk
p-value p-value

Dry Creek, California. 0.0005 0.28
Little Beak Creek, North Carolina. 0.0001 0.04̂ ^
McAlpine Creek, North Carolina. 0.0018 0.13

Typically, a significance level < 0.05 is considered significant.

Table 4.6 A re-evaluation of Keller and Melhoms data (1978) using different techniques 
for normality testing with the outliers removed.

By recreating the data sets from the frequency distributions provided by Clifford (1993b, Figure 

4.5b), Grant et al,. (1990, Figure 4.5c), as well as Milne (1982a, Figure 4, p233), the significance 

of the distributions can be assessed. When tested by the Shapiro-Wilk technique, these three 

distributions differ significantly (at the 95% level) from a normal distribution (p-values 0.0258, 

0.0001 and 0.0001 respectively). The 4 distributions produced through zero-crossing for the 

Clyne River (Figure 4.4) also significantly different from a normal distribution, with p-values 

below 0.001 (Shapiro-Wilk test). With tolerance limits of 0.1m and 0.2m, the distributions are 

still significantly different from a normal distribution (p-values < 0.001 - Shapiro-Wilk). The 

distribution is not significantly different from a normal distribution with a tolerance limit of 0.3m 

(p-value = 0.53) although this may simple reflect the reduced number of data effectively 

flattening the distribution.
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Figure 4.6 Variation in spacing frequency distribution with the removal of 
'insignificant' bedforms (thalweg riffles used as example).

A factor confounding the interpretability of the frequency distributions relates to trends in 

bedform spacing which may exist at the reach-scale. These trends can also produce skewed 

distributions. For the Clyne River, trends in bedform spacing are not evident through AR(2) 

modelling, spectral analysis or zero-crossing (with and without tolerance) at the reach-scale 

(Figure 4.1, 4.2 and 4.3 respectively).

Riffle amplitudes over the whole site average 0.17 to 0.2m (centreline/thalweg), and pool 

amplitudes average 0.25 to 0.3m (centreline/thalweg, no tolerance applied. Table 4.3). This pool- 

riffle difference in amplitude results from the influence of bedform shape on the location of the 

regression (section 3.5). Generally, bedforms increase in amplitude downstream (Table 4.4, 

Figure 4.7). These trends vary however, depending upon the bedform investigated (pool or 

riffle), the profile chosen (centreline or thalweg), the number and location of consecutive reaches 

examined, and the tolerance value applied.
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Figure 4.7 Amplitude trends of the Clyne River reaches as identified through the zero- 
crossing technique (no tolerance).
a) Centreline profile.
b) Thalweg profile.

To compare upstream to downstream variations in bedform shape, the upper 5 reaches are 

separated fi’om the lower 4. Reach separations are arbitrary. The frequency distribution of the 

residuals fi'om second-order polynomial fimctions for the upper 5 reaches and lower 4 reaches are 

presented in Figure 4.8. The fi*equency distributions representing the downstream reaches are 

less skewed than those representing the upstream reaches. This shows that the 'dome up' 

bedforms in the upstream reaches are becoming progressively 'pinched' with distance 

downstream. This is tentative finding however, given the variability of the fi-equency 

distributions produced by individual reaches (Figure 3.24).
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Figure 4.8 Variation in bedform shape between the upstream and downstream reaches of 
the Clyne River.
a) Centreline profile (negative skew indicates a 'dome up' bedform shape).
b) Thalweg profile (negative skew indicates a 'dome up' bedform shape).
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From the bedforms identified through the zero-crossing technique (no tolerance), average 

bedform amplitudes range fi'om 0.005, to 0.02, (1 = bedform length). Amplitude : wavelength 

ratios (a: 1) are generally lower upstream and become larger with distance downstream, except for 

the last two reaches where the bedforms exhibit low ratios (Figure 4.9). This variation in a:l with 

distance indicates that factors other than bankfull width (which is constant) and channel slope 

(which is constantly decreasing) influence bed morphology. These downstream trends in 

bedform a: 1 ratios are clearer Wien identified fi'om the centreline profile than from the thalweg 

profile. The difference between the pool and riffle ratios in Figure 4.9 again reflects the impact 

of bedform shape. Generally, riffles exhibit lower aspect ratios than pools as the 'dome up' 

bedforms move the trendline toward the riffle crests.

Longitudinal pool-riffle asymmetry characteristics are important for the stability of the bedforms, 

as the angle of the pool or riffle entrance and exit slopes influence sediment sorting processes 

(Thompson et a l, 1998). These processes also help provide suitable spawning habitats 

(Thompson and Hoffinan, 2001). In order for functional characteristics associated with naturally 

developed pool-riffle sequences to be effectively transferred into restored river environments, the 

replication of longitudinal form characteristics is advisable.
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Figure 4.9 Downstream variation in bedform amplitude : wavelength (a:l) ratios for the 
Clyne River reaches as identified by zero-crossing (no tolerance).
a) Centreline profile.
b) Thalweg profile.
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Longitudinal form asymmetry characteristics for the bedforms in the Clyne River reaches as 

determined through zero-crossing (no tolerance) are presented in Figure 4.10. The asymmetry 

ratios are derived by dividing the horizontal distance between a pool trough and the downstream 

riffle crest, by the horizontal distance between this riffle crest and the next downstream pool 

trough. A symmetrical bedform has a value of 1, although symmetrical bedform values have 

been changed to zero for Figure 4.10. A bedform having a lee (downstream) side twice as long 

as the stoss (upstream) side has a value of 2. Similarly, a bedform having a lee side half as long 

as the stoss side has a value of -2.

An even mix of positive and negatively asymmetric features are apparent in each of the Clyne 

reaches. Downstream trends are not evident at the site scale or at the reach scale. The data in 

Figure 4.7 tentatively indicate however, that the range of values in each reach reduce 

downstream. The bedform asymmetries produce distinctive frequency distributions (Figure 

4.11), with both negative and positive forms having modal ratios of 1.5. As a tolerance value has 

not been applied, the distributions are affected by the presence of small-scale bedforms.
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Figure 4.10 Reach scale asymmetry ranges for the rural river reaches as determined by the 
zero crossing technique (no tolerance). No asymmetry tendencies in direction 
are evident. No reach to reach trends are evident.
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4.2.4 Bedform differencing analysis

Bedform characteristics identified in the Clyne River with the adapted bedform differencing 

technique are summarised in Table 4.7. Reach scale bedform characteristics are presented in 

Table 4.8. On average, bedforms are spaced at 4.5wy (centreline profile) or 3.9wy (thalweg 

profile). These are on the low side of the expected 5 to 7wy range. This can be ascribed to 

methodological error in that the tolerance value is too low, or the difference may simply reflect a 

natural variation exhibited between river systems. The difference between the centreline and 

thalweg values could be removed by varying the tolerance value multiplier for each profile. 

However, justifying which profile should be altered is not straightforward. Furthermore, the 

transferability of different centreline and thalweg tolerance value multipliers are compromised as 

cross sectional characteristics can vary both within as well as between river systems.

On a reach by reach basis, average bedform spacing varies markedly, ranging from 3wy to 5.5wy 

(Figure 4.12a). This variation between reaches is similar in magnitude to that identified through 

zero crossing (with no tolerance). In terms of trend, bedform spacing initially reduces 

downstream although increases in the last two reaches (Figure 4.12a). Unfortunately these trends 

could be associated with the fact that a single tolerance value multiplier was applied to the whole 

site, whereas it may have been more appropriate to select different values for different reaches. 

The former approach is more consistent whereas the latter may be more appropriate. Both still 

rely on the subjective identification of'realistic' bedforms.
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Centreline profile

(m) (Wb)
Average spacing
Average spacing 26.9 4.5
Modal spacing 18.0 3.0
Range 6-114 1 - 19
Frequency distribution Positive skew
Downstream trends Decrease

Riffle spacing
Average spacing 26.3 4.4
Modal spacing 18.0 3.0
Range 9-114 1.5-9
Frequency distribution Positive skew
Downstream trends Decrease

Pool spacing
Average spacing 28.5 4.8
Modal spacing -24 (18 to 30) -4  (3 & 5)
Range 6-108 1 - 18
Frequency distribution Positive skew
Downstream trends Slight decrease

Riffle heights
Average riffle height 0.41
Maximum riffle height 1.01
Minimum riffle height 0.13
Downstream riffle trends Increase
Frequency distribution Positive skew
Aspect ratio (height:length) 0.016

Pool depths
Average pool depth 0.61
Maximum pool depth 1.23
Minimum pool depth 0.17
Downstream pool trends Decrease
Frequency distribution Normally distributed
Aspect ratio (depthilength) 0.021

Longitudinal bedform asymmetry Number Average Extreme
Positive 44 2.5 8.5
Symmetrical 2 N/A N/A
Negative 22 2.0 4.5
Trends Stronger positive asymmetry upstream

Weaker and more mixed downstream

Table 4.7 a) Bedform characteristics for the centreline profiles of the Clyne River as 
identified by the adapted bedform differencing technique.
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Thalweg profile

(m) (wb)
Average spacing
Average spacing 23.1 3.9
Modal spacing 18.0 3.0
Range 9-75 1.5-12.5
Frequency distribution Positive skew
Downstream trends V slight decrease

Riffle spacing
Average spacing 22.4 3.7
Modal spacing 24.0 4.0
Range 9-75 1.5-12.5
Frequency distribution Positive skew
Downstream trends V slight increase

Pool spacing
Average spacing 24.2 4.0
Modal spacing 18.0 3.0
Range 9-66 1.5-11
Frequency distribution Positive skew
Downstream trends Slight decrease

Riffle heights
Average riffle height 0.51
Maximum riffle height 1.17
Minimum riffle height 0.16
Downstream riffle trends Increase
Frequency distribution Weak positive skew
Aspect ratio (heightilength) 0.023

Pool depths
Average pool depth 0.68
Maximum pool depth 1.42
Minimum pool depth 0.13
Downstream pool trends Static
Frequency distribution Normally distributed
Aspect ratio (depthilength) 0.028

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 55 2.3 10.0
Symmetrical 5 N/A N/A
Negative 24 2.1 4.9
Trends Stronger positive asymmetry upstream

Weaker and more mixed downstream

Table 4.7 b) Bedform characteristics for the thalweg profiles of the Clyne River as 
identified by the adapted bedform differencing technique.
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W

Centreline

Reach Reach Average unit Average riffle Riffle Average pool Pool Average riffle Riffle Average pool Pool Riffle aspect Pool aspect
number length (m) spacing (wb) spacing (wb) trend spacing (wb) trend height (m) trend depth (m) trend (height:length) (depth: length)

1 280 5.4 5.4 1 5.5 1 0.20 D 0.56 1 0.006 0.017
2 385 5.2 5.2 1 5.1 1 0.33 S 0.68 1 0.011 0.022
3 265 5.0 4.9 D 5.0 D 0.31 1 0.59 D 0.011 0.020
4 350 4.3 4.3 1 4.3 1 0.42 1 0.58 1 0.016 0.023
5 340 4.9 5.0 D 4.9 1 0.49 D 0.71 D 0.016 0.025
6 265 3.9 3.9 D 4.0 D 0.57 D 0.69 1 0.025 0.029
7 115 3.1 2.9 1 3.3 1 0.45 1 0.58 1 0.026 0.030
8 100 4.5 3.8 D 5.3 1 0.50 D 0.61 D 0.022 0.019
9 260 4.0 4.2 D 3.9 D 0.36 D 0.45 D 0.014 0.019

Thalweg

1 280 4.6 4.5 1 4.7 1 0.33 D 0.63 1 0.012 0.023
2 385 4.3 4.3 1 4.3 1 0.49 1 0.75 1 0.019 0.029
3 265 4.4 4.6 D 4.3 D 0.45 D 0.70 D 0.017 0.027
4 350 3.3 3.3 1 3.3 1 0.51 1 0.60 1 0.026 0.031
5 340 3.4 3.4 D 3.4 1 0.52 1 0.68 1 0.025 0.033
6 265 3.9 4.0 D 3.8 1 0.68 1 0.81 1 0.029 0.036
7 115 2.4 2.5 1 2.3 1 0.50 1 0.63 1 0.033 0.047
8 100 3.4 2.0 D 4.8 1 0.56 D 0.64 D 0.047 0.022
9 260 5.0 5.0 D 5.0 D 0.56 D 0.63 S 0.019 0.021

Trends (downstream trends) I = Increase 

Table 4.8

D = Decrease

Bedform characteristics for the individual Clyne River reaches identified by the adapted bedform differencing technique 
Centreline and thalweg profiles assessed.
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Figure 4.12 Bedform characteristics determined from the centreline and thalweg profiles by 
the bedform differencing technique.
a) Average pool-riffle spacing per reach.
b) Average riffle height per reach.

Bedform spacing frequency distributions for centreline and thalweg profiles are positively 

skewed, with the most frequent spacing being at 3wy (Figure 4.13). When tested by the Shapiro- 

Wilk technique, the frequency distribution of both pools and riffles from the centreline and 

thalweg profiles significantly differ from a normal distribution (p-value < 0.001). Whilst this 

distribution is similar to those found in other studies (Figure 4.5) and in this study by the zero- 

crossing technique (Figure 4.4), there are serious conceptual issues surrounding its generation. In 

essence, the skewed distribution is assumed to reflect the natural variation in bedform 

characteristics generated under similar conditions. This is not the case for the reaches of the 

Clyne River as profile slope varies throughout the site. AR(2) modelling, spectral analysis and 

zero-crossing did not identify any clear reach to reach trends in bedform spacing, although clear 

trends are evident through bedform differencing (Figure 4.12a). This affects the interpretability 

of both Figure 4.4, 4.6 and Figure 4.13.

To reduce the influence of site scale trends, individual reaches are evaluated. Unfortunately, the 

relatively few bedforms involved affects the clarity of the distributions. A balance, therefore, has 

to be struck between limiting the longitudinal scale of study whilst trying to include as many 

bedforms as possible. For the Clyne River, 4 separate frequency distributions were generated 

based on the bedform spacing characteristics from reaches 1-2, 3-4, 5-6 and 7-8-9 (Figure 4.14). 

These distributions still show positively skewed tendencies, with 3 out of the 4 frequency 

distributions still significantly differing from a normal distribution (Shapiro-Wilk test for 

normality; Table 4.9). This suggests that distributions for the whole site result from a 'mix' of 

form characteristics rather than trends in form characteristics.
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Figure 4.13 Frequency distributions of bedform spacing for the River Clyne
study site as identified by the adapted bedform differencing technique.
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Clyne River as identified by the adapted bedform differencing technique 
(centreline profile)
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Reaches 1 & 2 Reaches 3 & 4 Reaches 5 & 6 Reaches 7, 8 & 9

p-value 0.008 0.0435 0.1048 0.0239

Classification 0.001 -0.01 0.01 -0.05 >0.05 0.01 - 0.05

(very significant) (significant) (not significant) (significant)

Table 4.9 P-values derived by the Shapiro-Wilk technique for normality testing. Riffle
data from the centreline profile used.

Skewed frequency distributions at these shorter scales can also result from bedform spacing 

trends at the sub-reach level. Figure 3.10 shows that, in relation to data sampling interval, the 

study site contains a series of nested systems exhibiting small-scale trends in form characteristics. 

Removing these trends through local boundary hunting is not straightforward, as identifying these 

breaks is to some extent based on the clarity of the coefficients. Consequently, trends in form 

character may still exist (Figure 4.15). Reach scale trends in bedform spacing can indeed be 

identified in some individual reaches (Figure 4.16, and Figure 4.17a), although most reaches do 

not exhibit trends in bedform characteristics (Figure 4.16, and Figure 4.17b). The skewed 

frequency distributions therefore represent a 'mix' of form characteristics.

Location of break?
Break

identified

0.4 c
0 .2  ,ro (fi

200 300 400 500 600
Arbitrary distance dow nstream

Figure 4.15 The identification of'breaks' in the bed morphology may still hide trends.
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Figure 4.16 Bedform spacing trends for individual reaches of the Clyne River as identified by the adapted bedform differencing technique.
Simple linear trendlines fitted.
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Figure 4.17 Riffle spacing characteristics for selected reaches of the Clyne River (identified 
by the adapted bedform differencing technique, centreline profile)
a) Random downstream riffle spacing in reach 4
b) Systematic downstream riffle spacing in reach 7.

For the Clyne River site, pool depths average 0.61m and riffle heights average 0.41m (centreline 

profile). Pool depths (0.68m) and riffle heights (0.51m) are larger when identified fi’om the 

thalweg profile. For both profiles, pools are 30 to 40% deeper than riffles are 'high'. This 

difference results fi'om the fact that pool depths incorporate the drop in height associated with 

profile slope. With respect to trends, riffle heights increase downstream for both centreline and 

thalweg profiles (Figure 4.12b). At the reach scale, amplitude characteristics are highly variable 

and no clear trends are identifiable in any reaches (Figure 4.18).

As with the bedform spacing fi-equency distributions, riffle heights also exhibit a positively 

skewed distribution. Pool depths are also positively skewed in the centreline profile, although the 

relationship is much weaker than for riffles. This weaker relationship is due to the fact that pool 

depth values incorporate the drop in profile slope, the magnitude of which consistently reduced 

downstream. Skewed riffle distributions, which are evident in both centreline and thalweg data 

(Figures 4.19), suggest that larger riffles are preferentially removed or constrained in some way. 

This may be associated with the need to maintain conveyance between riffle crest and bank top 

(Carling and Orr, 2000). These distributions are affected by the tolerance value selected, 

although based on a visual assessment of the bedforms identified (Figures 3.7) all insignificant 

bedforms are removed with a multiplier value of 1 (i.e. none). These skewed distributions can 

also result fi’om trends in form amplitudes. By reducing the scale of analysis, the skewed riffle 

distributions are eradicated.

Riffle heights range fi'om 0.005, to 0.05, (Figure 4.20). These height : wavelength (h;l) ratios are 

similar to those identified through zero-crossing (no tolerance) given that form amplitudes 

approximate to half the riffle heights and pool depths. Both techniques also identify h:l ratios to 

increase downstream before shallowing in reaches 8 and 9. Again this indicates that the bed 

morphology is adjusting to fectors other than bankfull width and channel slope.
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Figure 4.16 Bedform spacing trends for individual reaches of the Clyne River as identified by the adapted bedform differencing technique.
Simple linear trendlines fitted.
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Figure 4.19 Frequency distributions of riffle heights and pool depths for all bedforms 
identified in the Clyne River through the adapted bedform differencing 
technique.
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Figure 4.20 Downstream variation in height : length ratio (h:l) throughout the Clyne River study site 
(adapted bedform differencing technique),
a) centreline profile b) thalweg profile
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Bedform h:l ratios from all reaches produce positively skewed frequency distributions (Figure 

4.21, centreline and thalweg). To reduce the possible influence of site scale trends, four separate 

frequency distributions were generated. These were based on the h:l ratios derived from reaches 

1-2, 3-4, 5-6 and 7-8-9 (Figure 4.21). Frequency distributions of h:l ratios derived from the upper 

reaches ( 1 - 2  and 3 - 4) are still positively skewed. For the lower reaches ( 5 - 6  and 7 - 8 - 9 )  

frequency distributions of h:l ratios are normally distributed. The scale and location of analysis 

is, therefore, important to any morphological characterisations made.
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Figure 4.21 Frequency distribution of riffle height : wavelength (h : 1) ratios as identified by 
bedform differencing applied to the centreline and thalweg profiles of the 
Clyne River.
a) All reaches
b) Reach 1 and 2
c) Reach 3 and 4
d) Reach 5 and 6
e) Reach 7, 8 and 9
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In terms of longitudinal asymmetry, twice as many bedforms in the Clyne have shorter upstream 

faces and longer downstream tails (positively asymmetric) than have longer upstream faces and 

shorter downstream tails (negatively asymmetric. Figure 4.22). These averages conceal site scale 

trends, as upstream reaches contain more positively asymmetrical bedforms, whereas 

downstream reaches consist of an even mix of bedform asymmetries. This is at odds with the 

nature of asymmetry detected by the zero crossing technique where trends are not apparent 

(Figure 4.10). The difference between the techniques in determining the asymmetry 

characteristics of upstream bedforms may be due to the lack of tolerance value applied to the 

zero-crossing technique. Without any tolerance value, the less defined lower amplitude 

morphology upstream would result in many small-scale insignificant bedforms being identified. 

These ’confuse' zero-crossing results and reveal an apparently even mix of positive and negative 

asymmetric shapes. The fi-equency distribution of downstream asymmetry values derived 

through bedform differencing are similar to those derived through zero-crossing (Figure 4.10), 

with modal values of ± 1.5 to 2 (Figure 4.23). Morphological asymmetry trends are not evident 

at the reach-scale (Figure 4.24).
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Figure 4.22 Reach scale asymmetry ranges for the Clyne River reaches as determined by 
the adapted bWfbrm differencing technique. Upstream bedforms tend to be 
positively skewed, downstream bedforms tend to be more mixed.
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4.3 Pool-riffle morphology in natural river systems; the development of restoration design 

criteria

For the Clyne River, it is evident that a diverse pool-rifiQe morphology exists at the site, reach and 

sub-reach scale. As natural upland river systems currently form the basis of restoration 

templates, it is intuitive that the most appropriate templates would reflect as much of this 

diversity as possible. Three considerations complicate this process. The first relates to the ability 

to identify accurately and characterise appropriately pool-riffle morphology, given the sensitivity 

of the bedform identification techniques to methodological (profile selection, tolerance value 

setting and application, pool or riffle focus) and morphological variability. These differences 

were initially exposed in chapter 3 for amplitude and wavelength characteristics at the reach- 

scale. This chapter further examined these differences with respect to morphological variability 

at the sub-reach scale. At this scale of analysis, characteristics derived from the identification 

techniques can be extremely variable. This variability is highlighted in sections 4.3.1 to 4.3.6 and 

results from the diverse bed morphology affecting aspects of data collection and sampling to 

which the bedform identification techniques are differentially sensitive. This differential 

sensitivity arises through both the different approaches the techniques take to form identification 

and the diverse subjective decisions made at different stages of the identification processes. This 

combination of morphology, technique, method and subjectivity make identifying the causes of 

such variability extremely difficult pinpoint.

The second difficulty associated with replicating form characteristics identified in the Clyne is 

that the bedforms identified may not all be 'classical' pool-riffle sequences. For example, the 

morphology of the upstream reach (Figure 4.25a) is visibly 'smoother' than that in the lower reach 

(Figure 4.25b). These variations may be associated with variations in profile slope. Chartrand 

and Whiting (1999) show that as slope progressively reduces, bed morphology changes from 

conditions associated with cascading water flow (modal slope of 0.068), to step-pools (modal 

slope of 0.044), then to plane bed conditions (modal slope of 0.013) and finally to pools and 

riffles (modal slope of 0*0060).

For the Clyne River reaches, slope varies from 0.01 upstream to 0.003 downstream (Table 4.1). 

Consequently, upstream bedforms may be those associated with plane bed conditions, with a 

pool-riffle morphology being present in the downstream reaches. The occurrence of plane bed 

conditions upstream is supported by the occurrence of long (10 to 15wb) and shallow bedforms 

where riffle heights are 0.001%. This diversity in bedform character complicates the use of form 

characteristics derived from the upper reaches of the Clyne to add a greater degree of flexibility 

into the design of pool-riffle morphology. However, it is extremely difficult to justify the 

removal of the upper reaches based on slope values alone, as there is substantial overlap between 

gradient and bed morphology. For Chartrand and Whiting’s (1999) evaluation of over 100 sites, 

pool-riffle bedforms were observed in rivers with gradients between 0*0010 and 0*015.
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Chartrand and Whiting also observed plane bed conditions in river gradients between 0*0010 and 

0*035. Both these gradient ranges cover all reaches in the Clyne River study site.

The third difficulty associated with replicating form characteristics identified in the Clyne relates 

to their ubiquity and hence transferability. The ubiquity of natural form characteristics is 

paramount, since associations such as those between pool-riffle spacing and channel width or 

slope may not be consistent between different alluvial river systems. Assuming dimensionless 

morphological characteristics identified in one alluvial river channel are representative of all 

alluvial river channels is extremely naïve as sedimentary and hydrological characteristics may 

vary. Consequently, a generic 'natural alluvial river morphology" may not exist. Despite this, 

some morphological characteristics are ubiquitous within and between natural alluvial river 

systems. Identifying and quantifying these form characteristics provides a means by which 

natural river morphology can be replicated to a greater degree in future restoration schemes. 

Functional characteristics associated with natural pool-riffle bedforms are also more likely to be 

transferred, if the morphology is replicated accurately. This will improve the stability of the 

morphology, as well its ecological potential given the diversity of natural alluvial river 

morphology at the reach and sub-reach scale. The ubiquity of the form characteristics identified 

in the Clyne in relation to those derived fi’om other alluvial river systems are discussed in 

sections 4.3.1 to 4.3.6. Conclusions drawn are presented in section 4.4.
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Figure 4.25 Variation in pool-riffle character or bedform nature?
a) Reach 1 (upstream centreline profile, slope 0.01)
b) Reach 6 (downstream centreline profile, slope 0.05)
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4.3.1 Profile segmentation

The breaks in both profile and bedform character as identified through local boundary hunting 

shows that the Clyne River morphology has adjusted into a series of nested systems. Each of 

these systems has a relatively distinct morphological character. In terms of restorative eflfort, 

focussing on single reaches may not be as inappropriate as at first might be imagined.

4.3.2 Bedform asymmetry (cross sectional)

The centreline profile for the Clyne River is generally 'smoother' than the thalweg profile. This 

results from the pools being asymmetrical in cross section and the riffles being symmetrical in 

cross section. For bedform differencing data (Table 4.7), the average riffle heights (which are 

comparable the same as the water depths in the pools at zero flow), are 0.51cm when determined 

from the thalweg profile and 0.41m when determined from the centreline profile. The deepest 

point in the pool is 20% deeper than the centreline depth in the pool, although this average state is 

inconsistent from reach to reach. For the upstream reaches, the deepest point in the pool is 30 to 

40% deeper than the centreline depth in the pool (Figure 3.32), whereas for the downstream 

reaches the deepest point in the pool is 5 to 15% deeper than the centreline depth in the pool. 

These downstream trends in cross-sectional asymmetry are not closely related to variations in 

planform. Although planform characteristics were not directly measured in the Clyne River 

reaches, the sinuosity of the channel identified from aerial photographs does not visually alter 

throughout the site investigated (Figure 2.1).

For the bedform differencing technique, pool depths are measured in terms of their relative 

elevation from the downstream riffle crest. The downstream reduction between the centreline 

pool depth and thalweg pool depth in the Clyne can, therefore, result from pools becoming more 

symmetrical downstream, riffles becoming more asymmetrical downstream, or a combination of 

both. This situation could be clarified by comparing the centreline and thalweg pool amplitudes 

as identified through zero-crossing. Unfortunately, variations in bedform shape (between profiles 

and reaches) also affect pool amplitudes, as does the selection of appropriate tolerance values.

4.3.3 Pool-rifOe spacing

For the Clyne River, the applied bedform identification techniques indicate that pool-riffle 

sequences are spaced on average at 3 to 4wy. The 5 to 7wb identified in other alluvial river 

studies is, therefore, unrepresentative of average form spacing in all natural river systems 

(assuming accurate identification in this and other studies). The 3 to 4wb average identified in the 

Clyne is also unrepresentative of all reaches. At the reach scale, average bedform spacing ranges
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from 2.5 to 4wy (AR(2) modelling) or 2 to 5wy (adapted bedform differencing and zero-crossing 

without tolerance).

AR(2) modelling and the zero-crossing technique do not identify any clear trends in bedform 

spacing throughout the Clyne River. In contrast, the adapted bedform differencing technique 

identifies average bedform spacing to consistently decrease from ~5wb upstream (reach 1) to 

~3wb downstream in reach 7 (Figure 4.12a). Despite this trend, the bedforms in the lowest 

gradient reaches (8 and 9) are spaced at 4 to 5Wb. This inconsistent relationship between spacing 

and slope lessens the predictive capability of slope alone. Furthermore, as the tolerance values 

levied on the bedforms in the lower reaches are twice those levied on the bedforms in the upper 

reaches, the comparability of the up and downstream bedforms is in question.

For the Clyne River, modal form spacing characteristics were identified at 3wb through spectral 

analysis, zero-crossing (no tolerance) and the adapted bedform differencing technique (results 

derived through AR(2) modelling should be interpreted as average values). Modal values are 

theoretically more suitable for site to site comparisons than averages, and the modal spacing 

values of pool-riffle bedforms in the Clyne reaches are similar to those identified in other natural 

alluvial rivers (Keller and Melhom, 1978 - Figure 4.3b; Grant et al, 1990 - Figure 4.3c; Clifford, 

1993b - Figure 4.3d; Milne 1982a). The fact that average pool-riffle spacing values are not 

similar between systems and modal characteristics are similar between systems shows just how 

tenuous the comparison of average states can be. The ubiquity of the modal bedform spacing of 

3wb makes this form parameter much more suitable to transfer between river systems than the 

average bedform spacing of 5wb to 7wb.

The modal bedform spacing of 3wb identified through the adapted bedform differencing 

technique, also justifies the selection of the tolerance value multiplier made in section 3.2.1. If 

the multiplier value was selected based on the assumption that the average bedform spacing 

should fall between 5 to 7 channel widths, a value of 1.5 would have been appropriate (Figure 

3.6c to average spacing of 5.9wy). However, applying this value renders the modal spacing value 

at 4wy. Consequently, it is more prudent to compare the modal spacing values instead of 

averages to check the 'validity* of any multiplier value (note: any calibration against assumed 

characteristics should be undertaken with caution as the results will reflect the researchers 

assumptions).

Frequency distributions of pool-riffle spacing characteristics in the Clyne significantly differ 

from normality. The positively skewed distributions are also similar to those identified in other 

studies. The distributions observed for the Clyne are not overtly influenced by site or reach scale 

trends in bedform spacing. This similarity between and within river systems suggests that these 

distributions are relatively ubiquitous characterisations of pool-riffle morphology. This skewed 

distribution makes the transference of modal values alone inappropriate. River restoration
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strategies which strive to implement a natural river morphology should, therefore, attempt to 

replicate this 'mix' of bedform spacing values as far as possible. Table 4.10 and Figure 4.26 show 

the percentage occurrence of bedform spacing characteristics for the centreline and thalweg 

profiles of the Clyne River as determined fi*om the adapted bedform differencing technique 

(reach data combined).

Bedform spacing (wy) Percentage occurrence 

centreline profile

Percentage occurrence 

thalweg profile

IWb 1 2
2wb 14 17

3wb (modal spacing) 23 25
4wb 18 24
5wb 16 13

6wb (average spacing) 10 8
7Wb 4 6
8Wb 3 2
9wb 4 0
lOwb 3 1
llWb 1 1
12wb 1 0
13wb 0 1

Table 4.10 Percentage occurrence of bedform spacing for the rural river centreline and 
thalweg profiles. Results derived fi’om the adapted bedform differencing 
technique.

Figure 4.26

■ Centreline profile 

□ TTialw eg profile
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Pool-riffle spacing (wb)
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Frequency distribution of bedform spacing character for the rural river system 
(site scale). Frequency of occurrence represented as percentage occurrence 
(adapted bedform differencing technique).
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4.3.4 Bedform amplitude and aspect ratios

For the Clyne River, the adapted bedform differencing technique identifies a general increase in 

riffle height with distance downstream (Figure 4.12b). The zero-crossing technique identifies a 

general increase in pool and riffle amplitude with distance downstream (Figure 4.9). These 

trends have also been identified in other studies (e.g. Wohl et a l, 1993). One way of scaling 

amplitude characteristics into a restored reach is through identifying the relationship between 

bedform amplitude and bedform wavelength, the latter of which can be implemented based on a 

channel ratio (wy). For the Clyne River reaches, similar bedform aspect ratios are identified 

through zero-crossing (no tolerance) and adapted bedform differencing (similar in that form 

amplitudes are roughly half riffle heights and pool depths). Pool-riffle amplitudes in the Clyne 

reaches range fi'om 0.005; to 0.02% (zero crossing, no tolerance). Riffle heights and pool depths 

range fi'om 0.005; to 0.05;. Modal bedform heights are 0.015 ; for the centreline profile and 0.025; 

for the thalweg profile (adapted bedform differencing technique).

Bedform aspect ratios in the Clyne reduce with distance upstream (Figure 4.11, zero-crossing; 

Figure 4.20, bedform differencing). For the Clyne, riffle heights are 0.01; to 0.02; on steeper 

slopes (gradient > 0.007), and 0.02; to 0.03; on shallower slopes (gradient < 0.007). 

Unfortunately, these trend characteristics may not be transferable to other river systems, as 

bedform aspect ratios identified in other river systems have been noted to reduce with distance 

downstream (River Severn, Carling and Orr, 2000).

hnplementing bedform h:l characteristics based on fi'equency distributions is not as simple as it is 

for bedform spacing. This is because the shape of the distributions are compromised by trends in 

amplitude and/or wavelength characteristics. This sensitivity also makes the distributions 

particularly susceptible to the scale and location of analysis. For example, a distribution based on 

bedform differenced data (riffles height only, centreline profile) fi'om reaches 1 and 2 is 

positively skewed, as is the distribution based on bedform data fi'om reaches 3 and 4 (Figure 

4.21). In contrast, a distribution based on bedform data fi'om reaches 5 and 6 is normally 

distributed, as is a distribution for reaches 7, 8 and 9 (Figure 4.21). This indicates a possible 

association between the mix of bedform h:l ratios and gradient. As the ubiquity of these 

relationships is unknown, characteristics derived fi'om the Clyne may not be a suitable guide for 

restoration templates.
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4.3.5 Bedform shape

Another bedform characteristic identified in this study is longitudinal bedform shape. The 

identification of these shapes is important fi'om two main perspectives. First, their occurrence 

significantly impacts the ability of the techniques to sample and analyse pool-riffle morphology 

in a consistent manner. Second, they reflect another means by which bedforms adjust to the 

imposed conditions. Bedform shapes in the Clyne River are highly variable fi'om reach to reach. 

Generally, the bedforms are ’dome up' in shape although there is some indication that bedform 

shapes become more 'pinched' with distance downstream (Figure 4.10).

The degree to which bedforms are 'domed' can be quantified through evaluating form amplitude 

and the length of the pools and riffles above and below the natural gradient (trendline, as in 

Figure 4.27a). With respect to form amplitude, pool amplitudes are ~20 to 30% greater than 

riffle amplitudes (zero-crossing, no tolerance. Figure 3.18). To replicate these amplitude 

differences, riffle and pool lengths need to vary. Riffle lengths (not wavelengths) can be 

determined by calculating distance between the first and last positive residuals of a single form. 

Pool lengths can be determined by calculating the distance between the first and last negative 

residuals of a single form (Figure 4.27a). For the 9 Clyne River reaches, the length of the riffle 

'crests' in relation to the length of pool 'troughs' varies significantly (Figure 4.27b). Clyne River 

bedforms identified fi'om the centreline profile show the maximum range, with riffle 'crests' being 

50% shorter than pool 'troughs' in reach 1 (upstream), and 40% longer than pool troughs in reach 

5. On average, the length of the riffle 'crests' are approximately 10 to 15% longer than pool 

'troughs' in both centreline and thalweg profiles.
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160



4.3.6 Bedform asymmetry (longitudinal)

The zero crossing technique does not reveal any preference for positive or negatively skewed 

bedforms or any association between form asymmetry and slope. Without any site scale trends, 

the frequency distribution of the asymmetry coefficients could be used in much the same manner 

as the frequency distribution of bedform spacing. Even if only the modal asymmetries were used 

this would improve the degree to wiiich natural alluvial river form is replicated. Unfortunately, 

as these asymmetry characteristics are derived without the use of a tolerance value (due to the 

preferential removal of bedforms, Figure 3.21), they include the asymmetries of bedforms which 

could be termed morphologically and hydraulically 'insignificant' in relation to larger pool and 

riffie bedforms.

The adapted bedform differencing technique, which does apply a tolerance limit, reveals an 

overall asymmetry preference for positively skewed bedforms. Most of these positively skewed 

bedforms are preferentially located upstream, with the bedforms in the downstream reaches not 

showing any asymmetry preference. These trends are presented in Figure 4.28 in relation to 

slope. A simple summation of these characteristics is that most bedforms on slopes > 0.008 are 

positively skewed with asymmetry ratios between 1.5 and 4 (i.e. the lee or downstream side is 1.5 

to 4 times longer than the stoss or upstream side). Most bedforms on slopes < 0.008 show no 

positive or negative asymmetry preference. Modal asymmetry ratios of ± 1.5 are present on these 

on these gentler slopes, with values ranging from ±5. In addition to bedform shape, the variation 

in longitudinal bedform asymmetry reflects another means by which bedforms adjust to the 

imposed conditions.
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4.4 Summary

Investigation of the natural alluvial Clyne River has revealed an extremely diverse morphology 

which varies both at the reach and sub reach-scale. Some of the form characteristics identified in 

the Clyne reaches are also revealed in other studies conducted on other natural non-alluvial river 

systems. These can provide a basis by which current templates can be adapted. Unfortunately, 

studies of pool-riffle morphology in natural (or indeed any) river systems is sparse (Carling and 

Orr, 2000) and that which does exist has been derived by techniques and associated 

methodologies which are not explicitly stated. Consequently, only a few form characteristics are 

outlined in Table 4.11.

Some of the form characteristics identified in the Clyne reaches are not similar to those identified 

in other river systems (Table 4.12). This variability may reflect form adjustment to factors such 

as local geology and sediment calibre (Wohl et al, 1993), sediment supply (Lisle, 1982), the 

hydrological regime, the energy of the environment (possibly prompting Heys’ recommendations 

of pool-riffle wavelength variations with slope) or the presence of large woody debris 

(Montgomery et al, 1995; Gumell and Sweet, 1999). The transferability of the morphological 

characteristics identified in the Clyne is therefore unknown. Further evaluation of naturally 

developed river systems is therefore required with a greater attention paid to catchment as well as 

more localised factors which may influence the morphology.

Form
characteristic

Design recommendation Other examples

Slone Linear or near linear slope at the reach scale Shepherd (1985)
Long profile Natural divisions in the long profile are evident. 

These segment the river into relatively short 
sections (100m to 300m) of uniform character.

Profile divisions evident 
in studies relating to 
tributary input (Shepherd, 
1985), geology, tectonic 
activity.

Bedform
spacing

Modal spacing at 3wb 
Significant positively skewed frequency 
distribution. Implemented spacing characteristics 
should conform to Table 4.10

Individual bedform spacing range: 1 Wb to 19 Wb

Keller and Melhom, 1978 
Milne, 1982a 
Clifford, 1993b 
Grant et a/., 1990

Range: 1 Wb to 19 Wb 
Keller and Melhom, 1978

Cross-sectional
asvmmetrv

Pools should be asymmetrical and the riffles 
symmetrical with the deepest point in the centre of 
the channel.

Einstein and Shen, 1964 
Keller, 1975 
Thome and Hey, 1979 
Hey, 1986 
Thompson, 1986

Table 4.11 Recommended design criteria to enable rehabilitation schemes to replicate rural 
river morphology, particularly the pool-riffle sequences, to a greater extent.
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Form
characteristic

Morphological characteristics in the 
Clvne River

Evidence found in other studies

Bedform
snacine

Average spacing 4 - 5wy on steeper 
slopes (>0.006) and 3 - 5wb on gentler 
slopes (<0.006)

No clear reach-scale trends

Opposite trends to Hey who advises 
average bedform spacing on steeper 
slopes of 4wy and 8wy on gentler 
slopes.

No evidence from other studies.
Bedform
amolitudes

Increase with distance downstream.

Significantly positively skewed frequency 
distribution for pools, but normal 
distribution for riffles.

No clear reach-scale trends.

Wohl et a l, (1993) also identifies 
bedform amplitudes to increase with 
distance downstream.

No evidence from other studies.

No evidence from other studies.
Bedform 
aspect ratio

On average, riffle heights should be 0.011 
to 0.02i on steeper slopes (>0.006), and 
0.02i to O.OSi on gentler slopes (<0.006). 
Aspect ratios derived from the centreline 
profile (bedform differencing).

Significantly positively skewed frequency 
distribution on steeper slopes, 
normalising on shallower slopes.

Individual aspect ratio range: 0.001, to 
0.07,

No clear reach-scale trends.

Opposite trends to Carling and Orr, 
(2000) who observe aspect ratios to 
decrease with distance downstream.

No evidence available from other 
studies.

No evidence from other studies 
through bedform differencing.

No evidence from other studies
Cross-
sectional
asvmmetrv

The deepest point in the pool trough 
should be around 20% to 40% greater 
than the pool depth in the centre of the 
channel (measured from the low flow 
water surface) on slopes > 0.006. The 
deepest point in the pool should be 
around 5% to 15% greater than the pool 
depth in the centre of the channel on 
slopes < 0.006.

No evidence available for asymmetry 
trends although if sinuosity increases 
downstream and the bed becomes 
more erodeable, opposite trends are 
expected.

Longitudinal
asvmmetrv

Slopes > 0.008 should mainly contain 
positively asymmetric forms with a modal 
value of 1.5 and range from 1 to 5 (i.e. the 
lee or downstream side is 1 to 5 times 
longer than the stoss or upstream side). 
Slopes < 0.008 should include a 'mix' of 
asymmetry characteristics, with modal 
values of ±1.5 and range from ±1 to ±5).

Ranges similar to Carling and Orr, 
(2000) although there is no evidence 
for asymmetry/slope trends from 
other studies.

Longitudinal
shape

Bedforms should generally reflect a 
'dome up' shape. Riffle lengths {not 
wavelengths) as determined by the 
distance along the natural gradient 
(trendline) should be 10 to 15% longer 
than pool lengths.

No evidence available from other 
studies.

Table 4.12 Variation in pool-riffle characteristics derived from the River Clyne (mainly 
through bedform differencing) in relation to characteristics derived from other 
studies.
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CHAPTER 5

Replication of natural river form and process in urban river environments: 

an appraisal of two urban rehabilitation schemes

This chapter provides a morphological and hydraulic appraisal of the rehabilitated sections of the 

Pool River, South London. The morphological appraisal explores the extent to which natural 

pool-rifHe morphology is replicated in an urban river channel. The hydraulic appraisal explores 

the extent to which the velocity reversal mechanism is replicated in an urban river channel. 

Through exposing the strengths and weaknesses in current river restoration strategies aimed at 

urban river channels, specific areas of design can be targeted for improvement. As the most 

complex element of the research (involving two study areas as well as the application and critique 

of four bedform identification techniques), the evaluation of the rehabilitated morphology is 

contained in sections 5.1 to 5.3. Section 5.4 comprises the hydraulic analysis investigating the 

ability to replicate the velocity reversal mechanism.

5.1 Bed morphology of the Bell Green Gas Works reach

5.1.1 Data quality and sampling interval

As the bedform identification techniques are sensitive to variations in the sampling interval, it is 

important to obtain morphological data of a similar quality within and between river systems. 

The bankfull width is commonly used as a parameter on which the sampling interval is based 

(such as O'Neill and Abrahams, 1984), as it is assumed to dominate instream process and hence 

pool-riffle character. However, the relationship between the bankfull width and pool-riffle 

character may not be the same in urban rivers channels where the cross-sectional morphology has 

been extensively altered (resectioned). Using the urban bankfull width to derive a finer data 

collection interval may also be inappropriate as its relationship to bed process is minimal given 

that the return periods can range fi’om 1 in 50 to 1 in 500 years. Possible variations in the 

hydrological and sedimentary regimes between urban and rural river systems further compromise 

the comparability of urban and rural bankfull widths. These complications make it difficult to 

obtain morphological data in urban river channels at a resolution comparable to that obtained in 

natural alluvial river systems.

Determining a comparable data collection resolution is to some extent simplified for the Bell 

Green reach, as the second stage of the channel is morphologically analogous to natural river 

bankfull (Figure 5.1). This analogy is based on the w/d ratio where the minimum value is located 

at the transition between the second and third channel stage. Planform bends and inflexions in
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Figure 5.1 a) Cross-section of riffle N- 6, Bell Green reach (upstream view, axis equal)
b) Cross-section of pool N® 5, Bell Green reach (upstream view, axis equal)
c) w/d plot of riffle N® 6. Minimum ratio identifies ŵ  at 6.4m (2nd channel 
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this reach are also spaced at 6 times this width, which is similar to the average spacing of these 

features identified in other river systems when related to the bankfull width (i.e. Hey and Thome, 

1986, where meander arc length = 6.3wy). The second stage width of the Bell Green reach may 

not have precisely the same relationship to bedform character as the bankfull width in natural 

alluvial river systems, but it is a more appropriate than the low flow width (first stage) which is 

always inundated, or the high flow width (third stage) which caters for flood events with return 

periods of over 50 years. To provide comparable data quality to the Clyne reaches, the data for 

the Bell Green morphology, are linearly interpolated fi’om 2m intervals (half the low flow width, 

the original sampling interval) to 3m intervals. This data resolution equates to a sampling 

interval of 0.5wy, recommended for rural rivers. A visual comparison of the 2m and 3m data sets 

shows that the coarser resolution does not remove any 'significant' pool-rifiQe bedforms.

5.1.2 Profile segmentation and profile shape: the impact of weir structures

Local boundary hunting coefficients derived from the rehabilitated Bell Green reach are 

presented in Figure 5.2. The coefficients determining breaks in the profile peak at the location of 

the downstream weir (420m). This is not surprising, as weirs are implemented as drop structures 

to reduce the energy of the water flowing through realigned channels. As these features are such 

a prominent influence on the river profile, their removal or modification will result in substantial 

adjustment of the reach-scale bed morphology. For the restoration schemes in the Thames 

catchment, 12% involved the removal or modification of weir structures (Table 1.4).

The coefficients determining breaks in the bed morphology also change at the location of the 

weir, with those downstream of the Bell Green reach being consistently lower. The 

morphological characteristics of the Bell Green reach are, therefore, fundamentally different to 

those in the reach immediately downstream. The morphological characteristics in the Bell Green 

reach are much more uniform than those identified in the reaches of the Clyne. This uniformity 

may reflect the simplified nature of this replicated bed morphology. As the profile and bedform 

breaks in the Bell Green reach are strongly associated with the location of the downstream weir, 

it is appropriate that this feature defines the downstream end of this reach. The upstream end of 

the Bell Green reach begins where the Pool River emerges firom a culvert.

As the peaks on the local boundary hunting coefficients were largely associated with the 

locations of the concrete structures, linear or near linear profiles are expected. The r̂  values for 

the five mathematical fimctions applied to the thalweg and centreline profiles of the Bell Green 

reach are presented in Table 5.1. Centreline and thalweg profiles in the Bell Green reach are best 

described by linear and second-order polynomial functions (Figure 5.3). For consistency with the 

analysis of the Clyne reaches, second-order polynomials are used to detrend the centreline and 

thalweg profiles in this rehabilitated reach.
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Figure 5.2
a) Centreline profile of the rehabilitated urban Pool River reaches.
b) Elevation change (ratio). Split window (each with 50 metre span, 100 total) Equation 3.1
c) Elevation change (magnitude). Split window (each with 50 metre span, 100 total) Equation 3.2
d) Standard deviation of the differenced series. Single window, 100 metre span. Equation 3.3
e) Elevation change (magnitude) / variance. Split window (each with 100 metre span, 200 total) 
Equation 3.6
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Centreline 
Rehabilitated reach Linear

r'̂  coefficients 
Exponential Logarithmic Power 2nd order Slope (Linear)

Bell Green 0.82 0.82 0.71 0.7 0.82 0.0025

Alternate boulder - upper 0.71 0.71 0.7 0.69 0.77 0.0022

Alternate boulder - lower 0.67 0.68 0.58 0.58 0.71 0.002

Thalweg 
Bell Green 0.83 0.82 0.66 0.66 0.83 0.0024

Alternate boulder - upper 0.66 0.66 0.63 0.63 0.73 0.002

Alternate boulder - lower 0.67 0.67 0.58 0.58 0.68 0.0017

Table 5.1 r"' coefficients and slope values for the rehabilitated urban river reaches 
Most appropriate functions in bold
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Figure 5.3
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The r  values for the functions applied to the Bell Green Gas Works reach are similar for both 

centreline and thalweg profiles (Table 5.1). This implies that the degree of cross-sectional 

asymmetry is the same for pools and riffles. Similarity between pool-riffle cross-sections reflect 

the nature of the design, with the concrete bed curtailing the development of pool asymmetry. 

The slope of the Bell Green reach is similar to the lowest reaches of the Clyne. Consequently, 

form characteristics may be most comparable between these reaches.

5.1.3 Second order AR(2) modelling

Visual inspection of the autocorrelogram for the Bell Green reach suggests that the centreline and 

thalweg profiles exhibit pseudo periodic tendencies which oscillate at a wavelength of 14 lags or 

7wb (Figure 5.4). The 0 ,  and 02 coefficients generated by the series are of opposite sign, fulfil 

the stationarity requirements of equations 2.2, but do not satisfy the inequality 0 /  + 402 < 0 

(Table 5.2). The PACFs show, that a significant amount of variability is not explained by a 

second order model (Figure 5.4). The series behaviour is not, therefore, a physical realisation of 

an autocorrelation function which oscillates as a damped sinusoidal function. A more complex 

process is therefore required to model the data series.
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ACF I h .
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0.0 ^
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i J l l l
PACF

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Lag number

Lag number

Lag number
Figure 5.4 a) ACF Bell Green reach, centreline profile, b) PACF Bell Green reach, 

centreline profile, c) ACF Bell Green reach, thalweg profile, d) PACF Bell 
Green reach, thalweg profile.
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This lack of periodicity is surprising given the regular meandering planform and associated 

undulations in the concrete bed. However, most of the concrete undulations upstream are 

smothered by sediment, whereas downstream the concrete pools are sediment free (Figure 5.5). 

The lack of periodicity may, therefore, reflect the post-design modification of the implemented 

morphology by natural proceses. Conducting the analysis on the lower section where the 

concrete is exposed, the coefficients satisfy the stationarity requirements, satisfy the inequality 

0 /  + 402 < 0, and are of opposite sign. For this lower section, assessment of the centreline 

profile reveals an average bedform spacing of 6.7wy. This is well is within the 'expected' 5 to 

7wb range for a natural river morphology. The thalweg profile, however, reveals an average 

bedform spacing of 1 Owy. This centreline thalweg discrepancy of this magnitude was only found 

in one of the Clyne River reaches and again illustrates the effect of profile choice on bedform 

character.

Reach scale Lower reach only
Centreline Thalweg Centreline Thalweg

Correlation coefficients
Profile Profile Profile Profile

01 0.989 0.404 0.951 1.020
02 -0.236 -0.004 -0.283 -0.288

Satisfy stationarity ? Yes Yes Yes Yes
Different sign? Yes Yes Yes Yes
0 /  + 402 < 0 = Pseudo periodic? No No Yes Yes

Bedform spacing (wy) — — 6.7 10

Table 5.2 Bedform spacing for the Bell Green Gas Works reach (entire and partial) as
determined by AR(2) modelling

Inequality 0 /  + 40% < 0 not satisfied at this scale of analysis

17.4 1

Inequality 0 /  + 402 < 0 satisfied 
at this scale of analysisS  17.0

S  16.2

15.8
0 50 100 150 200 250 300 350 400 450 500

Figure 5.5

Distance downstream (m)

Thalweg profile for the Bell Green reach showing uneven sediment distribution
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5.1.4 Spectral analysis

Spectral density plots for the rehabilitated Bell Green Gas Works reach on the Pool River are 

presented in Figure 5.6. The frequency which accounts for the most variance is associated with 

bedforms wavelengths of 6.2wy for both profiles. This value is similar to the that identified for 

all the Clyne reaches (7.5wy and 5.3wy - centreline and thalweg respectively), and falls within the 

'expected' 5 to 7wy average ratio. Smaller peaks in the spectral density plots are insignificant 

relative to the larger peak. In contrast, more than one peak is prominent in many of the spectral 

density plots for the Clyne reaches. The rehabilitated morphology is, therefore, relatively 'simple' 

in comparison to the morphology in the naturally developed alluvial reaches.
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Figure 5.6 Spectral density plots for the Bell Green Gas Works reach (Pool River)
a) Centreline profile
b) Thalweg profile

5.1.5 Zero-crossing analysis

Results for the Bell Green reach can be seen in Table 5.3 (with and without tolerance). On 

average, bedforms are spaced at 6.8wy when assessed from the centreline profile and at 5.2wy 

when assessed from the thalweg profile (no tolerance value applied in both cases). This 25% 

difference is comparable in direction and magnitude to the difference identified in some of the 

Clyne River reaches. Although spacing averages from both Bell Green profiles fall within the 5 

to 7wb range expected of more natural reaches, these values are higher than those identified in the 

Clyne reaches.

Preferential removal of pools or riffles is not evident when different tolerance limits are applied 

(Figure 5.7). Bedform shapes in the Bell Green reach are not, therefore, 'domed' in nature as they
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Without tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wb) 6.9 6.7 5.1 5.3
Range (wb) 1.6- 10 3.6-10 1.2-10.8 1.2-10.4
Modal Spacing (wb) 8 6 5/7 6

Average bedform amplitude (m) 0.22 0.16
Maximum riffle amplitude (m) 0.42 0.42
Riffle aspect ratio (amplitude : length) 0.005 0.005

Average pool amplitude (m) 0.21 0.16
Maximum pool amplitude (m) 0.32 0.26
Pool aspect ratio (amplitude : length) 0.005 0.005

Average longitudinal asymmetry 0.38 -0.92
Asymmetry range -2 to 5.2 -4.5 to 3.2

Bedform shape 'Pinched' 'Pinched'

With tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wb)

Tolerance value applied
0.05m 7.6 6.7 7.4 5.7
0.1m 9.5 6.8 8.2 6.7
0.15m 9.5 7.3 12.3 9.2
0.2m 12.7 10.4 17.1 14.9
0.25m 16.9 - - -

0.3m 25.4 - - -

Average amplitude (m)

Tolerance value applied
0.05m 0.24 0.21 0.21 0.17
0.1m 0.28 0.21 0.22 0.19
0.15m 0.28 0.23 0.26 0.21
0.2m 0.3 0.24 0.33 0.24
0.25m 0.35 - - -
0.3m 0.39 - - -

Bedform aspect ratio (amplitude : length)

Tolerance value applied
0.05m 0.005 0.005 0.005 0.005
0.1m 0.005 0.005 0.005 0.005
0.15m 0.005 0.005 0.004 0.004
0.2m 0.004 0.004 0.003 0.003
0.25m - - - -

0.3m - - - "

Table 5.3 Bedform characteristics for the rehabilitated Bell Green reach identified through the
zero-crossing technique. Centreline and thalweg profile assessed. Results reflect form 
characteristics identified with and without tolerance values applied.
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are in the Clyne (Figure 4.8). The frequency distribution of residuals form the Bell Green reach 

is normally distributed (Figure 5.7), confirming that bedform are not 'domed'. The normal 

distribution indicates that the bedforms exhibit a 'pinched' form. The 'pinched' morphology in the 

Bell Green reach should not be considered as unusual even though it does not reflect more 

general characteristics identified in the Clyne, as the frequency distributions for individual Clyne 

reaches are extremely erratic (Figure 3.24).

Bedforms identified from the thalweg profile are more sensitive to the application of tolerance 

values than those identified from the centreline profile (Figure 5.8). The thalweg profile is, 

therefore, 'smoother' than the centreline profile. This was not identified by the comparison of the 

r  ̂coefficients in Table 5.1 which are similar between profiles. The sensitivity of the centreline 

and thalweg profiles to tolerance is opposite to that identified in the Clyne River, and suggests 

that the rehabilitated pools are relatively symmetrical in cross-section and the rehabilitated riffles 

are relatively asymmetrical in cross-section.
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Figure 5.7 a) Progressive removal of centreline bedforms with the application of tolerance.
b) Progressive removal of thalweg bedforms with the application of tolerance.
c) Frequency distribution of the residuals for the Bell Green reach (second 
order polynomials used to detrend). No skew indicates a 'pinched' bedform 
character.
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Frequency distributions of bedform spacing show no skewed tendency for the centreline or 

thalweg profiles (Figure 5.9, no tolerance value applied). The Shapiro-Wilk test confirms this 

normality with p-values greater than 0.05 (p-values for centreline riffles = 0.512 and pools = 

0.9337, thalweg riffles = 0.0629 and pools = 0.8744). In addition, no clear spacing trends are 

evident over the reach scale (Figure 5.9), even with successive removal of 'insignificant' 

bedforms. However, with the relatively few bedforms in the reach (11 pool-riffle units), the lack 

of clear distributions or trends is not surprising. Moreover, due to the small scale of the reach, if 

any trends were identified, confidence in their significance would be minimal.

Average pool-riffle amplitudes are 0.21m and 0.22m respectively for the centreline profile, and 

0.16m (pools and riffles) for the thalweg profile (no tolerance). The similarity in pool and riffle 

amplitudes confirms that the bedforms are not 'domed' in shape. The higher centreline 

amplitudes reflect the difference between the cross-sectional asymmetries in the Bell Green reach 

as opposed to those in the Clyne reaches. No clear amplitude trend is apparent in this reach 

(Figure 5.9) even with tolerance values applied. On average, pool-riffle amplitudes identified 

without tolerance limits are 0.005,. These values are lower than those identified in the Clyne 

River reaches which ranged from 0.01, to 0.02,.

Longitudinal asymmetry values for the Bell Green bedforms range from ± 5 (Figure 5.10). 

Modal form asymmetries range from ±1.5 to 2. No clear reach scale trends are evident. Bell 

Green bedforms exhibit a preference for negative asymmetries. This preference suggests that the 

mobile sediment is being deposited on the pool exit/riffle entrance slope and not on the riffle 

exit/pool entrance slope.
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Figure 5.8 Difference between the removal of a) pools and b) riffles with progressive 
application of tolerance to the centreline and thalweg profiles. Thalweg 
morphology is more sensitive to tolerance.
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Figure 5.9 a) Frequency distribution of bedform spacing for the Bell Green reach.
b) Pool and riffle spacing trends derived from the Bell Green centreline profile.
c) Pool and riffle spacing trends derived from the Bell Green thalweg profile.
d) Pool-riffle amplitude trends derived from the Bell Green centreline profile.
e) Pool-riffle amplitude trends derived from the Bell Green thalweg profile.
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Figure 5.10 a) Longitudinal asymmetry characteristics of the Bell Green bedforms as 
determined by the zero-crossing technique (no tolerance).
b) Frequency distribution showing a negatively skewed preference.
c) Sediment build-up explaining negatively skewed preference.

5.3.4 Bedform differencing analysis

As the bedform characteristics in the Bell Green reach may not be similar to those in the Clyne, 

the multiplier value selected in section 3.1.2 may not be appropriate. To identify the most 

appropriate value, various values are applied to the standard deviation of the differenced series of 

the centreline profile (Figure 5.11). The selection of the most suitable is again subjectively based 

on the identification of'realistic' bedform features (as per O'Neill and Abrahams, 1984). For the 

Bell Green reach, the most 'realistic' bedform features are identified when no multiplier value was 

applied. The absence of a tolerance value for the Bell Green and Clyne reaches suggests that the 

channel widths, used to gauge the data sampling interval, have a similar relationship with 

bedform character. Results from the adapted bedform differencing technique are presented in 

Table 5.4.
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Figure 5.11 Application of different tolerance value multipliers to the centreline profile of the rehabilitated Bell Green Gas Works reach on the Pool River. 
Data sampling interval 0 .5 m .



Centreline profile

(m) (Wb)
Average spacing
Average spacing 37.5 6.3
Modal spacing 48.0 8.0
Range 7.8 - 64.2 1.3 - 10.7
Frequency distribution Slight negative
Downstream trends Decrease

Riffle spacing
Average spacing 38.3 6.4
Modal spacing 48.0 8.0
Range 8 -6 4 1.3 - 10.7
Frequency distribution Slight negative
Downstream trends Decrease

Pool spacing
Average spacing 36.7 6.1
Modal spacing 48.0 8.0
Range 12-56 2-9 .3
Frequency distribution Slight negative
Downstream trends Decrease

Riffle heights
Average riffle height 0.34
Maximum riffle height 0.55
Minimum riffle height 0.14
Downstream riffle trends Increase
Frequency distribution Positively skewed
Riffle aspect ratio (height : length) 0.009

Pool depths
Average pool depth 0.47
Maximum pool depth 0.96
Minimum pool depth 0.14
Downstream pool trends Increase
Frequency distribution Normally distributed
Pool aspect ratio (depth : length) 0.013

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 8 3.6 6.9
Symmetrical 0 N/A N/A
Negative 3 1.5 2.0
Trends Stronger positive asymmetry upstream

Mixed downstream

Table 5.4 a) Bedform characteristics for the centreline profile of the Bell Green reach 
identified by the adapted bedform differencing technique.
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Thalweg profile

(m) (Wb)
Average spacing
Average spacing 38.5 6.4
Modal spacing 60.0 10.0
Range 12-60 2 -1 0
Frequency distribution Normally distributed
Downstream trends Increase

Riffle spacing
Average spacing 38.3 6.4
Modal spacing 48.0 8.0
Range 12-60 2 -1 0
Frequency distribution Slight negative
Downstream trends Decrease

Pool spacing
Average spacing 38.7 6.4
Modal spacing 60.0 10.0
Range 16-60 2.7-10
Frequency distribution Normally distributed
Downstream trends Decrease

Riffle heights
Average riffle height 0.31
Maximum riffle height 0.52
Minimum riffle height 0.14
Downstream riffle trends Increase
Frequency distribution Normally distributed
Riffle aspect ratio (height : length) 0.008

Pool depths
Average pool depth 0.43
Maximum pool depth 0.92
Minimum pool depth 0.17
Downstream pool trends Static
Frequency distribution Normally distributed
Pool aspect ratio (depth : length) 0.011

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 10 2.7 5.5
Symmetrical 0 N/A N/A
Negative 1 1.3 1.3
Trends Stronger positive asymmetry upstream

Mixed downstream

Table 5.4 b) Bedform characteristics for the thalweg profile of the Bell Green reach
identified by the adapted bedform differencing technique.
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The average bedform spacing of 6.3wy and 6.4wy (centreline and thalweg respectively) falls 

within the expected 5 to 7wb range. The Shapiro-Wilk test identifies no significant difference 

between the observed fi*equency distribution of bedform spacing (Figure 5.12) and that of a 

normal distribution at the 0.05 level (p-values for centreline riffles = 0.3052 and pools = 0.5964, 

thalweg riffles = 0.4438 and pools = 0.943). No clear spacing trends are apparent in the reach for 

either pools or riffles from the centreline or the thalweg profiles (Figure 5.12).
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Figure 5.12 a) Frequency distribution of bedform spacing in the Bell Green reach.
b) Pool and riffle spacing trends derived from the Bell Green centreline profile.
c) Pool and riffle spacing trends derived from the Bell Green thalweg profile.
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Pool depths are greater than riffle heights by around -30% wdiich is similar to the natural river 

system and attributable to the profile gradient. Pool depths average 0.47m and riffle heights 

0.34m (centreline data). Pool depths and riffle heights are slightly lower Wien identified fi*om 

the thalweg profile as it is relatively 'smooth'. This difference is also identified through zero- 

crossing analysis. Riffle heights are, on average, 0.009;. These values are similar to the lowest 

aspect ratios identified in the Clyne River (0.01; to 0.05,). Riffle heights and pool depths 

identified fi’om the centreline or thalweg profile do not trend with distance downstream (Figure 

5.13) and nor do aspect ratios.
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Figure 5.13 a) Riffle height and pool depth trends from the Bell Green centreline profile.
b) Riffle height and pool depth trends from the Bell Green thalweg profile.

Most bedforms in the Bell Green reach exhibit positive asymmetries, especially upstream (Figure 

5.14a). This predominance of positively asymmetric bedforms (modal value of 2, Figure 5.14b) 

can also be related to the effect of concrete on the mobile sediment. However, in this case the 

concrete riffles provide shelter at their leeward edges allowing for the build up of sediment 

(Figure 5.14c). This sheltering effect is similar throughout the reach, although the lack of 

sediment downstream reduces the influence on longitudinal asymmetry. These asymmetry 

characteristics are the opposite of those revealed through zero-crossing, and hence lead to 

differing interpretations of sediment accumulation and sheltering. This variation between the 

techniques arises from two distinct differences in bedform identification, the first is that the zero- 

crossing technique does not employ a tolerance value and therefore some of the bedforms 

identified may not be significant pool-riffle bedforms. Bedform differencing does not identify 

these bedforms as a tolerance value is inherent in this technique (Figure 5.14d). Furthermore, the 

bedform differencing technique identifies some riffles and pools in areas Wiich fall above a 

trendline used for zero-crossing (Figure 5.14e). As a result, different bedforms are identified and 

different characteristics are derived.
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Figure 5.14
a) Longitudinal bedform asymmetry characteristics in the Bell Green reach.
b) Frequency distribution of bedform asymmetries in the Bell Green reach.
c) Diagrammatic representation of sediment sheltering.
d) Difference in bedforms identified between the bedform differencing and zero-crossing 

technique as zero-crossing does not apply a tolerance value and therefore includes bedforms 
morphologically insignificant (with respect to larger pools and riffles) relative to bedform 
differencing.

e) Difference in bedforms identified between the bedform differencing and zero-crossing 
technique as bedform differencing identifies riffles and pools which fall above a trendline. 
Zero-crossing would not identity the pool and would only identify one riffle.
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5.2 Bed morphology of the Winsford Road boulder reaches 

5.2.1 Data quality and sampling interval

For the boulder reaches, two channel width choices are available other than exaggerated bankfiill. 

The first is the low-flow width (wi), which is a relatively constant 7m. The low-flow width is 

defined by toe-boarding wiiich extends from the bed to a height of 0.5 to 0.9m (Figure 5.15). 

Excluding the exaggerated bankfull, the low-flow width is associated with the minimum w/d ratio 

(Figure 5.15). As the bankfull width in natural alluvial rivers is associated with the minimum 

w/d ratio, the low-flow width in these rehabilitated reaches may have the same relationship with 

bedform process. The analogy between urban w% and rural wy is further strengthened by the 

placement of the boulder features. These are spaced at intervals equalling 3.4wi and 4.i (upper 

and lower reaches respectively), which is similar to the modal spacing of pool-riffle bedforms 

identified in the Clyne (Figures 4.14 and 4.15) as well as other rural river systems (Figure 4.5).

Flows which breach the toe-boarding flow out to the trashline width (w*. Figure 5.15). The 

trashline width is the second width on which the sampling interval can be based. The ratios for 

the trashline width form a peak in the w/d plots, between low ratios associated with the low-flow 

width and low ratios which result from the steeply rising banks up to the exaggerated bankfull. 

The trashline width for the boulder reaches is approximately 12m wide. Flows to the trashline 

width are fairly regular, around 18 times a year based on flume records from 1993 to 1998 (data 

obtained from the Environment Agency). Although flows to the trashline width are more 

frequent than the 1.5 year event often associated with bankfiill width in natural alluvial rivers 

(Leopold et al, 1964; Williams, 1978), they are of a lower return period than those which flow to 

the low flow width. Furthermore, due to the steep urban channel sides, the less frequent 1.5 year 

flow is contained at a width similar to the trashline width. Based on this hydrological 

comparison, the bankfull width in natural river systems is more analogous to the trashline as 

opposed to the low-flow width in this rehabilitated urban river channel.

Both trashline and low-flow widths can therefore be justified as being analogous to bankfull in 

natural alluvial river systems. Consequently, a data sampling interval of 0.5wt or 0.5w) can also 

be justified as providing a data set of comparable resolution to the one sampled at 0.5wy in the 

Clyne River. In terms of data quality, the coarser resolution (0.5w,) cannot be discounted as an 

appropriate interval, as it does not exclude any 'significant' pool-riffle bedforms mapped at the 

higher resolution (0.5w,, Figure 5.16). Whilst this in itself does not help selecting between 

trashline and low-flow widths for the rehabilitated reach, parallels can be drawn between the 

variation in the data sampling interval and the degradation in data quality in the Clyne.

For the Clyne River, degrading the data set from intervals equalling 0.5wb to intervals equalling 

bankfull revealed a loss in data quality to the extent where 'significant' bedforms are excluded 

(Figure 3.4). For the rehabilitated lower boulder reach, degrading the data set from intervals
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Figure 5.15 a) Cross-section of riffle N- 16, boulder reach (upstream view, axis equal).
b) Cross-section of pool N® 17, boulder reach (upstream view, axis equal).
c) w/d plot of riffle N° 16. Minimum ratio identifies the low-flow width at 
7.1m and the trashline width at 12.1m.
d) w/d plot of pool N° 17. Minimum ratio places the low-flow width at 7.4m 
and the trashline width at 11.5m.
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equalling 0.5w, to intervals equalling bankfull does not reveal a 'significant' loss in data quality. 

Consequently, assuming processes responsible for the formation and maintenance of these 

bedforms are similar in nature and scale in both environments, the low-flow width in the urban 

channel is not comparable to the bankfull width in the natural channel.

Degrading the urban data set still fiirther so the morphology in the boulder reach is sampled at 

intervals equalling the trashline width (^^wj, bedforms which may be 'significant' are excluded 

(Figure 5.16), This breakdown in data quality is similar to that in the Clyne River when the data 

was degraded fi-om intervals equalling O.Swy to intervals equalling bankfull. Based on this 

preliminary evaluation of data quality and its degradation with sampling interval, the w* for the 

rehabilitated boulder reaches is the most comparable to bankfiill in the Clyne River. 

Consequently, a data sampling interval of 0.5w, is used for the analysis and bedform 

characteristics are, where necessary, expressed as a proportion of the trashline width. Note: as 

O.Swt (6m) approximates to the low-flow width (7m), the resolution of the original data sampled 

at 0.5w], is simply halved in preference to interpolation procedures. Given the tentative nature of 

the Wb, w, and w* comparisons through variations in data quality, this is not assumed to overtly 

prejudice the analysis.

15.5 -, Flume

W| = 7m (~0.5w,)

Weir

I
<

12.5
900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400

Distance dow nstream (m)

-e
<

Wt = 1 2 m
15

14.5
Weir

14

13.5

13

12.5
950900 1000 1050 1100 1150 1200 1250 1300 1350 1400

Distance dow nstream (m)

Figure 5.16 a) Variation in data quality of the lower boulder reach. Centreline profile 
sampled at intervals equalling w, (7m ~ 0.5wJ and 0.5w, (3.5m). The coarser 
resolution shows no significant loss in data quality.
b) Centreline profile sampled at intervals equalling the Wt (12m), and 0.5wj (7m 
~ 0.5wt). Significant bedforms are excluded with the coarser resolution.
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5.2.2 Profile segmentation and profile shape; the impact of weirs and flumes

Local boundary hunting coefficients derived from the rehabilitated boulder reaches are presented 

in Figure 5.2. The coefficients determining breaks in the profile, peak at the location of the weir 

upstream of the upper reach (400m), the flume wliich separates the upper and lower reaches 

(900m), and the weir at the downstream end of the lower reach (1340m). The morphological 

significance of the flume, Wiich requires a steep drop in water level to maintain a critical flow 

conditions, is therefore, comparable to the morphological significance of the weirs. The 

coefficients determining breaks in the profile are not solely associated with the concrete 

structures. In the upper reach, a significant peak is also evident at 650m. This break should 

indicate that the profile has adjusted between the structures in a non-linear fashion. However, the 

peak in the coefficients determining profile breaks may also be affected by the large bed features 

in this area. As fewer data points fall on these larger bedforms, their impact is relatively 

significant in comparison to the smaller scale bedforms.

The coefficients determining breaks in the bed morphology also change at the location of the 

flume. Coefficients are higher in the lower reach and lower in the upper reach. This indicates 

that the features in the lower reach have either shorter wavelengths or higher amplitudes than 

those upstream (Figure 3.8), and visually this is the case (shorter wavelengths). This difference 

between the upper and lower reach morphology may relate to the nature of intervention. Boulder 

clusters in the upper reach alternate from side to side through the channel, Wiereas boulder 

clusters in the lower reach are often found on both sides of the channel at a single cross-section 

(Figure 2.10). As the bedform breaks in the boulder reaches are strongly associated with the 

location of the upstream weir, the mid-reach flume and the downstream weir, it is appropriate that 

these features define the extent of the reaches for analysis purposes.

Linear functions are not expected to be the most appropriate to describe the profile of the upper 

boulder reach, as the peaks in the profile break coefficients were apparent in the middle of this 

reach. The r̂  values for the 5 mathematical functions applied to the thalweg and centreline 

profiles are presented in Table 5.1. Based on the r  ̂coefficients, centreline and thalweg profiles 

in the upper and lower boulder reaches are best characterised by second-order polynomials. The 

profiles in these boulder reaches have, therefore, adjusted between the concrete structures in a 

non-linear fashion. This indicates that processes Wiich operate throughout are not evenly 

distributed. Consequently, bedform characteristics may also vary, possible systematically with 

distance downstream.

The functions applied to the boulder reaches are more able to describe the centreline profiles 

(higher r^), indicating that they are 'smoother' in comparison to the thalweg profiles. This 

centreline - thalweg difference in r̂  values is also apparent in the Clyne, and results from 

symmetrical riffles (in cross-section) and asymmetrical pools (in cross-section). For consistency
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with the analysis of the Clyne and Bell Green reaches, second-order polynomials are used to 

detrend the centreline and thalweg profiles in the boulder reaches.

5.2.3 Second order AR(21modelling

A visual inspection of the PACF show that a second-order model is sufficient to describe the 

morphology in the upper and lower boulder reaches (Figure 5.17). The 0 , and 02 coefficients 

however, do not satisfy the inequality 0%̂  + 402 < 0. The coefficients do not, therefore, reflect 

a pseudo-cyclic process (the undulations in the bed morphology are not a realisation of an AR(2) 

process). A visual inspection of the ACF for the upper and lower boulder reaches suggests that a 

second-order polynomial does not adequately detrend the profiles as the coefficients are initially 

high and decline slowly (Figure 5.17). For the upper reach especially, the morphology contains 

some very large forms which are ~lm high and-120m long (Figure 5.16). If these are pool-riffie 

units, detrending deterministically with second-order polynomials is appropriate. However, if 

these form elements reflect random changes in level (mean), then second-order polynomials are 

inappropriate to render the series stationary. Instead of detrending the series deterministically by 

using higher order functions, the series can be rendered stationary through differencing the series.

0 j  and 02  coefficients derived from the differenced thalweg profile in the upper boulder reach, 

and both centreline and thalweg profiles in the lower boulder reach satisfy the stationarity 

requirements, satisfy the inequality 0 /  + 402 < 0 and are of opposite sign (Table 5.5). AR(2) 

modelling reveals form wavelengths of 6.4wt in the upper reach (thalweg profile) and 1.1 Wt and 

0.9wt in the lower reach (centreline/thalweg respectively. Table 5.5). This relatively close 

bedform spacing in the lower reach is also evident from a visual inspection of the profile. 

However, the physical significance of these bedforms is questionable.

Upper reach 
Centreline Thalweg 

Profile Profile

Lower reach 
Centreline Thalweg 

Profile Profile
Detrended deterministicallv
Satisfy stationarity ? Yes Yes Yes Yes
Different sign? Yes Yes Yes Yes
Qi\ + 402 < 0 = Pseudo periodic? No No No No
Bedform spacing (wj — — — —

Detrended stochasticallv
Satisfy stationarity ? Yes Yes Yes Yes
01^ + 402 < 0 = Pseudo periodic? No Yes Yes Yes
Different sign? No Yes Yes Yes
Bedform spacing (wj 6.4 1.1 0.9

Table 5.5 Bedform spacing for the boulder reaches as determined by AR(2) modelling.
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Figure 5.17 a) PACF for the upper boulder reach (centreline profile).
b) ACF for the upper boulder reach (centreline profile).
c) PACF for the lower boulder reach (centreline profile).
d) ACF for the lower boulder reach (centreline profile).
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5.2.4 Spectral analysis

For the upper boulder reach, predominant spectral peaks identify bedforms to be spaced at -lOwt 

for both profiles (Figure 5.18). This value is higher than those identified through autocorrelation 

for the upper reach. Smaller peaks in both centreline and thalweg profiles are also apparent, 

although these are much less pronounced than those identified in the reaches of the Clyne. These 

smaller peaks equate to wavelengths of 4.2W(. For the lower boulder reach, predominant spectral 

peaks identify bedforms to be spaced at 5.9w, (Figure 5.18). These values are higher than those 

identified through autocorrelation (-Iwy). Much smaller peaks in the centreline and thalweg 

profiles of the lower reach equate to wavelengths of around 4.2w,.
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Figure 5.18 a) Spectral density plot for the upper boulder reach (centreline profile).
b) Spectral density plot for the upper boulder reach (thalweg profile).
c) Spectral density plot for the lower boulder reach (centreline profile).
d) Spectral density plot for the lower boulder reach (thalweg profile).
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5.2.5 Zero-crossing analysis

Bedform characteristics derived though zero-crossing are presented in Table 5.6 (upper reach) 

and Table 5.7 (lower reach). Bedforms in the upper reach are spaced at 5.8 and 5.3w, (centreline 

and thalweg respectively; no tolerance applied) which is within the 'expected' 5 to 7 width ratio. 

Bedforms in the lower reach are spaced at 2.1 and 2.8w, (centreline and thalweg respectively; no 

tolerance applied). This smallCT ratio is due to the presence of very small-scale undulations. 

With the removal of low amplitude bedforms from this lower reach (<0.1 m), bedforms are spaced 

at an average 5wt (for both centreline and thalweg profiles).

Due to the relative differences in bedform size between the two boulder reaches, the lower reach 

is much more sensitive to the application of tolerance values. Similar to the Bell Green 

bedforms, there is no preferential removal of pools or riffles in either centreline thalweg profiles 

with progressive increases in tolerance (Figure 5.19). This again indicates that the bedforms are 

not 'domed' in nature. The frequency distributions of the residuals for both profiles in the upper 

and lower boulder reaches are normally distributed (Figure 5.19). The shape of the distribution 

indicates a 'pinched' bedform character.

There is also no preferential bedform identification sensitivity of the centreline and thalweg 

profiles to changes in tolerance (Figure 5.19). This contrasts to the Clyne reaches where the 

centreline profile was more sensitive to progressive tolerance (Figure 3.31). This also contrasts 

to the Bell Green reach, where the thalweg profile was more sensitive to progressive tolerance 

(Figure 5.8). For the upper reach, the influence of tolerance value on bedform removal is erratic. 

This is a consequence of the relatively few number of bedforms identified in this reach.
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Without tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wt) 6.2 5.5 5.4 5.3
Range (wt) 1.2-14.1 1.7-9.1 0.8-11.8 2.5 - 10.6
Modal Spacing (wt) - - - -

Average bedform amplitude (m) 0.21 0.165
Maximum riffle amplitude (m) 0.33 0.351
Riffle aspect ratio (amplitude : length) 0.003 0.003

Average pool amplitude (m) 0.23 0.22
Maximum pool amplitude (m) 0.38 0.48
Pool aspect ratio (amplitude : length) 0.003 0.003

Average longitudinal asymmetry -0.77 -0.15
Asymmetry range -5.9 to 2.3 -3.7 to 1.8

Bedform shape 'Pinched' 'Pinched'

With tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wt)

Tolerance value applied
0.05m 9.3 5.5 6.4 5.3
0,1m 9.3 6.7 12.7 6.0
0.15m 9.3 8.3 13.2 8.5
0.2m 9.3 9.7 13.2 14.1
0.25m 12.3 10.3 13.2 21.1
0.3m 12.3 20.5 13.1 23.0

Average amplitude (m)

Tolerance value applied
0.05m 0.29 0.23 0.19 0.22
0.1m 0.29 0.26 0.27 0.24
0.15m 0.29 0.29 0.32 0.28
0.2m 0.29 0.32 0.32 0.32
0.25m 0.32 0.64 0.32 0.35
0.3m 0.32 0.37 0.34 0.40

Bedform aspect ratio (amplitude : length)

Tolerance value applied
0.05m 0.003 0.003 0.002 0.003
0.1m 0.003 0.003 0.002 0.003
0.15m 0.003 0.003 0.002 0.003
0.2m 0.003 0.003 0.002 0.002
0.25m 0.002 0.005 0.002 0.001
0.3m 0.002 0.002 0.002 0.001

Table 5.6 Bedform characteristics for the rehabilitated upper boulder reach identified through the
zero-crossing technique. Centreline and thalweg profile assessed. Results reflect form 
characteristics identified with and without tolerance values applied.
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Without tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wt) 2.1 2.2 2.8 2.7
Range (wt) 0.4 - 6.6 0.4 - 7.3 0.6 - 6.6 0.6 - 5.2
Modal Spacing (wt) - - - -

Average bedform amplitude (m) 0.13 0.16
Maximum riffle amplitude (m) 0.51 0.41
Riffle aspect ratio (amplitude : length) 0.005 0.005

Average pool amplitude (m) 0.15 0.17
Maximum pool amplitude (m) 0.40 0.38
Pool aspect ratio (amplitude : length) 0.006 0.005

Average longitudinal asymmetry -5.5 -0.53
Asymmetry range -3.7 to 3.5 -5 to 2.9

Bedform shape 'Pinched' 'Pinched'

With tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wt)

Tolerance value applied
0.05m 3.7 3.0 3.4 2.8
0.1m 6.7 4.3 4.9 5.0
0.15m 8.3 6.0 11.4 5.0
0.2m 8.3 7.5 11.4 6.2
0.25m 16.7 7.5 11.4 8.3
0.3m 20.8 8.5 34.2 -

Average amplitude (m)

Tolerance value applied
0.05m 0.21 0.21 0.185 0.198
0.1m 0.29 0.26 0.221 0.276
0.15m 0.32 0.32 0.328 0.276
0.2m 0.32 0.34 0.328 0.296
0.25m 0.38 0.34 0.328 0.317
0.3m 0.40 0.35 0.395 -

Bedform aspect ratio (amplitude : length)

Tolerance value applied
0.05m 0.005 0.006 0.004 0.006
0.1m 0.004 0.005 0.004 0.005
0.15m 0.003 0.004 0.002 0.005
0.2m 0.003 0.004 0.002 0.004
0.25m 0.002 0.004 0.002 0.003
0.3m 0.002 0.003 0.001 -

Table 5.7 Bedform characteristics for the rehabilitated lower boulder reach identified through the
zero-crossing technique. Centreline and thalweg profile assessed. Results reflect form 
characteristics identified with and without tolerance values applied.
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Figure 5.19 Form characteristics in the boulder reach of the Pool River as determined 
through zero-crossing.
a, b) No preferential removal of pools or riffles with tolerance for the a) upper 
and, b) lower boulder reaches. This indicates a non 'domed' bedform character, 
c, d) Frequency distribution of the residuals for the centreline and thalweg 
profiles for the c) upper and, d) lower boulder reaches. Shape and lack of skew 
indicates 'pinched' bedform character.
e, 1) Similarity between the sensitivity of the riffles in the centreline and 
thalweg profiles of the e) upper and, f) lower boulder reaches to changes in 
tolerance.
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No clear bedform spacing trends are evident in the upper or lower boulder reach for either pools 

or riffles identified from centreline or thalweg profiles (Figure 5.20). A weak trend is apparent 

from the centreline profile in the upper reach, where pool and riffle spacing increases 

downstream. In contrast, a weak trend is also apparent from the thalweg profile in the upper 

reach, where pool and riffle spacing decreases downstream. Clearer spacing trends do not 

emerge when tolerance value are applied.
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Figure 5.20 Bedform spacing trends for the upper and lower boulder reaches vdien 
identified through the zero-crossing technique (no tolerance applied).
a) Centreline profile.
b) Thalweg profile.
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No clear skew to the bedform spacing frequency distributions are evident for both profiles in the 

upper reach (Figure 5.21a). This is confirmed through the Shapiro-Wilk test for normality (p- 

value centreline pools and riffles = 0.3296, thalweg pools and riffles = 0.1169). The bedforms in 

the lower reach when evaluated from the thalweg profile are also normally distributed (p-value 

0.3937). In contrast, the frequency distribution for bedforms identified from the centreline 

profile shows a clear and significant (p-value 0.0003) positive skew (Figure 5.21b). This is due 

to the many smaller scale forms in this profile. The distribution quickly 'normalises' with the 

application of tolerance limits (Figure 5.21c).

■ Centreline

o  3

2 2

cr 
2 2

□ Thalweg

I I m a
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Bedform spacing (w t)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Bedform spacing (wt)

c)
■ Tolerance levied 5cm 

□ Tolerance levied 10cm

i l l l l
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Bedform spacing (wt)

Figure 5.21 Frequency distribution of bedform spacing (pools and riffles combined) as 
identified through zero-crossing.
a) Upper boulder reach (centreline and thalweg profile, no tolerance applied).
b) Lower boulder reach (centreline and thalweg profile, no tolerance applied).
c) Lower boulder reach (centreline profile, 0.5m and 0.1m tolerance limits 
applied with normality tested p-values - Shapiro-Wilk method).
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No clear amplitude trends are evident in either the upper or lower boulder reaches for pools or for 

riffles when evaluated from centreline or thalweg profiles (Figure 5.22), even with successive 

removal of insignificant forms. Form amplitudes in the upper reach are 0.003;. These are lower 

than those identified in the Bell Green and Clyne reaches. Bedform amplitudes in the lower 

reach are 0.005;. These values are similar to those identified in the in the Bell Green reach and 

reflect the lowest values identified in the Clyne reaches.
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Figure 5.22 Downstream variation in pool-riffle amplitude as identified by zero-crossing 
(no tolerance applied) for the upper and lower boulder reaches.
a) Centreline profile.
b) Thalweg profile.
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No clear longitudinal asymmetry directions or trends are evident in the upper boulder reach, 

although data sparse (Figure 5.23). For the lower reach, a preference for negatively asymmetric 

bedforms is apparent from the centreline profile. This indicates that sediment is accumulating on 

the downstream side of the boulder bedforms. Bedforms in both reaches, exhibit similar bedform 

asymmetry ranges (± 5), and modal values (± 2).
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Figure 5.23 a) Longitudinal bedform asymmetry characteristics for the boulder reaches. 
Bedforms identified by zero-crossing (no tolerance applied),
b) Frequency distribution of form asymmetry for the upper boulder reach 
showing no clear preference.
b) Frequency distribution of form asymmetry for the lower boulder reach 
showing a preference for negatively skewed forms in the centreline profile.
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5.2.6 Bedform differencing analysis

To identify the most appropriate multiplier value for the boulder reaches, various values are 

applied to the standard deviation of the differenced series of the centreline profile (Figure 5.24). 

The most 'realistic' bedform features are identified when no multiplier value was applied. The 

absence of a tolerance value for these boulder reaches as well as the Bell Green and Clyne 

reaches suggests that the channel widths, used to gauge the data sampling interval, have a similar 

relationship with bedform character. Morphological characteristics for the upper and lower 

boulder reaches are presented in Tables 5.8 and 5.9 respectively.

Pools and riffles in the upper boulder reach are spaced, on average, at 7.5Wj and 5.3wt (centreline 

and thalweg). Bedforms in the lower reach are spaced on average at 5.1w* and 4.2w* (centreline 

and thalweg). These values are similar to that 'expected' fi’om more natural rivers. Although 

upper and lower reach values are similar, the tolerance value applied to the upper reach value is 

over 40% greater (30% for thalweg profile) than that applied to the lower reach. This poses the 

same questions concerning the comparability of the bedforms identified in the upper and lower 

boulder reaches as it does for the Clyne reaches.

The centreline thalweg difference in average bedform spacing amounts to 20 to 30% in both 

boulder reaches. This is of a similar magnitude to some of the Clyne River reaches and 

highlights the need for a consistent methodological approach. The fi'equency distributions of 

pool-riffle spacing show no clear skew for the upper or lower reaches (Figure 5.25). The 

Shapiro-Wilk test for normality confirms the absence of skew (p-value centreline pools = 0.5542, 

centreline riffles = 0.85, thalweg pools = 0.4817, thalweg riffles = 0.4857).

No clear bedform spacing trends are evident in the centreline or thalweg profile. However, if 

simple functions are used to characterise morphological trends, different characteristics are 

revealed depending on the scale of analysis. For example, a simple linear function applied to the 

whole section (both boulder reaches), reveals bedform spacing to decrease with distance 

downstream (Figure 5.26). In contrast, simple linear functions applied at the reach scale reveal 

bedform spacing to increase with distance downstream. The r̂  values for the linear functions are 

extremely low (0.03 for both reaches, 0.17 for the upper reach and 0.20 for the lower reach) and 

therefore confidence in their ability to desCTibe the data is also low. However this analysis shows 

that if such a blunt analysis tool is used to identify trends, opposing results can emerge depending 

on the scale of analysis.
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Figure 5.24 Application of different tolerance value multipliers to the rehabilitated upper and lower boulder reaches on the Pool River. 
Data sampling interval equal to the low flow width = 7 m wi (7m) ~ wt (6m)



Centreline profile

(m) (W t)

Average spacing
Average spacing 90.0 7.5
Modal spacing 60.0 5.0
Range 14-154 1.2 - 12.8
Frequency distribution Normally distributed
Downstream trends Increase

Riffle spacing
Average spacing 92.4 7.7
Modal spacing - -
Range 14-154 1.2 - 12.8
Frequency distribution Normally distributed
Downstream trends Increase

Pool spacing
Average spacing 88.8 7.4
Modal spacing - -
Range 56-119 4.7 - 9.9
Frequency distribution Normally distributed
Downstream trends Increase

Riffle heights
Average riffle height 0.34
Maximum riffle height 0.46
Minimum riffle height 0.22
Downstream riffle trends V Slight increase
Frequency distribution Normally distributed
Riffle aspect ratio (height : length) 0.004

Pool depths
Average pool depth 0.53
Maximum pool depth 0.85
Minimum pool depth 0.14
Downstream pool trends Decrease
Frequency distribution Normally distributed
Pool aspect ratio (depth : length) 0.006

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 3 1.5 2.2
Symmetrical 0 N/A N/A
Negative 2 1.1 1.2
Trends No pattern

Table 5.8 a) Bedform characteristics for the centreline profile of the upper boulder reach
identified by the adapted bedform differencing technique.
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Thalwee nrofile

(m) (W t)

Average spacing
Average spacing 63.6 5.3
Modal spacing 60.0 5.0
Range 21 -119 1.8-9.9
Frequency distribution Normally distributed
Downstream trends Increase

Riffle spacing
Average spacing 64.8 5.4
Modal spacing 60.0 5.0
Range 21 - 105 1.8-8.8
Frequency distribution Normally distributed
Downstream trends Increase

Pool spacing
Average spacing 62.4 5.2
Modal spacing 72.0 6.0
Range 28-119 2.3 - 9.9
Frequency distribution Normally distributed
Downstream trends Decrease

Riffle heights
Average riffle height 0.32
Maximum riffle height 0.65
Minimum riffle height 0.15
Downstream riffle trends Increase
Frequency distribution Normally distributed
Riffle aspect ratio (height : length) 0.005

Pool depths
Average pool depth 0.37
Maximum pool depth 0.59
Minimum pool depth 0.19
Downstream pool trends Static
Frequency distribution Normally distributed
Pool aspect ratio (depth : length) 0.006

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 5 2.1 2.2
Symmetrical 0 N/A N/A
Negative 2 1.1 1.2
Trends No pattern

Table 5.8 b) Bedform characteristics for the thalweg profile of the upper boulder reach 
identified by the adapted bedform differencing technique.
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Centreline profile

Average spacing
(m) (W t)

Average spacing 61.2 5.1
Modal spacing 84.0 7.0
Range 14-112 1.2-9.3
Frequency distribution Normally distributed
Downstream trends Increase

Riffle spacing
Average spacing 63.6 5.3
Modal spacing - -
Range 14-112 1.2-9.3
Frequency distribution Normally distributed
Downstream trends Increase

Pool spacing
Average spacing 58.8 4.9
Modal spacing - -
Range 21-77 1.8-6.4
Frequency distribution Normally distributed
Downstream trends Increase

Riffle heights
Average riffle height 0.41
Maximum riffle height 0.74
Minimum riffle height 0.24
Downstream riffle trends Decrease
Frequency distribution Normally distributed
Riffle aspect ratio (height : length) 0.006

Pool depths
Average pool depth 0.55
Maximum pool depth 0.77
Minimum pool depth 0.38
Downstream pool trends Decrease
Frequency distribution Normally distributed
Pool aspect ratio (depth : length) 0.009

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 5 2.6 3.7
Symmetrical 0 N/A N/A
Negative 1 1.4 1.4
Trends Preference for positively skewed bedforms

Table 5.9 a) Bedform characteristics for the centreline profile of the lower boulder reach 
identified by the adapted bedform differencing technique.
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Thalweg profile

(m) (W t)

Average spacing
Average spacing 48.0 4.0
Modal spacing - -
Range 14-91 1.2-7.6
Frequency distribution Normally distributed
Downstream trends Increase

Riffle spacing
Average spacing 50.4 4.2
Modal spacing - -
Range 21-91 1.8-7.6
Frequency distribution Normally distributed
Downstream trends Increase

Pool spacing
Average spacing 44.4 3.7
Modal spacing - -
Range 14-84 1.2-7
Frequency distribution Normally distributed
Downstream trends Increase

Riffle heights
Average riffle height 0.31
Maximum riffle height 0.54
Minimum riffle height 0.14
Downstream riffle trends Increase
Frequency distribution Normally distributed
Riffle aspect ratio (height ; length) 0.006

Pool depths
Average pool depth 0.37
Maximum pool depth 0.66
Minimum pool depth 0.13
Downstream pool trends Static
Frequency distribution Normally distributed
Pool aspect ratio (depth : length) 0.008

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 5 2.8 4.0
Symmetrical 0 N/A N/A
Negative 3 1.6 2.0
Trends Preference for positively skewed bedforms

Table 5.9 b) Bedform characteristics for the thalweg profile of the lower boulder reach 
identified by the adapted bedform differencing technique.
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Figure 5.25 Frequency distribution of bedform spacing as identified by the adapted bedform 
differencing technique.
a) Upper boulder reach.
b) Lower boulder reach.
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For the boulder reaches a different direction of trend is apparent depending on 
the scale of analysis (pool and riffle spacing is combined).

No clear trends for pool depths or riffle heights are identifiable within the upper or lower boulder 

reaches for either centreline or thalweg profile (Figure 5.27). In both boulder reaches, pool 

depths are greater than riffle heights by -30%. Riffle heights determined fi'om the centreline 

profile are similar to those identified fi*om the thalweg profile in the upper reach, indicating that 

the cross-sectional asymmetries of the pools and riffles are similar. These cross-sectional 

asymmetry characteristics are also indicated by the bedform amplitudes identified through zero- 

crossing. In contrast, the comparison of r  ̂values implies the centreline profile is smoother in 

this upper reach. Riffle heights in the upper reach average 0.005,. These values are lower than 

those identified in the Bell Green and Clyne reaches.
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For the lower boulder reach, riffle heights identified from the centreline profile are ~ 30% higher 

than those identified from the thalweg profile. The thalweg profile for this reach is, therefore, 

smoother than the centreline profile, indicating asymmetrical riffles and symmetrical pools. 

These asymmetry characteristics contrast to those implied by comparing r  ̂ coefflcients which 

indicate a smoother centreline profile. These asymmetry characteristics also contrast to those 

implied by comparing amplitude characteristics derived through zero-crossing which indicate 

comparable centreline and thalweg profile amplitudes. Riffle heights average O.OO61 in the lower 

reach. These values are also lower than those identified in the Bell Green and Clyne reaches.
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Figure 5.27 Downstream variation in riffle height and pool depth in the rehabilitated 
boulder reaches as identified by the adapted bedform differencing technique.
a) Centreline profile.
b) Thalweg profile.
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No clear longitudinal asymmetry directions or trends are evident in the upper boulder reach, 

although data are sparse (Figure 5.28). For the lower reach, a preference for positively 

asymmetric bedforms is apparent in both centreline and thalweg profiles. This indicates that 

sediment is accumulating on the upstream side of the boulder bedforms, which contrasts to the 
characteristics exposed through zero-crossing. Bedforms in both reaches exhibit similar bedform 

asymmetry ranges (± 4). Average and modal asymmetry ratios are highly erratic as a 

consequence of the relatively few bedforms.
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Figure 5.28 a) Longitudinal bedform asymmetry characteristics for the boulder reaches. 
Bedforms identified by bedform differencing.
b) Frequency distribution of form asymmetry for the upper boulder reach 
showing no clear preference.
c) Frequency distribution of form asymmetry for the lower boulder reach 
showing a preference for positively skewed forms in both profiles.
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5.3 Extent of natural form replication in rehabilitated urban river channels

This section compares the morphological characteristic derived from the rehabilitated urban river 

reaches (sections 5.1 and 5.2) to those present in natural river systems. Morphological data from 

natural river systems is drawn both from the investigation into the River Clyne (chapter 4) as 

well as previous studies such as those by Wohl et al,. (1993) and Carling and Orr (2000).

5.3.1 A comparison of local boundary hunting coefficients

A preliminary comparison of the rehabilitated urban river morphology and the naturally

developed alluvial river morphology can be based on the coefficients generated for local

boundary hunting, specifically the standard deviation of the differenced series (equation 3.3).

The coefficients produced for the Clyne reaches and the Bell Green reaches are directly

comparable as the bankful 1 widths are the same (6m). The coefficients generated for the boulder

reaches are not directly comparable as the trashline width is twice the size of bankfull width in

the Clyne. The boulder reach coefficients are, therefore, halved. The window span used to

generate the coefficients in Figure 5.29 covers 8wy in the Bell Green and Clyne reaches, and 8w,

in the boulder reaches. Figure 5.29 shows a comparison of reaches 4, 5 and 6 in the Clyne River,

and the rehabilitated reaches in the urban Pool River, 
a)

Reach 6S  10 Reach 4 Reach 5

0.4® 
0.3? I  
O.2I  % 
O i l  1  
n ?  2

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Distance dow nstream (m)

b)

I I 
I

¥  10 Bell Green

0 -

Upper txxjider Lower txxjider

Weir
Flume

200 400 600 800 1000 1200 1400

0.4 ^

0.3 i  I  

0.2 . |  % 
i  %

" Î J
C T3

g

0.1

Figure 5.29
Distance downstream (m)

Comparison of morphological characteristics in the a) natural rural Clyne River 
to those derived from the b) urban rehabilitated reaches of the Pool River using 
the standard deviation of the differenced series coefficients.

2 0 7



The coefiScients derived from the Beil Green reach are slightly lower than those derived from the 

Clyne reaches. This implies that the bedforms in the Bell Green reach are slightly shallower than 

those in the Clyne reaches. This is confirmed through zero-crossing and bedform differencing. 

The coefficients derived from the boulder reaches are much lower than those in the Clyne 

reaches, and slightly lower than those in the Bell Green reach. The shallow nature of the boulder 

reach bedforms is also revealed through zero-crossing and bedform differencing. The 

coefficients derived for the boulder reaches also exhibit less reach scale variability than those 

derived from the Clyne and Bell Green sites. From this analysis, the rehabilitated morphology is 

a poor representation of the bedforms in the natural river, both in terms of bedform proportions 

and reach scale variability.

5.3.2 Long profile

For the Clyne River, linear fimctions and secmid-order polynomials are the most suitable to 

describe the long profiles and are comparable in terms of r  ̂value (Table 4.1). For the Bell Green 

reach, linear fimctions and second-order polynomials are also most suited to describe the long 

profiles and are also broadly comparable in terms of r̂  values. In contrast, the boulder reach 

profiles are distinctly curvilinear (especially the upper reach. Figure 5.3). As profile slopes vary 

throughout the boulder reaches, hydraulic characteristics are likely to be affected. Consequently, 

bedforms such as pools and riffles, ^\fiich are influenced by hydraulic processes acting on the bed 

sediments, will be more likely to systematically vary in character with distance downstream. In 

terms of rehabilitating these reaches, implementing a pool-riffie morphology which does not 

account for such variation may not be appropriate as fimctional attributes may not be recreated. 

This could be a contributory factor to the mismatches between the implemented bedforms and 

those bedforms identified in the upper boulder reach, as the boulders are placed at regular 

intervals (3w,).

5.3.3 Bedform asymmetry (cross-sectionan

For the Clyne reaches, the centreline profile is relatively 'smooth' in comparison to the thalweg 

profile. This centreline-thalweg difference is identified by comparisons of the mathematical 

functions in Table 4.1, as well as through bedform differencing and zero-crossing. A smoother 

centreline profile implies that riffles are symmetrical and the pools are asymmetrical. The 

adapted bedform differencing analysis reveals the deepest point in the Clyne pools to be (on 

average) 20% deeper than the centreline depth in the pool. In contrast, bedform differencing and 

zero-crossing analysis show that thalweg profile in the Bell Green reach is relatively smooth. 

This implies that the pools are relatively symmetrical and the riffles are relatively asymmetrical. 

The difference in cross-sectional asymmetry between the Clyne and Bell Green pool-riffie 

bedforms shows that this morphological characteristic has not been transferred. The difference
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can be related to the nature of the Bell Green design as the concrete base prevents pool scour, 

limiting the development of form asymmetry (Figure 5. lb).

For the upper boulder reach, bedform differencing and zero-crossing analysis do not reveal any 

amplitude difference between the centreline and thalweg profiles. Similarly, for the lower 

boulder reach, zero-crossing analysis does not reveal any amplitude difference between profiles. 

This implies that the pools and riffles exhibit similar cross-sectional characteristics (either 

asymmetrical or symmetrical). In contrast, the bedform differencing technique indicates that the 

thalweg profile is relatively smooth in this lower reach. This implies that the pools are relatively 

symmetrical and the riffles are relatively asymmetrical. These characteristics are similar to those 

identified in the Bell Green reach and opposite to those identified in the Clyne reaches.

The differences between the two bedform identification techniques are not easily reconciled due 

to the variation in tolerance values used as well as differences in form characterisation (bedform 

differencing characteristics resulting fi’om relative elevation changes fi*om a previously identified 

bedform). Despite this, the analysis reveals that the cross-sectional asymmetry characteristics 

present in the natural alluvial River Clyne are not transferred into these restored urban reaches. 

This could be morphologically significant with respect to form maintenance processes such as the 

reversal mechanism (Keller, 1971), as variations between pool and riffle cross-sectional 

asymmetries can lead to a reversal in pool-riffle area with stage (Lane and Boreland, 1954). 

Variations in pool-riffle asymmetries are also ecologically important, providing a lateral 

dimension to habitat diversity.

5.3.4 Pool-riffle spacing

On average, pool and riffle bedforms in the rehabilitated reaches are generally spaced within 5 to 

7Wb (wt for the boulder reaches Figure 5.30a and b). This is larger than average bedform spacing 

in the natural alluvial reaches (2 to 5wy), although conforms to current restoration templates 

based on empirical analysis such as those by Hey and Thome (1986), \shere bedforms are spaced 

at 6.3 Iwy. Individual bedform spacings range fi'om 1 to 13w* in the rehabilitated reaches. This 

range is narrower than that in the Clyne (I to 19wy), although this could be due to the relatively 

few bedforms involved. This range of spacing values is not due to the implemented morphology, 

but reflects a substantial post scheme redistribution of sediment. This can clearly be seen in 

Figure 5.11 where the undulating morphology, vdiich is clearly identifiable downstream, has been 

smothered by sediment upstream. Furthermore, the distribution of sediment has resulted in a 

riffle-pool-riffle sequence being identified on areas originally intended as single riffle crests 

(Figure 5.14e). For the boulder reaches, mismatches between the identified morphology and the 

implemented are also evident. For example. Figure 5.30c shows the longitudinal distribution of 

boulder clusters in the upper reach, as well as the location of the identified pool-riffle
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morphology. The boulder bedforms have therefore had relatively little impact on the bed 

morphology. Consequently, the actual bedform spacing characteristics (average 7.5wt, range 4wt 

to 12.9wt - adapted bedform differencing) are not directly associated with the 

implemented/intended bedform spacing characteristics (average 2w*, range 1.7wt to 2.7wJ
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Figure 5.30 Variation in bedform spacing for the Bell Green reach (wy) and the boulder 
reaches (w,) in relation to the technique applied.
a) Centreline profile.
b) Thalweg profile.
c) Longitudinal location of boulder clusters in the upper boulder reach (Pool 
River) and identified pool-riffle sequences (adapted bedform differencing). 
Mismatches show a lack of morphological impact of the boulder bedforms.
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The fact that the implemented morphology does not always coincide with the identified 

morphology may reflect an inability of the implemented bedforms to recreate processes necessary 

for form maintenance. This could be due to the relatively uniform characteristics of the 

implemented bedforms which do not account for systematic variations in profile slope. Indeed, 

the adjustment of the bed morphology in the upper boulder reach at the sub reach-scale has 

resulted in weak systematic trends in bedform spacing (Figure 5.20, 5.26). Processes necessary 

for form maintenance may also be disrupted by the weirs and flume which pond back water 

which smothers the bedforms immediately upstream. For the Bell Green reach the downstream 

weir ponds back water 170m which affects 4 of the implemented concrete structures. Fot the 

upper boulder reach, the flume ponds back water for 140m vsiiich affects 6 boulder placements. 

For the lower boulder reach, the weir ponds back water over 100m affects 3 boulder placements.

For the Clyne reaches, the fi-equency distributions of form spacing tmd to be positively skewed, 

with the modal spacing values lower than average (Figure 4.13). In contrast, the bedform spacing 

frequency distributions from the rehabilitated urban river reaches exhibit no conclusive skew 

(Figure 5.9, 5.12). Despite the substantial post scheme redistribution of sediment, these form 

spacing characteristics present in the natural reaches are not apparent in the urban river system. 

This lack of skew may be due to the relatively few bedforms present in these reaches. The 

uniformity of the implemented bedforms may also restrict the degree and nature of sediment 

redistribution. Furthermore, the degree and nature of sediment redistribution in these channels 

may be influenced by the presence of in channel litter \^hich could disrupt pool-riffle creation and 

maintenance processes (Figure 1.5).

5^.5 Bedform amplitude and aspect ratios

Bedform amplitudes are highly variable throughout the rehabilitated reaches. Riffle heights in 

the Clyne reaches average at 0.015% (centreline) and 0.025% (thalweg) bedforms (range from 0.005% 

to 0.05%; derived from the adapted bedform differencing technique). Riffle heights in the Bell 

Green and lower boulder reach are lower in relation to riffle length (0.005%), and riffle heights in 

the upper boulder reaches are lower still (0.003%). These differences can be ascribed to a variety 

of causes, not least that the uniform placement of bedforms may not be appropriate, especially in 

the boulder reaches with the varying channel profile. Form maintenance processes may also be 

weaker in these rehabilitated reaches. This is plausible in the boulder reaches with respect to the 

velocity reversal mechanism, as the toe-boarded channel widths do not vary from pools to riffles 

as in more natural river systems (Richards, 1978). Consequently, as stage increases, a possible 

reversal in pool and riffle areas will be reduced. In turn, the strength of reversals in flow 

velocities will also be reduced, if not eradicated as pool depths will result in larger pool areas at 

all stages.
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5.3.6 Bedform shape

Bedforms in the rehabilitated urban river reaches are characteristically 'pinched' in shape (Figures 

5.7, 5.19), whereas bedforms in the Clyne reaches were characteristically 'dome up' in sh ^ e  

(Figure 4.10). The fact that the 'dome up' shapes are not replicated could reflect the strength of 

form maintenance mechanisms, or the materials used to rehabilitate the urban reaches. For 

example, the concrete in the Bell Green reach prevents as pool scour, and hmce the development 

of a 'dome up' morphology. Extensive backwater ponding from the weirs and flumes will also act 

to disrupt processes which sculpt the bed morphology in these reaches, as will concrete blocks, 

carpets and shopping trolleys which litter the rehabilitated channel.

5.3.7 Bedform asymmetry dongitpdinaB

Longitudinal bedform asymmetries for the downstream reaches of the Clyne River show no 

directional preference, with modal values of ± 1.5 (when identified through bedform differencing 

and zero-crossing). For the rehabilitated reaches, the zero-crossing technique reveals a 

preponderance of negatively asymmetric bedforms. This suggests that sediments are 

accumulating upstream of the implemented bedforms. In contrast, the bedform differencing 

technique reveals a preponderance of positively asymmetric bedforms. This suggests that 

sediments are accumulating immediately downstream of the implemented bedforms (riffle exit 

slope/pool entrance slope). Results from bedform differencing are more reliable indicators of 

pool-riffle asymmetry as tolerance values are applied. These bedform asymmetry differences 

between the rehabilitated urban and natural rural rivers may result from using 'hard' structures to 

create the pool-riffle morphology. The ability to replicate the mixed form asymmetries identified 

in natural alluvial rivers will therefore be limited depending on the materials used.

5.3.8 Natural form replication in urban river systems: strengths and weaknesses of current 

approaches

Morphological analysis of two distinctive rehabilitated urban reaches shows that many form 

characteristics present in natural river systems are not replicated. This results in a morphology of 

lower diversity than that in natural river systems. This lower diversity can in some cases be 

directly linked to simplified nature of the implemented morphology. This design simplification 

can be seen from the regular meandering planform of the Bell Green reach (Figure 2.7) as well as 

the regularly undulating bed morphology apparent in the lower section of the Bell Green reach 

(Figure 5.11). The concrete base of the pools in the Bell Green reach has also limited the 

development of cross-sectional asymmetry characteristics (Figure 5.1b) present in natural river
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systems. Design simplification is also apparent in the upper boulder reach with the bouldCT 

clusters spaced at fairly regular intervals (Figure 5.30).

Despite the regularity of the rehabilitation designs in these Pool River reaches, some 

morphological diversity does exist. In some instances, such as in the upper boulder reach, this is 

due relatively minor morphological impact of the implemented bedforms (Figure 5.30). Indeed, 

many of the implemented bedforms are not detected by bedform identification techniques. This 

may be related to the inappropriate spacing of the boulder clusters (3wi instead of 3wJ and/or 

result fi-om the ponding caused by the weir Wiich disrupts hydraulic processes responsible for 

form maintenance.

Morphological variability is also introduced to the rehabilitated reaches through a substantial 

redistribution of sediment. The sediment redistribution has also rendered many of the 

implemented bedforms undetectable by bedform identification techniques, such as in the 

upstream sections of the Bell Green reach. The sediment redistribution has also added 

morphological variability to the downstream areas of the Bell Green reach, through creating a 

series of smaller bedforms on the concrete riffle crests (Figure 5. He). As a result of this 

sediment redistribution, much morphological variability has been added to the reaches which will 

be ecologically beneficial in terms of providing a diverse range of habitats.

The degree of adjustment in the rehabilitated reaches is substantial, although it in not to the extent 

that the morphology completely reflects that present in the natural river system. A greater degree 

of natural form replication could be achieved if the design criteria outlined in chapter 4 were 

adopted. However, the degree to which natural morphology could be transferred is not simply 

limited by design concerns, as the materials used also result in the development of distinctive 

form characteristics. For example, 'hard' concrete or boulder solutions can result in a preference 

for positive form asymmetries which are not present in natural alluvial river systems (Carling and 

Orr, 2000). Asymmetry preferences in urban river systems may also arise from a build up 

sediment immediately downstream of instream litter (Figure 1.5). The ability to replicate a 

natural mix of form asymmetries may therefore also be hindered by fly tipping activities.

To summarise, the morphological characteristics present in the rehabilitated urban river reaches 

reflect the simplified nature of the designs as well as the nature of the materials used. The 

morphological diversity in the system that does exist reflects a lack of morphological impact of 

some of the restorative approaches and a significant redistribution of sediments which smothers 

some implemented bedforms whist creating others in areas not originally intended. The presence 

of urban river litter may also result in some distinctive morphologies and its sporadic nature (type 

as well as input - spatially and temporally) also adds an extra dimension to the river channel 

diversity (so do the cleanup operations organised by the local authority). Given that the 

rehabilitated reaches reflect a mix of form characteristics not originally intended, the ability to
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replicate form maintenance processes is in question. In order to provide a more comprehensive 

appraisal of these rehabilitated reaches it is necessary to identify whether or not processes 

responsible for form maintenance are replicated by current restoration approaches in urban river 

systems. As the velocity reversal mechanism currently underpins channel maintenance models 

(Carling, 1991), the degree to Miiich this process is replicated in these rehabilitated reaches is 

investigated.
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5.4 Extent to which the velocity reversal mechanism is replicated in rehabilitated urban 

river channels

Many theories of pool-riffle development and maintenance have been proposed (Section 1.5, 

Table 1.5). However, no single theory is entirely satisfectory, and a combination of theories may 

prove more fruitful (Knighton, 1998, p i98). Currently, the velocity reversal hypothesis remains 

the dominant theory underpinning channel maintenance models (Carling, 1991). Consequently 

this section focuses on determining the ability to create this process in the rehabilitated urban 

river reaches.

Keller (1971) following Gilbert (1914), identified a convergence of pool-riffle velocities with 

increasing stage. Keller proposed that, at higher discharges, flow velocities in pools could exceed 

those experienced in riffles (a flow reversal), leading to preferential pool scour. At these higher 

discharges (50-90% bankfull for Lisle, 1979), a relatively lower shear stress on riffles allows for 

the deposition of these scoured pool sediments (Lisle, 1979). Keller and Melhom (1978) argue 

that the need for differential scouring is 'obvious' for the maintenance of form. Clifford (1993a) 

in his analysis of independent investigations of pool riffle hydraulics (included in Table 5.9) 

found that 7 accepted a reversal mechanism in one or more indices of flow strmgth, 3 identify a 

need for further investigation and 3 reject any sort of reversal. More recent investigations show a 

greater willingness to accept the phenomenon (Table 5.9).

Richards (1978) and Carling and Wood (1994) conclude that cross-sectional area is a major 

factor in reversing the near bed velocity/shear between pools and riffles. Keller and Florsheim 

(1993) observed that mean velocity was reversed at a stage where cross-sectional area was also 

reversed. In support of this mechanism, riffle widths have been observed to be 10 ~ 15% wider 

than pool widths (Richards, 1978). A reversal in area can also result from variation in pool and 

riffle cross-sectional asymmetries, as the area in symmetrical riffles increases at a faster rate per 

unit discharge than the area in the asymmetrical pools (Lane and Borland, 1954). Although area 

reversals may be a major factor in reversing the near bed velocity/shear between pools and riffles, 

a reversal in cross-sectional area is not essential to create a reversal in flow characteristics. To 

account for continuity considerations, CherkauCT (1973) notes the (xmcept of an 'effective width', 

where flow convergence in pools produces stagnation zones that reduce the 'active zone of flow* 

(Clifford and Richards, 1992). These stagnation zones or recirculating eddies can restrict pool 

channel size by up to 20% (Thompson et al, 1996) resulting in high flow velocities in pools 

relative to those experienced in the riffles.
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Date Studv Measurement

1979
Accent
Lisle Mean boundary shear stress

1979 Andrews Mean section velocity
1971 Keller Mean bottom velocity (reversal predicted)
1984 Teisseyre Mean section velocity
1986 O’Connor et al, Stream power
1987 Ashworth Point measures of velocity and shear stress
1987 Petit Point measures of velocity and shear stress
1998 ♦Thompson et al,. Point measures of velocity
1993 ♦Keller and Florsheim Mean section velocity (cross-sectional area reversal also)
1996 ♦Thompson et al,. Mean section velocity and tracer particles
1985 ♦Campbell and Sidle Relative sediment transport in consecutive riffles

1976a
Further Studv 
Richards Discussion

1982 Jackson and Beschta Point measures of velocity and shear stress
1991 Carling Section average shear velocity (modelled)
1997 ♦ Robert Near bed velocity - possibility of a reversal at bankfull

1972
Reject
Teleki Discussion

1982 Bathurst Discussion
1982 Bhowmik and Demissie Froude number

Table 5.10 Studies reflecting the acceptance, need for further study and rejection of the 
velocity reversal hypothesis. * Not part of Clifford's 1993a study.

5.4.1 Pool-riffle maintenance in the Bell Green Gas Works reach

In the upstream section of the Bell Green reach, sediment has filled in the concrete pools (Figure

5.3 and 5.5). In the downstream section, sediment is virtually absent fi-om the concrete pools 

(Figure 5.3 and 5.5). This pattern implies that the mechanisms responsible for pool-riffle 

maintenance appear to be weak or non existent in the upper section and relatively strong in the 

lower section. Sediments are not simply being stripped out of the lower reach altogether, as 

depositions are clearly evident on the downstream riffle crests (Figure 5.3, centreline profile). 

This pattern of sediment distribution indicates that, at some stage, erosive forces are greater in the 

pool than on the riffle. A flow reversal mechanism is also supported by a reversal in cross- 

sectional area, as the concrete 'point bars' in the pools constrict widths by up to 30% at low and 

intermediate discharges (Figure 2.6, 2.7 and 5.31).
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The variation in sediment distribution throughout the Bell Green site may also be explained in 

terms of sediment sources, as an underground drain is located 20m down from the upstream 

culvert. An influx of sediment from a recent storm event could have increased the volume of fine 

sediment in the pools immediately below this drain. These sediments then attenuated rapidly 

within the next 200m. Lisle and Hilton (1992) also observed these localised changes in residual 

pool volume immediately downstream of an illegal mining operation. These sediments 

attenuated within a distance of 100m. The amount of time taken for these sediment to be 

removed from the urban reach is unknown, and add a significant degree of spatial and temporal 

diversity in form and flow characteristics which are not attributable to the rehabilitated concrete 

morphology alone.

To evaluate the occurrence and nature of the velocity reversal mechanism in the Bell Green 

reach, pools are paired with the rifiles immediately downstream as the downstream rifiQes act as a 

hydraulic control. To identify reversals in cross-sectional area, the initial pool area is calculated 

for a riffle stage of Om. The relative pool-riffie depths are identified from the low-fiow water 

levels. Low-fiow water sur&ces are assumed to be horizontal between the rifQe crest and the 

upstream pools they pond. For example, when the stage on riffle 2 is Om the area in pool 3 is 

0.6m^ (Figure 5.31). Increments in stage are similar for pools and riffles, although as the water 

surface will increase at a slightly faster rate in pools, the pool areas are slightly underestimated. 

In terms of identifying reversals in pool-riffle areas, assuming a horizontal water surface at all 

stages is a conservative approach.

For the example in Figure 5.31, the area in pool 3 is greater than that in riffle 2 at low-fiow. As a 

result, the pool should be subject to slower flows relative to the riffle. For given increments in 

stage, the riffle area increases at a faster rate relative to the pool, as the pool width is constricted 

by the concrete point bar. At 0.32m stage (25% bankfull), the cross-sectional area in the riffle is 

similar to that in the pool. At stages >0. 32m, riffle areas are greater than those in the pool. For 

continuity, average flow velocities in pools will exceed average flow velocities in riffles. When 

the pool bar is overtopped at a stage of 0.7m (55% bankfull), the area in the pool and riffle 

increase at the same rate as the channel is a constant width in both sections (6m). The occurrence 

of area reversals for the 11 pool-riffle units in the Bell Green reach are presented in Table 5.11 

and in Figure 5.32.
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Riffle 2 (downstream) Pool 3 (upstream)

Riffle area larger at stage > 0.32m
Area reversal at 

0.32m stage

Pool area larger at stage < 0.32m

Initial pool area at Om stage = 0.6m'
-0.5

10 15 205 Width (m)

10

Pool area larger Riffle area larger8

6 Area reversal 
at 0.32m 

(25% bankfull)4

2 Riffle

Pool
Pool bar 

overtopped
0

0.8 1.40.2 0.4 0.6
Riffle stage (m)

10020 40 60 800
Riffle stage a s  a percentage of bankfull

Figure 5.31 Reversal in cross-sectional area for riflQe 2 and pool 3 at the lower end of the 
Bell Green reach. (Cross sections viewed looking upstream).

In addition to the variation in average velocity, Table 5.10 and Figure 5.32 also present the 

variation in the maximum velocity filament with discharge. As the location of this filament in the 

cross-section can vary with stage, the validity of single site measurements such as those taken at 

the channel centreline are undermined (Clifford and Richards, 1992). For this reason, the highest 

velocity is selected fi'om the five recordings made at each cross-section at low, intermediate and 

high flows. The maximum velocity filament will not necessarily reflect the maximum velocity 

experienced in the cross-section, as flow data are averaged over 30s. Furthermore, the maximum 

velocity filament identified at bankfull may not reflect the highest velocity in the cross-section as 

noted in section 2.5.1, only two velocity recordings could be made in the Bell Green cross- 

sections at near bankfull flows.
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Flow characteristics in Figure 5.32 and Table 5.10 are presented relative to bankfull discharge. 

For the Bell Green reach, low-flows are defined as those <~0.3m^s’‘ (calculated by the velocity 

area method from riffle 2 as its cross section is rectangular). These flows correspond to 

discharges 6% bankfull and represent the flow conditions for this reach 70% of the time (Figure 

5.33). Low-flows correspond to stages -25% bankfull on the area plots. Intermediate flows are 

those around 1.5m^s‘‘ to 2 m^s''. These flows correspond to discharges 40% bankfull and 

represent the flow conditions -2% of the time (Figure 5.33). Intermediate flows correspond to 

stages 30% to 40% bankfull on the area plots. High flows are those around 5m ŝ*'. These flows 

correspond to discharges 95% to 100% bankfull and correspcmd to stages 90% to 100% bankfull 

on the area plots. These discharges are not represented in the flow duration curves, although 

from interrogation of the 15 minute flow data for the years 1992 to 1998, discharges > 5m^s ' 

occur 10 to 15 times a year.

3.0

2.7 Intermediate flow 
1 .5 m V  

2% of timeI
(U
S><0 ' ° 
I 1 5

I  0.9

J  0.6
0.3

Low-fiow 
< 0.3m V ’ 
70% of time

0.0
0 1 10 100

Percentage of time discharge exceeded

Figure 5.33 Flow duration curve for the Bell Green and boulder reaches on the Pool River.
Data derived from mean daily discharge data from the Flume at Winsford 
Road. Data obtained from the Environment Agency.
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a) Reversals in area, average and point specific velocity for paired units in the rehabilitated 
Bell Green reach in the Pool River (riffles represented by triangles and pools by circles).

Figure 5.32
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Figure 5.32 b) Reversals in area, average and point specific velocity for paired units in the rehabilitated
Bell Green reach in the Pool River (rifiQes represented by triangles and pools by circles).
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Figure 5.32 c) Reversals in area, average and point specific velocity for paired units in the rehabilitated
Bell Green reach in the Pool River (riffles represented by triangles and pools by circles).
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Unit pairings Area

reversal

Reversal in average velocity Reversal in maximum velocity

Downstream 
R 2 and P 3 Yes No - (convergence) Yes - intermediate
R 4 and P 5 No No No - (convergence)
R 6 and P 7 Yes No Yes - high
R 8 and P 9 No Yes - intermediate Yes - intermediate and high
RIO and P 11 No No No - (convergence)
R 12andP  13 No Yes - intermediate Yes - high
R 14 andP 15 No No No - (convergence)
R 16andP  17 No No Yes - intermediate and high
R 18andP19 No Yes - intermediate Yes - intermediate
R20 and P 21 Yes Yes - intermediate Yes - high
R22 an d P 23 No Yes - intermediate No (convergence)
Upstream

R = Riffle P = Pool 

Table 5.11 Reversal in area as well as average and point specific velocities for the paired 
units in the Bell Green reach. Riffles are paired with pools immediately 
upstream. (These associations are also presented in Figure 5.32).

Out of the 11 paired units, only 3 exhibit a reversal in area (27%). However, the calculations are 

extremely sensitive to the location of the cross section. For example, the restored concrete riffle 

(riffle 4) is 30m in length, and contains 3 distinctive smaller sedimentary crests (Figure 5.34a). If 

the riffle cross-section is located on one of these smaller crests, as it is for the results in Table 

5.11, a reversal in cross-sectional area (relative to pool 5) is not apparent (Figure 5.34b). 

However, if the cross section for riffle 4 is positioned between the smaller peaks in the long 

profile (dashed line Figure 5.34a), then the cross section would look more like that represented by 

the concrete in Figure 5.34c. This being the case, the area open to flow in the riffle is larger, and 

increases at a faster rate with stage relative to when the area was taken up by sediment. Without 

the sediment on the crest, a reversal in area is apparent between riffle 4 and pool 5 (Figure 5.34b). 

The identification of area reversal as a possible mechanism for velocity reversal is therefore 

extremely sensitive to small longitudinal variations in cross section location. For this case, the 

concrete riffle is 30m long, although locating the cross section 5m up or downstream can result in 

a reversal in area being hidden or exposed.
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Figure 5.34 Sensitivity of area calculation to the longitudinal location of the cross-section.
a) Locations of cross sections in the long profile.
b) Variation in area calculation.
c) Area taken up by sediment in the cross-section.
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Reversals in average flow velocity are apparent in 5 pool-riffle units, and reversals in the 

maximum velocity filament are apparent in 7 pool-riffle units. The occurrence and magnitude of 

flow reversal vary depending on the measure made (average or maximum filament). Furthermore 

hydraulic reversals are apparent in the absence of area reversals. Reversals in maximum velocity 

filaments without area reversals can be attributed to the creation of stagnation zones at pool sides 

(Thompson et al., 7996). These stagnation zones (recirculating eddies) are evident at 

intermediate flows in pools 13 and 17 (Figure 5.35). Flow in these pools is restricted to one side 

of the channel, and this also affects the water surface which is higher on the outer bank than on 

the inner bank. For the unit R16 - PI7 in the Bell Green reach, the stagnation zone restricts 80% 

of the flow to 50% of the channel at intermediate discharges.

Pool 13 Plan Pool17 Plan

2.5 2.5 TOmOm Om

2

1.5

,2> 1Water surface

0.50.5

Flow
sampling
locations

0

-0.5-0.5

0.4
0.6

0.2

0.2 J

Figure 5.35 Constriction of the active zone of flow by recirculating eddy currents at 
intermediate discharges (Pool 13 and pool 17 in the Bell Green reach, view 
looking upstream).
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The double reversal for R18 and P19 results from the relative difference in bankfull height, which 

is lower in the pool relative to the riffle. Consequently, the bankfull level is breached at a lower 

stage in the pool than in the riffle (Figure 5.37c). As stage increases further, pool areas increase 

at a faster rate than riffle areas. For continuity, pool flow velocities reduce to a point where they 

are lower than riffle velocities. The double reversal is a more complicated mechanism than the 

single reversal. The extra scour and fill cycle (which is inferred from velocity reversal although 

not directly measured) would act to smooth the bed morphology in some of these upstream units. 

The existence of such complex behaviour shows the importance of actually collecting high flow 

data, rather than extrapolating from low and intermediate flow data.
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a) Reversal in average velocity for R18 and P I9.
b) Reversal in the maximum velocity filament for R18 and P I9.
c) Bankfull level in the pool is overtopped before bankfull in the riffle, 
resulting in a reversal in area.
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The pool-riffle morphology in the downstream section of the Bell Green reach is relatively 

distinct, although the reversal mechanism is apparent in only half the units. This implies that 

another process is responsible for maintaining the morphology in these units, or that the 

methodology is flawed in the collection or interpretation of flow data. For example, some 

recording sites had to be relocated due to the effect of electrical cables on the EMCM. In 

addition, high flow data collection was hazardous in the Bell Green reach. Consequently, only 

two recordings could be made per site. Average flow velocities as well as maximum flow 

velocities are, therefore, less reliable for these discharges. Lack of high stage data was also noted 

by Clifford and Richards (1992) as a factor that reduces the integrity of reversal associations 

made in previous studies.

The analysis of flow data may also be flawed, as the hydraulic pool-riffle comparisons are based 

on the longitudinal flow component which runs parallel to the channel centreline. This is the 

only flow component recorded by impellCT type flow meters, although the EMCM used in this 

study also records flows perpendicular to the channel centreline. The resultant velocity, 'v', 

provides a more accurate representation of the maximum flow velocity. Consequently, resultant 

velocity should be used for hydraulic comparisons between pool-riffle units.

where;
V = resultant flow velocity 
X = the longitudinal flow velocity 
y = the lateral flow velocity

For the Bell Green reach, the choice between longitudinal and resultant velocities does affect 

flow characteristics with stage. However, these alterations do not influence the identification of 

reversals in Table 5.11. As lateral flow components have no significant impact on the 

identification of a reversal mechanism, an impeller type flow meter oriented to record the 

longitudinal flow component is sufficient.
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5.4.2 Pool-riffle maintenance in the Winsford Road boulder reaches

Variations in cross-sectional area, average velocity and maximum velocity filaments for the 12 

unit pairings (upstream pools to downstream) in the boulder reaches are presented in Table 5.12 

and Figure 5.38. Flow characteristics are similar to those for the Bell Green reach and have a 

similar relation to the trashline width. Low discharges are those ~0.3m^s’‘ (6% of the trashline 

discharge), and fill an area -25% of that taken up Wien the flow is at the trashline width. 

Intermediate discharges are those -1.5mV' (45% of the trashline discharge), and fill an area 

-35% of that taken up when the flow is at the trashline width. High discharges (5m^s ') flow to 

the trashline and fully submerge the toe-boarding.

Determining accurate average velocities and cross-sectional areas in these boulder cross sections 

is not as straightforward is it is for the Bell Green bedform. The large boulder bedforms, with 

wide deep gaps, can make the relationships between flow velocities and cross-sectional area 

extremely erratic. For example, for a given cross-section, velocity recording sites may just as 

easily fall in between boulders as on top of the boulders. For the latter situation, the average 

velocities for the cross-sectional will be underestimated. In contrast, if the cross-section is 

located behind a boulder, and the flow velocities are recorded immediately downstream of a gap 

between two boulders where velocities are relatively high, the average velocities in the cross- 

sectional will be overestimated. The erratic influence of the boulders on determining form flow 

relationships is compounded by surveying difficulties, as it demands precise relocation 

(longitudinally and laterally) of the velocity profiles at different stages. Although the cross- 

sections were marked out throughout the reaches and the lateral locations of the velocity profiles 

recorded, it is inevitable that errors were made. Given the effect of the boulders on flow, even 

errors of a few cm could have a dramatic effect on the recording made.

For the boulder reaches, area reversals are apparent in 8 out of the 12 unit pairings, and a reversal 

in velocity is apparent in 7 out of the 12 unit pairings (in one form or another). Only 2 out of the 

5 unit pairings in the upper boulder reach bedforms show reversals in flow (R16 - PI7, and R24 - 

P25), and in these units flow reversal is extremely weak (Figure 5.38b and c). These weak 

reversals reflect the influence of ponding by the flume, which would act to dampen any 

difference in pool-riffle velocities. Weak reversals may also be associated with poor placement 

of the boulder features, as they are spaced at 3wj intervals wiiich is too close assuming that Wt -  

Wy. Whatever the cause, the inability of the boulders to produce form maintenance processes has 

resulted in the relatively shallow morphology in comparison to the pool-riffle morphology of the 

Bell Green reach or the Clyne.

229



Area reversal Average velocity reversal Maximum point velocity
reversal

9 Riffle 1 and pooi 2
8

7

6

5

4

3

2

1

0
50 750 25 100

0.8

0.7

^ 0 . 6

I "
çO.4

# 0 .3

0.1

0

0.8

^0.7
l o .6

f  0.5

I ..
I -
-I 0.2 

= 0.1 

0

Riffle stage as a percentage of trashline
45% trashline 100% trashline 

Discharge

6% trashline 45% 100%
trashline trashline 

Discharge

Riffle 3 and pool 4a

7

6

5

4

3

2

1

0
50 7525 1000

0.8 

0.7 

^0.6 -

Î "I 0.4 

| o . 3

I< 0.2

0.1

0

1.2

E
tO.8
Ig06
Q.
I  0.4

I 0.2 

0
6% trashline

Riffle stage as a percentage of trashline
6% trashline 45% trashline 100% trashline 

Discharge

45% 100%
trashline trashline

Discharge

Riffle 5 and pool 67

6

5

4

3

2

1

0
50 75 100250

-0.5 -

3  0.4

20 3 -

< 0.2  -

6% trashline 45% trashline 100% trashline

0.8

^0.7
ë.0.6

8  0.5
ŝ0.4

1"

K
0

6% trashline

Riffle stage as  a percentage of trashline Discharge

45% 100%
trashline trashline

Discharge

6 Riffle 7 and pool 8

5

4

3

2

1

0
50 75 1000 25

0.8

0.7

^0.6

I  0.4 

| o .3

I< 0.2

0.1

0

1
0.9 4

Ço.8
jO .7

I  0.5 

q-0.4 

I  0.3

S 0.2 4 

0.1 
0

6% trashline

Riffle stage a s  a  percentage of trashline
45% trashline 100% trashline 

Discharge

45% 100%
trashline trashline

Discharge

Figure 5.38 a) Reversals in area, average and point specific velocity for paired units in the rehabilitated
boulder reaches in the Pool River (riffles represented by triangles, pools by circles).
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Figure 5.38 b) Reversals in area, average and point specific velocity for paired units in the rehabilitated
boulder reaches in the Pool River (riffles represented by triangles, pools by circles).
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Unit pairings Area

reversal

Reversal in average velocity Reversal in maximum velocity

Downstream 

Lower reach 

R 1 and P 2 Yes No - riffle velocities always higher Yes - intermediate and high

R 3 and P 4 No Yes - intermediate and high Yes - intermediate and high

R 5 and P 6 Yes Yes - high Yes - intermediate and high

R 7 and P 8 Yes No - but convergence high No - pool velocities always higher

R 9 and P 10 Yes No - but convergence high No - pool velocities always higher

R l l  andP 12 No No - riffle velocities always higher Yes - intermediate and high

R13 and P 14 Yes No - riffle velocities always higher No - riffle velocities always higher

Unner reach

R 16 and P 17 Yes Yes - intermediate No - similar for all

R 18 and P 19 No No - but convergence high Yes - high

R20 and P 21 No No - but convergence high No - pool velocities always higher

R22 and P 23 Yes No - but convergence high No - but convergence high

R 24 and P 25 Yes Yes - intermediate and high Yes - high

Upstream

Table 5.12 Reversal in area, average and point specific velocities for pool-riffle units in the 
upper and lower boulder reaches. Riffles arepaired with pools immediately 
upstream.

For the lower boulder reach, average or point specific velocities reverse in 4 out of the 6 unit 

pairings. These reversals are also relatively strong when compared to those in the upper reach. 

The occurrence and strength of these reversals may be due to the placement of the boulders on 

both sides of the channel at a single cross-sectional, rather than on one side of the channel only as 

in the upper reach. For the bedforms in the upper and lower boulder reaches, the choice between 

assessing longitudinal and resultant velocities also affects flow characteristics with stage. 

Furthermore, for unit R9 and PIO in the lower reach, identifying a reversal in average cross- 

sectional flows relies on a comparison of resultant and not longitudinal velocities (Figure 5.39).

233



a) b)

■È
0.75

•5 0.5

.è*

I 
I
> 0.25

Riffle 9

Pool 10

Low Intermediate High

Riffles

Pool 10

0.8
è '0
1  0.6

a>
P 0.4

I
0.2

Intermediate HighLow

Figure 5.39 Identification of reversals in average flow velocity for R9 and PIO,
a) Comparison of longitudinal velocities reveal no reversal in average flow.
b) Comparison of resultant velocities reveal a reversal in average flow.

Pool-riffle bedforms in the boulder reaches are also maintained by processes other than velocity 

reversal. For example, for units R7 - P8 and R9 - PIO in the lower boulder reach, the average 

velocities are higher at all stages in the riffles (Figure 5.40a, R9 - PIO), and the maximum 

velocity filaments are higher at all stages in the pools (Figure 5.40b). Considered individually, 

these measures suggest that the morphology is still adjusting to the imposed conditions and an 

equilibrium state is still to be met. Average measures indicate that the pools are depositional 

areas, which will infill over time resulting in a relatively shallow morphology. In contrast, the 

point-specific measures indicate that the pools are scoured at all discharges in preference to the 

riffles, resulting in a relatively pronounced morphology.

If average and point-specific measures are considered together, a possible stable pattern of 

erosion and deposition is revealed. For example, as the maximum velocity filament is higher in 

the pool trough than anywhere on the riffle at all discharges, the pool trough is subject to erosion 

at all stages in preference to the riffle crest (Figure 5.40c). As the velocities at the pool side(s) 

are less than those at any location on the riffle crest at all discharges, the pool side(s) are subject 

to deposition in preference to the riffle crest. The riffle acts as a storage and sorting area at all 

discharges. Large eroded pool sediments are deposited on the riffle crest, wiiilst finer sediments 

pass through to settle out in the next pool away fi-om the maximum velocity filament. For a given 

flow stage, the pool trough is always associated with the coarsest lag, the riffles with an 

intermediate sized deposit, and the pool sides the finest material. At higher discharges, sediment 

calibre increases in all areas, and at lower discharges sediment calibre decreases in all areas. This 

pattern may be specifically associated with these 'forced' pool-riffle units, which may also occur 

in natural river channels due to the presence of large woody debris or the presence of boulder 

outcrops.
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anywhere on the riffle crest. Flow velocities at pool sides are always lower 
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5.4.3 Velocitv reversal in urban river systems; strengths and weaknesses of current 

approaches

Reversals in either average or point specific flow are apparent in 8 out of the 11 pool-riffle units 

in the Bell Green reach. These reversals are attributed to pool widths restrictions caused by the 

concrete point bars, as well as the creation of stagnation zones wiiich effectively reduce the active 

zone of flow. The nature and strength of the flow reversals are highly variable throughout this 

reach. In some instances flow reversals can be highly complex, with one unit exhibiting a double 

flow reversal. Sediments deposited in the reach upstream are partly responsible for the double 

reversal, as water levels rise above the bankfiill width in the pool. These sediments attenuate 

quickly with distance downstream and are virtually absent in the lower third of the reach. Pool- 

riffle maintenance processes in the Bell Green reach are, therefore, disrupted upstream by 

sediment influx and yet manage to maintain a sediment free channel downstream. Consequently, 

despite the implemented morphology attempting to recreate morphological diversity at the pool- 

riffle scale, the uneven distribution of sediment has also resulted in morphological and hydraulic 

diversity at the sub-reach scale.

Reversals in either average or point specific flow are apparent in 7 out of the 12 pool-riffle units 

in the boulder reaches. Most of the reversals identified in the upper reach are extremely weak, 

possibly reflecting the ponding created by the weir or their inappropriate spacing. These weak 

reversals explain the lack of impact the boulders have on the bed morphology in this upper reach. 

In the lower reach, the pool-riffle morphology is maintained, in some cases, by processes such as 

that depicted in Figure 5.40. In terms of providing a diverse and stable bed morphology, this type 

of approach offers a pragmatic alternative in relation to designs which may try to maintain 

bedforms by creating reversals in flow velocities at certain discharges.

To summarise, this analysis conducted on the urban rehabilitated reaches reveals a mixed ability 

to replicate both form and form maintenance processes associated with natural river systems. 

The fact that current restorative approaches are not entirely suited to these urban river channels is 

highlighted by the mismatches between the intended and identified pool-riffle bedforms. As the 

morphology has adjusted in these rehabilitated reaches toward that which exists in more natural 

river systems, it seems intuitive that replicating the form characteristics present in these river 

systems in the first instance (based on Tables 4.11 and 4.12) will reduce the amount of sediment 

redistribution and may also increase the probability of replicating form maintenance processes 

such as velocity reversal which is absent from many of the rehabilitated pool-riffle bedforms 

investigated in this study. However, this approach assumes that the frxm and form maintenance 

processes associated with natural alluvial river channels is geomorphologically suited to urban 

non alluvial channels which have been associated with distinctive sedimentary and hydrological 

regimes. As pool-riffle characteristics are sensitive to such variations (section 1.7), the pool- 

riffle morphology which develops may not be similar to that observed in natural river channels.
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In order to rehabilitate these urban reaches in a more sensitive manner, a sound understanding of 

their geomorphology is required.
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CHAPTER 6

Form-process assemblages in urban river channels; 

implications for rehabilitation strategies

This chapter evaluates the degree to which a section of the urban River Ravensboume in S. 

London reflects pool-riffle characteristics and associated maintenance processes present in 

natural alluvial river systems. Through providing a greater geomorphological understanding of 

urban river systems, the suitability of striving to transfer natural river form and processes can be 

assessed. Furthermore, revealing the urban river geomorphology provides a means by \&tich 

current design strategies can be amended so as to be implemented in a more sensitive manner. In 

addition, this chapter evaluates the relative benefits of rehabilitating these urban flood relief 

channels in relation to allowing them to recover naturally with respect to providing a diverse 

morphological and hydraulic habitat. A section of the River Ravensboume, South London, 

provides the basis for the assessment of form and process as it has been directly modified in both 

planform and cross-section to provide flood relief^ and is also subject to urban hydrological and 

sedimentary regimes which are potentially different from those experienced by rivers in natural 

river catchments (hydrology; Packman, 1979; Hollis, 1975. Sediment supply: Wolman, 1967; 

Wolman and Schick, 1967; Walling, 1979).

6.1 Bed morphologv of the semi-natural Ravensboume reaches

6.1.1 Data quality and sampling interval

This naturally developed section of the urban River Ravensboume exhibits a similar cross 

sectional character to the rehabilitated boulder river reaches, although the trashline width is not as 

clearly identifiable from the w/d plots (Figure 6.1). For the Ravensboume reaches, a sampling 

interval of O.Swi is considered inappropriately high, as 'significant' pool-riffle bedforms are still 

identifiable from a coarser resolution of 0.5w, (~ w,). Furthermore, a sampling interval equalling 

the w, is considered inappropriately low, as it removes 'significant' pool-riffle bedforms relative 

to a finer resolution of O.Swt. The variation in data quality between sampling intervals of Wt, 

O.Swt and w,, are similar to those identified in the rehabilitated boulder reaches (section 5.2.1). 

The variation in data quality between sampling intervals of w», 0.5w, and w, also make w* a mwe 

comparable form width than w,, to Wy in natural alluvial river systems (section 3.1.2). The 

trashline width is not as clearly defined in the Ravensboume (Figure 6.1) as it is for the 

rehabilitated boulder reach of the Pool (Figure 5.15). The w/d plots in Figure 6.1 indicate a 

trashline width of 10.5m. However, w/d plots from other units suggest the trashline width ranges 

from 10 to 15m. Given the variation in these plots throughout the reach, 0.5Wt (5m to 7.5m) is
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Figure 6.1 a) Cross-section of riffle N® 5, Ravensboume (upstream view, axis equal).
b) Cross-section of pool N® 6, Ravensboume (upstream view, axis equal).
c) w/d plot of riffle N® 5. Trashline width identified at 10.5m.
d) w/d plot of pool N® 6. Trashline width identified at 10.45m.
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assum ed app rox im ate  to  2W| (7m ). C onsequently , th e  o rig inal da ta  set, sam pled  at 0.5w, in tervals 

(3 .5m ) is sim ply  degraded  to  a reso lu tion  o f  w, in tervals (7m ).

6.1.2 Profile segmentation and profile shape: the impact of concrete lined sections

5 concrete  structures (1 culvert, 1 w eir and  4 channe ls F igure 6 .2) w ere located th roughou t the 

1.4km section o f  river investigated  (F igure  2 .11). Local boundary  hun ting  coefficients derived 

from  th e  cen tre line  profile  o f  the  n a tu ra lly  developed urban site a re  p resen ted  in F igure 6.3. 

Peaks in th e  coefficients w hich  detect b reaks in th e  profile c learly  segm en t th e  2.4km  

R avensboum e study site  in to  a series o f  rela tively  short reaches on the  o rder o f  200  to  400m  

(F igu re  6 .3c and  d). Som e o f  the  profile  b reaks a re  associated  w ith the  concrete  sections, 

im ply ing  th a t these  have a sign ifican t in fluence on th e  vertical ad justm en t o f  th e  river profile. 

H owever, som e o f  th e  peaks a re  also  ev ident betw een th e  concrete structures. U sing a  sm aller 

w indow  span to  produce profile break  coefficients, it is evident tha t m ost o f  th e  steeper river 

sections a re  those  im m ediately  dow nstream  o f  the concrete  b ridge supports (F igure  6 .3e, 6.4). 

M ost o f  th e  shallow er river sections are  associated  w ith the  bridge supports them selves as w ell as 

areas im m edia te ly  upstream  o f  th e  concrete  b ridge supports (F igure  6 .3e, 6 .4).

Figure 6.2 Photograph o f  one o f  the  concrete  channel sections on the  R avensboum e River.
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Figure 6.3
a) Centreline profile of the naturally developed urban reaches on the River Ravensboume, S. London.
b) Elevation change (ratio). Split window (each with 100 metre span, 200 total) Equation 3.1.
c) Elevation change (magnitude). Split window (each with 100 metre span, 200 total) Equation 3.2,
d) Standard deviation of the differenced series. Single window, 100 metre span. Equation 3.3.
e) Standard deviation of the differenced series. Single window, 50 metre span. Equation 3.3.
f) Elevation change (magnitude) / variance. Split window (each with 100 metre span, 200 total) Eq 3.6.
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Figure 6.4 Steeper and shallower profile sections in relation to the concrete bridge 

supports.

Standard deviations of the differenced series show that the bed morphology has developed into a 

series of short reaches of relatively constant bedform character (Figure 6.2). Breaks in standard 

deviation values coincide with the locations of the concrete bridge supports, suggesting that these 

features help structure bed character. The highest coefficients, which reflect bedforms of shorter 

wavelengths and/or higher amplitude, are generally associated with the concrete lined sections. 

The development of such bedform character in these sections could result from the reduced slope 

allowing for the deposition of finer sediments. These finer sediments are more easily moulded by 

bed processes than coarser sediments on the steeper slopes of the intervening reaches.

Between the concrete channels, the standard deviation coefficients reveal a complex bed 

morphology. For example, throughout reach 3 (3000 to 3400m, Figure 6.2, 6.4), profile 

coefficients are high upstream (steep slope), peak in the centre of the reach (break fi"om steep 

slope to shallow slope) and are low downstream (shallow slope). The standard deviation of the 

differenced series values for reach 3 are low at the up and downstream ends, denoting a relatively 

'shallow* bed morphology. In contrast mid-reach standard deviation values are higher, denoting 

a relatively pronounced bed morphology (Figure 6.2, 6.5).

Reach-scale variations in profile slope and bedform character are also accompanied by visually 

apparent variations in sediment size and structure. In the steeper gradient sections upstream, 

faster flowing water winnows finCT sediments resulting in a coarse armour layer. In the shallower 

gradient sections downstream, ponding created by the downstream weir channel allows for finer 

sediment to be deposited. In terms of profile and bed morphology, these naturally developed 

systems are geomorphologically complex, containing three distinctive environments (Figure 6.6).
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The breaks in local boundary hunting coefficients are clearly associated with 4 concrete lined 

sections and a weir. These effectively segment the Ravensboume study site into 4 reaches. The 

degree to Wiich linear, exponential, logarithmic, power and second order polynomials describe 

the reach profiles in between the concrete structures are presented in Table 6.1. Both centreline 

and thalweg profiles in reach 1 are best described by a logarithmic fimction, whereas the rest of 

the profiles are best described by second-order polynomials (Figure 6.7). The Ravensboume 

reaches exhibit a greater degree of profile concavity than the reaches in the Pool or Clyne, as 

indicated by the relatively high r  ̂coefficients for logarithmic and power functions.

The relatively high degree of profile concavity in these reaches possibly results from the variable 

impact of the up and downstream concrete sections on reach-scale erosion. If an initially steep 

(realigned) linear profile is assumed, any sediment erosion immediately downstream of a 

concrete stmcture will lead to an increase in gradient (Figure 6.8). Positive feedbadc between 

flow velocity and bed erosion will, therefore, result in a steeper channel profile. In contrast, any 

sediment erosion immediately upstream of a concrete structure will simply increase the volume 

of water ponded back over the bed. Consequently, any erosive tendencies are progressively 

curtailed ('jet limited'. Lisle and Hilton, 1992), resulting in a shallow slope downstream. The r̂  

values for the centreline profiles are higher than those for the thalweg profiles. This implies that 

the riffles are symmetrical in cross section and the pools are asymmetrical in cross section. Best 

fit functions are used to detrend the profiles for serial analysis and zero-crossing.

Linear Exponential

r̂  coefficients 

Logarithmic Power 2”** order polynomial

Slope

(linear)

Centreline

Reach 1 0.34 0.33 0.51 0.5 0.41 0.0017

Reach 2 0.78 0.78 0.72 0.72 0.88 0.0029

Reach 3 0.76 0.76 0.83 0.82 0.89 0.002

Reach 4 0.14 0.14 0.17 0.16 0.19 0.0006

Thalweg

Reach 1 0.28 0.27 0.46 0.46 0.35 0.0016

Reach 2 0.81 0.81 0.66 0.65 0.85 0.0029

Reach 3 0.74 0.74 0.74 0.73 0.8 0.0027

Reach 4 0.01 0.01 0.02 0.01 0.01 0.0006

Table 6.1 r: coefficients and slope values for the semi natural reaches of the
Ravensboume River. Most appropriate functions in bold.
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Figure 6.7 Best fit fimctions applied to the semi natural Ravensboume reaches.
a) Centreline profile.
b) Thalweg profile.
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Figure 6.8 Profile concavity exacerbated by the presence of the concrete lined sections.
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Average slope values for the Ravensboume reaches are lower than those identified in the Clyne, 

and comparable to those identified in the rehabilitated reaches of the Pool River (Figure 6.9). 

Due to the degree of profile concavity, more appropriate profile slope values are obtained if the 

reaches are divided in two. The upper section of reach 1 is comparatively steep, similar to that in 

the upper reaches of the Clyne. The upper section of reaches 2 and 3 are comparable with those 

in the lower reaches of the Clyne. The lower section of reach 1 and 4 are of similar gradient to 

the rehabilitated reaches in the Pool River. The upper section of reach 4 and the lower sections of 

the Ravensboume reaches 2 and 3 are of lower gradient than those in the Clyne and Pool. As 

bedform types have been noted to vary with profile slope, form characterisation at the reach scale 

is compromised in the Ravensboume reaches. For example, Chartrand and Whiting (1999) 

identified a lower slope threshold of 0.001 for pool-riffle morphology. The slope values for reach 

4 and for the lower section of reach 3 are shallower than 0.001.

This evaluation of local boundary hunting coefficients as well as profile shape demonstrates the 

significant influence of the concrete lined bridge supports on reach-scale profile and bedform 

development. Consequently, these features must clearly be considered in restoration strategies. 

For example, given the longitudinal variation in profile slope and bedform character, it would not 

be appropriate to implement a pool-riffle morphology of constant spacing. Indeed, it may not be 

appropriate to implement a pool-riffle morphology at all in the steeper upstream sections or the 

shallower downstream sections.
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Figure 6.9 Comparison of slopes for the reaches (numbered) in the three study sites 
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Given the morphological impact of the concrete bridge supports, the implications of removing 

these features may have a significant effect on sediment erosion and downstream bed 

morphology. Eight out of the sixty five recorded restoration schemes in the Thames catchment 

involved the removal of concrete structures (Table 1.4). If these structures are removed, 

sediment erosion will cause the 'nick point' created by the concrete to migrate upstream to the 

next concrete structure. The amount of sediment eroded between the Ravensboume reaches 2 

and 3 if the concrete stmcture were to be removed can be derived through visually placing a 

curved morphology which relates the steeper upper section of reach 2 to the shallow lower 

section of reach 3. Figure 6.10 shows that approximately 700 to 800 m  ̂of sedimait would be 

eroded if the concrete stmcture between reach 2 and 3 were removed. Depending on the rate of 

erosion, such a release of sediment into the systems can cause significant adjustment of the 

downstream pool-riffle morphology (Lisle, 1982).
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Figure 6.10 Estimation of sediment lost between Ravensboume reaches 2 and 3 if the 
intervening concrete section is removed, 
a) Centreline profile, b) Thalweg profile.
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Reach-scale variation in bedform character also influences the integrity of the bedform 

identification techniques. For example, the ability to obtain data of consistent quality is 

compromised by systematic variation in form character. A consistent relationship between 

bedform character and the sampling interval is also important for the bedform differencing 

technique as the tolerance value is based on the differenced series. The application of a single 

tolerance value to the whole reach profile would also be inappropriate, as the bedforms upstream 

are subject to different environmental controls than those downstream (variation in slope, 

sediment and degree of backwater ponding fi-om concrete). Such morphological variation also 

renders serial analysis techniques unsuitable, as some requirements for stationarity will not be 

met. Trends in form characteristics also compromise classification techniques such as fi-equency 

distributions. Fundamentally, identified bedforms may not all be 'classic' pool-rifQe sequences 

due to the reach-scale variation in gradient and its influence on flow velocity as well as sediment 

size and structuring.

6.1.3 Second order AR(2) modelling

With the reach profiles detrended deterministically (second-order polynomials), 0 ,  and 02 

coefficients fulfil the stationarity requirements, although do not satisfy the inequality 0 /  + 402 

< 0 (Table 6.2). They do not, therefore, fall into the permissible regions for pseudo periodicity. 

However, the ability of the second-order polynomials to adequately detrend the profiles is in 

question (Figure 6.7), and higher order functions may be more appropriate.

Correlograms do indicate a weak pseudo-periodic tendency when the profiles are detrended 

through differencing the series (Figure 6.11). Furthermore, the coefficients generated by 

centreline profiles in reaches 1,2 and 3 and the thalweg profile of reach 1, satisfy the stationarity 

requirements of an AR(2) process, satisfy the inequality 0i^ + 402 < 0 and are of opposite sign 

(Table 6.3). The percentage of the variance explained by the AR(2) model is low. This possibly 

reflects the fact that the series is not stationary in variance (Figure 6.11). Segmenting the profiles 

mid reach (dashed line Figure 6.11) is an option, but the confidence in any conclusions reached is 

reduced by the paucity of bedforms. This technique thus appears to be wholly unsuitable for 

identifying bedform characteristics in these naturally developed urban rivCT systems.
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Upstream Downstream
Reach 1 Reach 2 Reach 3 Reach 4

Centreline Profile
1.245 0.709 0.985 1.077

0 2 -0.038 0.156 -0.236 -0.197

Satisfy stationarity? No Yes Yes Yes
(equations 2.2)

gfi^<-40"2 1.40 1.12 0.03 0.37
Pseudo periodic? No No No No
Opposite sign - - - -
% variance explained - - - -
Bedform spacing (m) - - - -
Bedform spacing (wt) - - - -

Thalweg Profile
0 1 1.178 0.905 1.746 1.100
0 2 -0.306 -0.113 -0.747 -0.258

Satisfy stationarity? Yes Yes Yes Yes
(equations 2.2)

0  \ 02 0.17 0.37 0.06 0.18
Pseudo periodic? No No No No
Opposite sign - - - -
% variance explained - - - -
Bedform spacing (m) - - - -
Bedform spacing (wt) - - - -

Table 6.2 Detection of pseudoperiodicity and identification of 
bedform spacing characteristics in the Ravensboume 
River as identified through AR(2) modelling.
Profiles detrended by second-order polynomials. 
(ARIMA, 2 0 0).

Upstream 
Reach 1 Reach 2 Reach 3

Downstream 
Reach 4

Centreline Profile
0 1 0.126 0.010 0.200 -0.156
0 2 -0.318 -0.308 -0.177 0.249

Satisfy stationarity? Yes Yes Yes Yes
(equations 2.2)

0 ^  < . ^ 0 2 -1.26 -1.23 -0.67 1.02
Pseudo periodic? Yes Yes Yes No
Opposite sign Yes Yes Yes -
% variance explained 11.1 6.5 6.0 -
Bedform spacing (m) 30.1 28.1 33.1 -
Bedform spacing (wt) 2.5 2.3 2.8 -

Thalweg Profile
0 1 0.064 -0.415 -0.166 -0.002
0 2 -0.239 -0.096 -0.195 -0.003

Satisfy stationarity? Yes Yes Yes Yes
(equations 2.2)

0  \ < - \  02 -0.95 -0.21 -0.75 -0.01
Pseudo periodic? Yes Yes Yes No
Opposite sign No No No -
% variance explained 5.6 - - -
Bedform spacing (m) 29.2 - - -
Bedform spacing (wt) 2.4 - - -

Table 6.3 Detection of pseudoperiodicity and identification of 
bedform spacing characteristics in the Ravensboume 
River as identified through AR(2) modelling.
Profiles detrended by differencing the series. 
(ARIMA, 2 1 0).
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6.3.2 Spectral analysis

Spectral density plots for these semi natural urban reaches reveal bedform wavelengths of 6 to 

8wt (Figure 6.12). This is twice the spacing distance of bedforms identified by spectral analysis 

in the Clyne. The difference may have an environmental cause, or may simply reflect the fact 

that the trashline width does not have a similar relationship with urban bed morphology, as the 

bankfiill width has with rural bed morphology. Assuming that urban and rural form-process 

relationships are similar, the urban width which produces the modal spacing values should 

approximate to 24m. This width, however, is greater than the exaggerated bankful 1 in the 

Ravensboume study reaches. Consequently, a safer assumption is that there is an actual
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environmental dijBFerence between rural and urban form-process relationships. However, as this 

environmental difference is not reconciled by assuming an urban-trashline rural-bankfiill analogy, 

serious concerns are raised about the ability of the bedform identification techniques to identify 

bed morphology in a consistent and comparable manner between urban and rural systems. It is 

important to note, however, that the high spectral densities near zero fi’equency are indicative of 

non stationarity in detrending.

Secondary peaks are evident in the spectral density plots identifying a separate bedform 

wavelength of ~3wt (36m). Secondary peaks are also identified in some of the Clyne reaches, 

although results fi'om the urban river are more likely to reflect a trend in form character due to the 

variation in profile slope. Indeed, local boundary hunting utilising the standard deviation of the 

differenced series identified two distinctive morphologies in some reaches, with pool-rifQe 

development mid-reach, and a smoother bed morphology upstream and downstream (Figure 6.5).

6.3.3 Zero-crossing analysis

Bedform characteristics for all reaches are presented in Table 6.4, and for individual reaches in 

Table 6.5. Bedform characteristics are not derived for tolerance values of over 0.1m as 

practically all bedforms are removed fi’om the reaches. Combining data fi’om all reaches and 

without applying tolerance limits, bedform spacing averages at 4 to 3w, (centreline / thalweg 

respectively). This average is lower than 'expected', but does correspond to the averages 

identified in the Clyne River. This suggests that the urban trashline - rural bankfull analogy is 

appropriate.

The bedforms fi'om the centreline profile are removed in preference to bedforms identified fi’om 

the thalweg profile (Figure 6.13a). This variability between the profile in terms of sensitivity to 

tolerance is similar to that identified in the Clyne reaches, and indicates a similarity in cross 

sectional form (symmetrical riffles and asymmetrical pools). This is also identifiable fi’om the r̂  

coefficients in Table 6.1. With progressive increases in tolerance, riffles are removed at a 

slightly faster rate than pools (Figure 6.13b). This implies a 'dome up' bedform shape which is 

also similar to that identified in the Clyne. The fi’equency distributions of the residuals fi’om all 

four reaches also indicates a 'dome up' bedform shape (Figure 6.13). However, on a reach by 

reach basis, only two out of the four reaches show this skewed behaviour. The nature of these 

distributions also varies depending on the whether the centreline or thalweg profile is evaluated.

252



Without tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wt) 3.4 4.6 2.9 3.1
Range (wt) 0.5-8.1 0.5 - 8.3 0.7-9.1 1-9.1
Modal Spacing (wt) 5 3/4 3 2

Average bedform amplitude (m) 0.079 0.105
Maximum riffle amplitude (m) 0.203 0.243
Riffle aspect ratio (amplitude : length) 0.002 0.003

Average pool amplitude (m) 0.113 0.149
Maximum pool amplitude (m) 0.474 0.499
Pool aspect ratio (amplitude : length) 0.002 0.004

Average longitudinal asymmetry 0.3 -0.9
Asymmetry range -5.7 to 3.3 -6.5 to 4.1

Bedform shape 'Dome up' 'Dome up'

With tolerance Centreline Thalweg
Riffles Pools Riffles Pools

Average spacing (wt)

Tolerance value applied
0.05m 4.3 5 3.8 4.5
0.1m 6.6 7.6 6.8 5.3

Average amplitude (m)

Tolerance value applied
0.05m 0.108 0.156 0.136 0.206
0.1m 0.142 0.225 0.183 0.234

Bedform aspect ratio (amplitude : length)

Tolerance value applied
0.05m 0.002 0.003 0.003 0.004
0.1m 0.002 0.002 0.002 0.004

Table 6.4 Bedform characteristics for the semi natural reaches of the Ravensboume River
identified through the zero-crossing technique. Centreline and thalweg profile assessed. 
Results reflect form charcteristics identified with and without tolerance values applied.
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Reach 1 Reach 2
Without tolerance Centreline Thalweg Centreline Thalweg

Riffles Pools Riffles Pools Riffles Pools Riffles Pools
Average spacing (wt) 4.3 4.6 5.9 5.8 2.7 3.0 2.0 2.1
Range (wt) 3.4-5.1 0.5 - 8.3 1.7-9.1 2.5-9.1 0.5 - 4.9 1.2-5.4 0.7 - 3.9 1-4.9
Modal Spacing (wt) 4 - - 3 2 3 2

Average bedform amplitude (m) 0.096 0.195 0.089 0.075
Maximum riffle amplitude (m) 0.160 0.243 0.203 0.195
Riffle aspect ratio (amplitude : length) 0.002 0.003 0.003 0.003

Average pool amplitude (m) 0.211 0.193 0.062 0.103
Maximum pool amplitude (m) 0.474 0.499 0.134 0.351
Pool aspect ratio (amplitude : length) 0.004 0.003 0.002 0.004

Average longitudinal asymmetry 2.1 2.1 -1.3 -1.3
Asymmetry range 1.6 to 2.9 1.6 to 2.9 -5.7 to 1.6 -5.7 to 1.6

Bedform shape 'Dome up' 'Dome up' 'Pinched' 'Pinched'

With tolerance Centreline Thalweg Centreline Thalweg
Riffles Pools Riffles Pools Riffles Pools Riffles Pools

Average spacing (wt)
Tolerance value applied
0.05m 5 7.7 5.9 8.3 4.4 2.1 3 3.5
0.1m 7.3 7.7 5.9 8.3 8.6 - 17.4 4.2

Average amplitude (m)
Tolerance value applied
0.05m 0.121 0.306 0.195 0.292 0.122 0.81 0.106 0.154
0.1m 0.139 0.306 0.195 0.292 0.137 - 0.179 0.169

Bedform aspect ratio (amplitude : length)
Tolerance value applied
0.05m 0.002 0.003 0.003 0.003 0.002 0.032 0.003 0.004
0.1m 0.002 0.003 0.003 0.003 0.001 - 0.001 0.003

Table 6.5 a) Bedform characteristics for the semi natural reach 1 and 2 in the Ravensboume River identified through the zero-crossing technique. 
Centreline and thalweg profile assessed. Results reflect form charcteristics identified with and without tolerance values applied.



Reach 3 Reach 4
Without tolerance Centreline Thalweg Centreline Thalweg

Riffles Pools Riffles Pools Riffles Pools Riffles Pools
Average spacing (wt) 2.5 2.6 2.6 2.6 7.7 6.1 3.7 4.3
Range (wt) 0.5 - 4.2 1.2-4.7 0.7-5.6 1.2-5.6 7.4-8.1 3.7 - 8.3 1-8.1 2.9 to 6.9
Modal Spacing (wt) 4 3 2 2 - 2 -

Average bedform amplitude (m) 0.059 0.108 0.125 0.093
Maximum riffle amplitude (m) 0.161 0.237 0.131 0.180
Riffle aspect ratio (amplitude : length) 0.002 0.003 0.001 0.002

Average pool depth (m) 0.081 0.181 0.140 0.136
Maximum pool amplitude (m) 0.216 0.460 0.226 0.251
Pool aspect ratio (amplitude : length) 0.003 0.006 0.002 0.003

Average longitudinal asymmetry 1.2 -1.2 0.9 -2.4
Asymmetry range -2.7 to 3.5 -3.5 to 4.1 -1.6 to 3.2 -6.5 to 1.7

Bedform shape 'Pinched' 'Dome up' 'Dome up' 'Pinched'

With tolerance Centreline Thalweg Centreline Thalweg
Riffles Pools Riffles Pools Riffles Pools Riffles Pools

Average spacing (wt)
Tolerance value applied
0.05m 4.2 4.9 3 3.7 7.4 7.4 5.2 5.8
0.1m - 7.5 4.3 5.2 7.4 8.3 9.1 5.4

Average amplitude (m)
Tolerance value applied
0.05m 0.086 0.127 0.136 0.240 0.125 0.140 0.129 0.167
0.1m - 0.18 0.178 0.289 0.125 0.178 0.175 0.289

Bedform aspect ratio (amplitude ; length)
Tolerance value applied
0.05m 0.002 0.002 0.004 0.005 0.001 0.002 0.002 0.002
0.1m - 0.002 0.003 0.005 0.001 0.002 0.002 0.004

Table 6.5 b) Bedform characteristics for the semi natural reach 3 and 4 in the Ravensboume River identified through the zero-crossing technique. 
Centreline and thalweg profile assessed. Results reflect form charcteristics identified with and without tolerance values applied.
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b) Preferential removal of riffles in the Ravensboume (centerline profile) 
indicating a 'dome up' shape.
c) Frequency distribution of the centreline profile residuals.
d) Frequency distribution of the thalweg profile residuals.
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The skewed nature of the frequency distributions in Figure 6.13 may, however, also reflect the 

fact that the functions applied do not adequately detrend the reach profiles. The necessity of 

higher order functions, such as third order polynomials, cannot therefore be disregarded in these 

short urban reaches. For reach 1 in the Ravensboume, a third-order polynomial produces a 

higher r  ̂value (0.64) than the logarithmic function (0.51). Furthermore, the residuals produced 

in a frequency distribution are not skewed. Unfortunately, it is debatable whether or not this 

order of function is starting to describe the bedform characteristics rather then profile shape alone 

in these short reaches. Producing normally distributed residuals as a guide to function suitability 

is not straightforward, as variations in bedform shape can also affect the distributions.

Frequency distributions of bedform spacing from the Ravensboume are positively skewed for 

both centreline and thalweg profiles (Figure 6.14). Both distributions are significantly non- 

normal, with p-values of 0.0103 and <0.0001 for the centreline and thalweg profile respectively 

(Shapiro-Wilk method). Skewed distributions may also reflect the occurrence of small-scale 

bedforms. With the removal of low amplitude forms (< 0.1m), the combined pool and riffle 

spacing frequency distribution derived from the centreline profile normalises (Figure 6.18b, p- 

value = 0.3683. The combined pool and riffle spacing frequency distribution derived from the 

thalweg profile is still significantly different from a normal distribution (Figure 6.14b, p-value = 

0.0350). However, the p-value increases to 0.3068 with the removal of one 'outlier' (circled), 

rendering the distribution statistically normal. Such sensitivity of the technique to one or two 

bedforms makes any characterisation of bed morphology extremely tenuous.
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Figure 6.14 Frequency distribution of bedform spacing for the naturally developed urban 
reaches (data from all 4 reaches combined, pools and riffles combined).
a) No tolerance value applied.
b) Tolerance limit of 0.1m levied.
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At the reach scale, bedform spacing frequency distributions are generally normally distributed 

(Table 6.6). The fact that positively skewed distributions are evident at the site scale although 

not at the reach-scale may result from trends in form spacing. Trends in bedform spacing at the 

reach scale could also be responsible for the skewed frequency distributions for reaches two and 

three (thalweg profile). Trends in bedform spacing are evident in some reaches (Figure 6.15), but 

are not always reflected in both profiles. Trends in bedform spacing do not become clearer with 

the application of tolerance.

Centreline profile 
(pools and riffles combined)

Thalweg profile 
(pools and riffles combined)

Reach 1 0.8688 0.2667
Reach 2 0.5237 0.027
Reach 3 0.5868 0.0176
Reach 4 0.2037 0.6682

Table 6.6 P-values derived by the Shapiro-Wilk method for normality testing. Generally 
values < 0.05 are considered significant.
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On average, pool amplitudes are 15% greater than riffle amplitudes. This confirms that the 

bedforms are generally 'dome up' in shape. On a reach by reach basis, this pool-riffle difference 

is highly variable, and is not consistent between the centreline and thalweg profiles. This 

variability reflects that identified in bedform shape with the fi-equency distribution of the 

residuals (Figure 6.13). Clear amplitude trends are not apparent either at the site or reach scale 

(Figure 6.16). Trends in bedform amplitude do not become clearer with the application of 

tolerance.

Frequency distributions of riffle amplitudes exhibit a weak positive skew when assessed fi'om the 

thalweg profile (Figure 6.16). As for the Clyne, the absence of larger forms may result fi'om the 

need to maintain the conveyance of water between riffle crest and the top of the bank (Carling 

and Orr, 2000). Pool amplitudes identified fi'om the thalweg profile also exhibit a weak positive 

skew. This implies that deeper pools are not as easily scoured as shallower ones, and/or that the 

deeper pools are preferentially filled with sediment in relation to the shallower ones. It should be 

noted, however, that without a tolerance value most of these amplitudes are extremely shallow 

(<0.12m for most of the bedforms in Figure 6.16). These distributions may, therefore, be unduly 

influenced by the presence of insignificant bedforms.

For the whole Ravensboume site, average riffle amplitudes from the centreline profiles are 

0.002]. Pool amplitudes are 0.003,. From the thalweg profiles, riffle amplitudes are 0.0025] and 

pool amplitudes are 0.0035,. Longitudinal form asymmetry characteristics are highly variable 

fi'om reach to reach and fi'om profile-to-profile (Figure 6.17). For the thalweg profile, twice as 

many forms are negatively skewed. No confidence should be given to these directional 

preferences as they are highly erratic both between reaches and profiles. For the centreline 

profile, an equal number of bedforms are positively and negatively skewed, with modal 

asymmetry ratios around ± 1 to 2. No significant longitudinal asymmetry trends are identifiable at 

the site scale or at the reach scale for either centreline or thalweg profile.
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Figure 6.16 Pool and riffle amplitude characteristics in the River Ravensboume 
(zero-crossing technique no tolerance applied).
a) Amplitude trends (centreline profile).
b) Amplitude trends (thalweg profile).
c) Frequency distribution (centreline profile).
d) Frequency distribution (thalweg profile).
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Figure 6.17 a) Longitudinal asymmetry characteristics of the naturally developed 
Ravensboume reaches as identified by the zero-crossing technique (no 
tolerance).
b) Frequency distribution of the longitudinal asymmetry characteristics.

6.1.4 Bedform differencing analysis

To determine an appropriate tolerance value multiplier for the Ravensboume reaches, various 

multiplier values (0.75, 1, 1.5 and 2) were applied to the standard deviation of the differenced 

centreline profile series for each semi natural urban reach (Figure 6.18). The selection of the 

most suitable was again subjectively based on the identification of'realistic' bedform features (as 

per O'Neill and Abrahams, 1984). As for the Clyne and Pool rivers, the most 'realistic' bedforms 

were identified with a multiplier value of 1 (i.e. none).

Bedform characteristics for all reaches are presented in Table 6.7, and for individual reaches in 

Table 6.8. For the Ravensboume study site, bedforms are spaced on average at 5.8w, (centreline 

and thalweg). This average is within the expected 5 - 7  range and adds support to the urban 

trashline - rural bankfull analogy. Bedform spacing frequency distributions exhibit a significant 

positive skew when identified fi’om the centreline profile (riffle p-value = 0.0255, pool p-value = 

0.0008), with modal values of 2w, to 4w, (pool/riffle respectively Figure 6.19a). For the thalweg 

profile, the distributions are normally distributed (riffle p-value = 0.1208, pool p-value = 0.2506), 

with modal pool values of 7w, (higher than average), and modal riffle values of 5w, and 6w, 

(Figure 6.19b). This centreline thalweg difference makes it difficult to compare these results 

with those from the Pool or Clyne River.
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Centreline profile

(m) (W t)

Average spacing
Average spacing 69.0 5.8
Modal spacing 60.0 5.0
Range 21.6-237.6 1.2 -12.8
Frequency distribution Positively distributed
Downstream trends Increase

Riffle spacing
Average spacing 69.6 5.8
Modal spacing 60.0 5.0
Range 28 - 154 2.3 - 12.8
Frequency distribution Positively distributed
Downstream trends Increase

Pool spacing
Average spacing 68.4 5.7
Modal spacing 36.0 3.0
Range 21-238 1.8-19.8
Frequency distribution Positively distributed
Downstream trends Increase

Riffle heights
Average riffle height 0.22
Maximum riffle height 0.43
Minimum riffle height 0.07
Downstream riffle trends Decrease
Frequency distribution Positively distributed
Riffle aspect ratio (height : length) 0.003

Pool depths
Average pool depth 0.36
Maximum pool depth 0.82
Minimum pool depth 0.13
Downstream pool trends Decrease
Frequency distribution Positively distributed
Pool aspect ratio (depth : length) 0.005

Longitudinal bedform asymmetry Number Average Extreme
Positive 11 2.5 6.1
Symmetrical 0 N/A N/A
Negative 7 2.6 5.7
Trends Preference for negatively skewed bedforms

No trends

Table 6.7 a) Bedform characteristics for the centreline profile of the semi natural Ravensboume 
reaches identified by the adapted bedform differencing technique.
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Thalweg profile

(m) (W t)

Average snacing
Average spacing 69.3 5.8
Modal spacing 60.0 5.0
Range 14 -168 1.2-14
Frequency distribution Positively distributed
Downstream trends Decrease

Riffle spacing
Average spacing 69.6 5.8
Modal spacing 60.0 5.0
Range 14-161 1.2-13.4
Frequency distribution Positively distributed
Downstream trends Decrease

Pool spacing
Average spacing 68.9 5.7
Modal spacing 84.0 7.0
Range 14-168 1.2-14
Frequency distribution Normally distributed
Downstream trends Decrease

Riffle heights
Average riffle height 0.30
Maximum riffle height 0.62
Minimum riffle height 0.12
Downstream riffle trends Decrease
Frequency distribution Positively distributed
Riffle aspect ratio (height : length) 0.004

Pool depths
Average pool depth 0.43
Maximum pool depth 0.81
Minimum pool depth 0.16
Downstream pool trends Decrease
Frequency distribution Positively distributed
Pool aspect ratio (depth : length) 0.006

Longitudinal bedform asvmmetrv Number Average Extreme
Positive 12 3.5 7.1
Symmetrical 0 N/A N/A
Negative 6 2.4 5.0
Trends Preferaice for negatively skewed bedforms

No trends

Table 6.7 b) Bedform characteristics for the thalweg profile of the semi natural Ravensboume 
reaches identified by the adapted bedform differencing technique.
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K>o\LA

Reach 1 Reach 2 Reach 3 Reach 4

Centreline Thalweg Centreline Thalweg Centreline Thalweg Centreline Thalweg

Average snacing 
Average spacing (wt) 
Range (wt)
Average spacing (m) 
Downstream trends

4.5 
1.8-8.8 

54.3 
Decrease

6.9
2.3-11.7

82.4
Increase

5.4 
2.9 - 12.8 

65 
Decrease

6.6 
1.2-1.4 

79.6 
Decrease

7.1 
4.7 - 10.5 

85
Decrease

6.5
4.1-88

77.9
Decrease

7.3
8.2-11.1

87.5
Increase

4.5 
1.2-9.3 

54.0 
Increase

Riffle heights fm)
Average riffle height 
Maximum riffle height 
Minimum riffle height 
Downstream riffle trends 
Riffle aspect ratio (height : length)

0.26
0.43
0.13

Decrease
0.005

0.35
0.62
0.18

Decrease
0.004

0.23
0.33
0.18

Increase
0.004

0.23
0.36
0.12

Decrease
0.003

0.15
0.28
0.08

Increase
0.002

0.32
0.51
0.19

Increase
0.004

0.37
0.37
0.36

Increase
0.004

0.29
0.41
0.17

Increase
0.005

Pool deoths fm)
Average pool depth 
Maximum pool depth 
Minimum pool depth 
Downstream pool trends 
Pool aspect ratio (depth : length)

0.4
0.82
0.19

Decrease
0.007

0.52
0.81
0.41

Decrease
0.006

0.41
0.76
0.15

Decrease
0.006

0.42
0.76
0.20

Decrease
0.005

0.31
0.52
0.13

Decrease
0.004

0.59
0.76
0.40

Decrease
0.008

0.27
0.34
0.19

Increase
0.003

0.29
0.43
0.24

Increase
0.005

Table 6.8 Bedform characteristics for the semi natural Ravensboume reaches as identified by the adapted bedform differencing technique. 
Centreline and thalweg profiles assessed.



Bedform spacing trends over the whole semi natural section are unclear. Reach scale trends 

identified fi'om the centreline profile, suggest that the bed morphology is, therefore, best 

considered as a series of nested systems. Unfortunately, trends identified fiom the thalweg 

profile contradict those identified in the centreline profiles (Figure 6.19).
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Figure 6.19 a) Frequency distribution of pool and rifiSe spacing for the Ravensboume 
reaches identified through bedform differencing (Centreline profile).
b) Frequency distribution of pool and riffle spacing for the Ravensboume 
reaches identified through bedform differencing (Thalweg profile).
c) Reach scale bedform spacing trends in the Ravensboume reaches (thalweg 
profiles).
d) Difference in trend depending on profile examined (reach 3).
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Pool depths are 30 to 40% deeper than riffle heights as the pool depth measure incorporates the 

drop in profile. This is a similar percentage to those identified in the Clyne River reaches. Pool 

depths decrease with distance downstream within some of the reaches (1 and 3), and this is 

attributable to the steeper upstream sections (Figure 6,20), Riffle trends are more complex, 

varying between the reaches assessed and profile chosen. Frequency distributions of riffle 

heights and pool depths are positively skewed (Figure 6,21), This is observable in both profiles 

and also reflects the distributions identified through zero-crossing. The bedform differencing 

technique also identifies positively skewed riffle heights in the natural alluvial river site.

Riffle heights for the 4 naturally developed Ravensboume reaches average 0,003,, and pool 

depths average 0,005, (centreline profile). For the thalweg profile, riffle heights and pool depths 

are 0,004, to 0,006, respectively. Longitudinal bedform asymmetry characteristics mirror those 

identified in the Clyne reaches with this technique, with twice as many positively skewed 

bedforms (Figure 6,22), This differs from the interpretation of the zero-crossing technique, 

where positive and negative forms are equally abundant (Figure 6,17), No site or reach scale 

traids are evident. Form asymmetries range from ± 8, with modal values of ± 1 to 2,
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Figure 6.20 Trends in riffle heights and pool depths in the Ravensboume reaches (bedform 
differencing technique), 
a) Centreline profile, b) Thalweg profile.
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6.2 Form maintenance processes in the Ravensboume: the occurrence and nature of the 

velocity reversal mechanism

From reach 3 of the Ravensboume River, four unit pairings are made. These relate riffles to 

pools immediately upstream. Occurrences of cross-sectional area and flow velocity reversals are 

presoited in Table 6.9 and Figure 6.23. Low-flows are defined as those <~0.35m^s'' (calculated 

by the velocity area method from riffle 1). These discharges are 11% of the trashline discharge 

and fill -20% of the riffle area when the flow is at the trashline width. Intermediate discharges 

are those -1.5mV' (49% of the trashline discharge), and fill an area -62% of that taken up when 

the flow is at the trashline width. High discharges (3.5m^s ') flow to the trashline and fully 

submerge the toe-boarding.

Reversals in pool-riffle cross-sectional areas are apparent in 3 out of the 4 units (Figure 6.23 and 

6.24), which results from the differential cross-sectional asymmetry characteristics associated 

with the pools and riffles (Figure 6.24). The influence of pool-riffle asymmetry on area reversals 

is also noted by Lane and Borland (1954). The reversals in pool-riffle areas in the Ravensboume 

also occur at very different stages. The areas for riffle 1 and pool 2 reverse when the stages are at 

80% trashline. The areas for riffle 3 and pool 4 reverse whrai the stages are at 25% trashline, and 

the areas for riffle 1 and pool 2 reverse \^ e n  the stages are at 40% trashline. The onset of the 

reversal mechanism with increasing discharge is therefore likely to be highly variable between 

these sequential pool-riffle units. The magnitudes of the area reversals are also highly variable 

between the units at trashline discharges. Fot example, the area in riffle 1 is 2% greater than the 

area in pool 2, the area in riffle 3 is 11% greater than the area in pool 4, and the area in riffle 5 is 

9% greater than the area in pool 6.

The relatively low area reversal between riffle 1 and pool 2 also explains why flow reversals are 

not identified in this unit. Indeed, flow reversals are only identifiable in 1 of the 4 pool-riffle 

units (riffle 5 and pool 6). Combining longitudinal and lateral flows (resultant velocities obtained 

using equation 5.1) does not influence the identification of flow reversal for any unit pairings. 

The reversal mechanism, therefore, offers only a partial explanation fw the maintenance of these 

urban pool-riffle sequences. This reafflrms the comments of Knighton, who states that mwe than 

one process may be involved (1998, p i98). One of these processes reflects that created by the 

boulder stmctures in the rehabilitated river reach (Figure 5.40). Instead of the placement of 

boulder features, the flow characteristics in riflfle 7 and pool 8 in the Ravensboume may reflect 

the presence of litter such as bricks and shopping trolleys which are dumped in the channel.
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Figure 6.23 Reversals in area, average and point specific velocity for paired units in the naturally developed
urban reach in the Ravensboume River (riffles represented by triangles, pools by circles).
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Unit pairings Area

reversal

Reversal in average velocity Reversal in maximum velocity

Downstream

R 1 and P 2 Yes No - riffle velocities always higher No - riffle velocities always higher

R 3 and P 4 Yes No - riffle velocities always higher No - riffle velocities always higher

R 5 and P 6 Yes Yes - intermediate and high Yes - high

R 7 and P 8 No No - riffle velocities always higher No - pool velocities always higher

Upstream

Table 6.9 Reversal in average and point specific velocities for the naturally developed 
urban reach bedforms. Riffles are paired to pools immediately upstream.
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Figure 6.24 Reversal in cross sectional area for riffle 5 and pool 6 in the Ravensboume 
River.
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6.3 Urban river geomorphology; implications for rehabilitation strategies

It is possible to assess the degree to Wiich the semi-natural urban river reaches (River 

Ravensboume, chapter 6) retain a natural river character by comparing the form and maintenance 

processes to those derived from the natural alluvial river (River Clyne, chapter 4). This 

comparison will also provide a preliminary assessment of relative form diversity between the 

sites (and hence ecological potential), highlight the suitability of directly transferring elements of 

rural form into these non alluvial reaches, and provide guidance to future approaches so 

morphological components such as pool-riffle sequences can be implemented in a more 'sensitive' 

manner.

By including the morphological characteristics derived from the rehabilitated urban river reaches 

in the comparison (River Pool, chapter 5), it is possible to determine which characteristics the 

rehabilitated sites share with the natural river (reflecting the design) and which characteristics 

they share with the semi-natural urban river (reflecting the post-scheme adjustment and 

geomorphological processes experienced in these urban flood relief channels). If the 

rehabilitated form characteristics closely mirror those which have developed naturally in the 

Ravensboume, then this also provides an indication of what is physically achievable in terms of 

rehabilitating (not restoring) urban river channels which also have more utilitarian demands 

placed on them.

6.3.1 A comparison of local boundary hunting coefficients

As for the natural alluvial bedforms in the Clyne and the rehabilitated bedforms in Pool, the 

standard deviation of the differenced series provides an opportunity to compare form 

characteristics without requiring the identification of individual bedforms (Figure 6.25). These 

coefflcients are based on data sampled at 0.5w* intervals, with a window span covering 

approximately 8wt (8wy for the Bell Green reach). This comparison assumes the rural bankfull - 

urban trashline analogy is appropriate.

The standard deviation values generated by the semi-natural morphology in the Ravoisboume are 

half those generated by the rehabilitated morphology of the Pool River (Figure 6.25), which 

themselves were half the values generated for the Clyne reaches (Figure 5.29). The rehabilitated 

morphology, therefore reflects an intermediate state between the natural alluvial river 

morphology and the semi-natural urban river morphology. Despite the extensive sediment 

reworking in the Bell Green reach and the lower boulder reach, the implemented bedforms still 

have a noticeable influence on form character.
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A hydraulic explanation for the low amplitude morphology in the semi-natural Ravensboume 

reaches could relate to the uniform low-flow width which does not provide favourable conditions 

for fcrm maintenance processes such as velocity reversal. This is evident from the comparisons 

of cross-sectional areas which are similar between two of the units at high flows (Figure 6.23 - 

riffle 1 and pool 2 as well as riffle 7 and pool 8). Form maintenance processes may also be 

disturbed by in channel litter as well as the presence of the concrete bridge supports which act to 

smocA morphology directly upstream and downstream (Figure 6.5). Furthermore, the shallow 

morphology could result from a relatively low sediment supply (Lisle 1982), characteristic of 

urban river channels (Wolman and Schick, 1967). A lack of angular sediments in these 

regravelled reaches could inhibit the formation of stable imbricated riffle sites (Clifford and 

French, 1998) and so further reduce bedform amplitude.

A more pronounced morphology can be provided by restorative intervention measures, although 

not all techniques are equally valid. For example, the boulders in the upper rehabilitated reach 

have not had a significant morphological impact on the bed (Figure 5.30), and the morphology is 

of a similar character to that in the Ravensboume reaches (as determined by standard deviations. 

Figure 6.25). As already noted, his may be due to the alternating placement of the boulders or 

their placement at 3w; intervals instead of at the recommended 3wt intervals. The flume also 

ponds back water over all the boulder clusters in the upper reach, and this could dampen 

hydraulic form maintenance processes such as those outlined in section 1.5 as well as the process 

outlined in Figure 5.40. These factors all need to be considered Nvhen attempting to produce a 

more pronounced bed morphology in urban river channels as the influence of ponding on form 

functioning (or lack of) may make the reach-scale application of a pool-riffle morphology 

inappropriate. Future rehabilitation approaches specifically tailored to these urban flood relief 

channels should, therefore, view the reaches as containing a variety of distinct morphological, 

hydraulic and sedimentary characteristics which exist at the sub-reach-scale.

6.3.2 Long profile

The reach-scale profiles of the Ravensboume reaches eAibit a greater degree of concavity than 

the reaches in the Clyne. These slope variations in the Ravensboume reaches complicate 

restorative intervention, as bedform characteristics trend with variations in slope (Figure 6.19). 

Implementing a pool-riffle morphology at a set interval (6w« or 3wJ will not, therefore, be 

appropriate in these straightened reaches if defined up and downstream by concrete lined 

sections. In contrast, reach profiles between weir and flume stmctures are less concave 

(Ravensboume reach 4, all Pool reaches). Weir and flume structures are so prominent (elevated), 

that the water spilling over erodes the sediment directly below the structure. Profile concavity is, 

therefore, prevented as the head of the reaches are degraded. In terms of restwative effort, the 

strategy employed will, therefore, vary depending on the nature of the stmctures up and
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downstream. If pool-riflfle enhancements are placed between flumes and weirs, they do not 

necessarily have to take account of trends in bedform character. Bedforms placed immediately 

upstream of flumes and weirs as well as between concrete lined bridge supports do, however, 

have to function in environments that are subject to a significant degree of backwater ponding.

6.3.3 Bedform asymmetry (cross-sectional)

The centreline profile for the Ravensboume River is generally 'smoother' than the thalweg 

profile. This results fi“om asymmetrical pools and symmetrical riffles. For the Clyne reaches, the 

deepest point in the pool is 30% deeper than the centreline depth in the pool (bedform 

diflferencing data. Table 4.7). For the Ravensboume reaches, the deepest point in the pool is 26% 

deeper than the centreline depth in the pool (bedform differencing data. Table 6.7). As cross- 

sectional form asymmetry can have a significant impact on form maintenance processes, such as 

the reversal mechanism (Lane and Borland, 1954), as well as habitat provision (Statzner et al, 

1988), it would be beneficial to replicate this morphological characteristic in future rehabilitation 

schemes. Despite this, the rehabilitated Bell Green reach does not replicate this aspect of river 

morphology, and this results fi*om the concrete base used in this approach. Moreover, the 

bedforms identified in the boulder reaches indicated that the thalweg profile was smoother than 

the centreline profile, resulting from symmetrical pools and asymmetrical riffles. This cross- 

sectional morphology may be a function of the maintenance processes identified in these 'forced' 

pool-riffle units. If this is the case then implementing boulder clusters to rehabilitate a reach will 

not result in the creation of a more natural morphology. The symmetrical pools and 

asymmetrical riffles may also reflect the fact that the boulder bedforms are spaced too closely 

together not allowing the thalweg to cross the centre of the channel at riffle sites.

6.3.4 Pool-riffle spacing

Determining average pool-riffle spacing in the River Ravensboume is not straight forward, as 

spacings vary markedly depending on the technique, reach, profile and bedform selected (Table 

6.10). Amalgamating pool and riffle characteristics, as well as results from the centreline and 

thalweg profile provides greater consistency between reaches, although there are numerous 

philosophical concerns associated with collating data in this manner. In addition, the degree to 

which an average value represents the form characteristics is questionable due to the existence if 

systematic spacing trends (Figure 6.19).

The autocorrelation results can be omitted as AR(2) modelling only identified form wavelengths 

in a few reaches. The spectral analysis results are also tentative, as the high densities at low 

frequencies are indicative on non-stationarity. The zero-crossing data are also assumed to be less
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robust than the bedform differenced data, as even the most appropriate of the functions used did 

not seem to adequately represent the profile. Pool-riffle bedforms identified in the Ravensboume 

through bedform differencing are spaced on average at 6w* (pools and riffles combined, 

centreline and thalweg results combined; Figure 6.26). This average spacing similar to that 

identified in natural alluvial river systems (5wy to 7wy), lending support to an urban trashline - 

rural bankfiill analogy. Despite this similarity, the average bedform spacing identified in the 

Clyne River indicates that 6wy is too large, and that it should fall around 4 or 5wy. This 

difference between the expected and identified bedform spacing in natural alluvial river systems 

complicates the evaluation of the identification of the semi-natural urban river Ravensboume in 

terms of retaining a 'natural river morphology'.

On average, pool-riffle spacing in the rehabilitated reaches of the Pool River correspond to 6wt 

intervals. This average spacing distance is the same as that identified in the Ravensboume 

reaches, implying that the implemented morphology is in harmony with processes responsible for 

bedform development in the urban charmel. However, many of the bedforms identified in the 

rehabilitated reach are not those originally implemented. For example, for the upper boulder 

reach, not one of the boulder clusters correspond to an identified pool trough. Furthermore these 

boulder clusters are spaced at 3w, intervals. Despite this, the pool-riffle morphology has adjusted 

to reflect an average spacing characteristic of 6w,. The processes responsible for pool-riffle 

creation and/or maintenance in the urban channel therefore dominates the processes gen^ated by 

the implemented boulder bedforms in the upper reach. In the lower boulder reach, the boulder 

clusters have a slightly greater influence on pool-riffle development possibly resulting fi-om their 

placement (on both sides of the channel at a single cross-section. Figure 2.10). As the urban 

channel processes are not as dominant in this reach, the average bedform spacing is lower (4.5wJ 

than it is for the upper boulder reach (6w,), and lower than it is for the naturally developed 

bedforms in the Ravensboume (6wJ.

Frequency distributions of pool-riffle spacings in the Ravensboume are positively distributed 

(centreline profile, bedform differencing), with the most fi-equent bedform spacing at 3wt. 

Frequency distributions produced by the zero-crossing technique are also positively skewed (no 

tolerance), although the suitability of the fimctions used to detrend the profile is open to question. 

Furthermore, the distributions are also highly sensitive to the application of tolerance and 

normalise with a value of 0.1m (Figure 6.14).
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Reach 1 Reach 2

Centre Thalweg Centre Thalweg

Riffle Pool Riffle Pool Riffle Pool Riffle Pool

AR(2) modelling® 2.5 2.4 2.3 --

Spectral 8.2 8.2 8.2 6.1

Zero-crossing* 4.3 4.6 5.9 5.8 2.7 3 2 2.1

Bedform differencing# 6.3 4.3 6.8 7 5.5 5.5 6.4 6.9

Reach 3 Reach 4

Centre Thalweg Centre Thalweg

Riffle Pool Riffle Pool Riffle Pool Riffle Pool

2nd order modelling® 2.8 - - -— --

Spectral 8.2 8.2 7 4.9

Zero-crossing* 2.6 2.6 2.6 2.6 7.7 6.1 3.9 4.4

Bedform differencing# 5.5 5.5 6.6 6.4 8.2 8.2 4.7 4.4
Spacing expressed in multiples ofw, (12m)

® AR(2) model ( profile detrended through differencing)

*No tolerance

#  Adapted bedform differencing technique with no tolerance value multiplier

Table 6.10 Bedform spacing characteristics for the naturally developed urban reaches. All 
expressed as a multiple of trashline width.
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The frequency distributions for the Clyne River reaches are also positively skewed, with lower 

modal values (~ 3wy) than average (4wy to 5wy). This similarity between the Clyne and 

Ravensboume indicates that the rural-bankfull urban-trashline analogy is appropriate. 

Determining the suitability of the rural bankfrill - urban trashline analogy through modal values is 

more appropriate than using average values due to their relative abundance. The fact that the 

analogy is confirmed by a comparison of modal values and not by a comparison of average 

values shows how tentative the comparison of average values can be. This issue of comparability 

was also noted with respect to the Clyne River reaches (in sectiœi 4.3.3), as average values varied 

from those 'expected' although modal values were identical to those 'expected'.

The frequency distributions for the Clyne reaches were largely generated by a 'mix' of form 

characteristics (Figure 4.14), whereas the Ravensboume distributions were largely generated by 

spatial trends in form characteristics (Figure 6.19). Implanenting a mix of form characteristics 

as per Table 4.10 may not, therefore, be appropriate in these straightened urban river channels, 

especially if the reach is located between concrete lined channels. Restoring a mix of form 

characteristics would be more suitable if the reach is located between weirs and flumes, as these 

features do not result in significant reach-scale variations in profile slope.

6.3.5 Bedform amplitude and aspect ratios

Both zero-crossing and bedform differencing show that bedforms in the Ravensboume are less 

pronounced (a:l and h:l ratios) than those identified in the rehabilitated Pool reaches, which in 

tum, are less pronounced than those identified in the Clyne (Figure 6.25 and 6.27). This finding 

was also revealed through a comparison of local boundary hunting coefficients (section 6.2.1). 

As before, the reworked rehabilitated morphologies reflects an intermediate state.
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Figure 6.27 Riffle h:l characteristics of the Clyne, Pool, and Ravensboume reaches, as 
determined through the adapted bedform differencing technique.

6.3.6 Bedform shape

Bedforms in the naturally developed Ravensboume reaches are generally revealed to be 'dome 

up' in shape (Figure 6.13). However, as the detrending functions do not clearly remove the 

profile component in these reaches (Figure 6.7), characterising bedform shapes fi’om the 

distribution of the residuals is tenuous. Bedforms in the Clyne reaches are also 'dome up' in 

shape (Figure 4.10). Assuming an appropriately fitting trendline, the variation between riffle and 

pool amplitudes is indicative of the degree to which bedforms are 'domed'. For the Ravensboume 

reaches, the differences are on the order o f20 - 25% (pools deeper). These pool-riffle amplitude 

differences are also observed in the Clyne, with pool amplitudes being 20 - 30% greater than 

riffle amplitudes. Despite this similarity, the rehabilitated bedforms in both the concrete lined 

Bell Green reach, and the boulder reach are 'pinched' in character (Figures 5.7 and 5.19 

respectively). The artificial bedforms are, therefore, exerting some control over bedform shape. 

For the Bell Green reach this influence is clearly attributable to the concrete bed morphology 

which prevents the scouring of the pool troughs and the creation a 'dome up' morphology, the 

concrete base has also been noted to prevent the development of asymmetrical pools (section 

6.3.3).
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6.3.7 Bedform asymmetry (longitudinal)

The form asymmetries derived through zero-crossing for the Ravensboume reaches are largely 

similar in average (~ ± 3), range (~ ± 6), and distribution (with lower modal values ~ ± 1.5 to 2), 

to those from the Clyne reaches wfren identified by this technique. For the centreline profile of 

the Ravensboume, an equal number of bedforms are positively and negatively asymmetric. This 

is also similar to those identified by this method in the Clyne reaches.

The form asymmetries derived through bedform differencing for the Ravensboume reaches are 

largely similar in average (~ ± 3), range (~ ± 6), and distribution (with lower modal values ~ ±

1.5 to 2), to those from the lower Clyne reaches by this technique. One difference however is 

that twice as many bedforms in the Ravensboume are positively asymmetric. This may result 

fr(Mn a prevalence of litter in the Ravensboume channel, such as old carpets, large blocks and 

shopping trolleys (Figure 1.5), wfrich create a zone of deposition at the leeward edge 

(downstream). Consequently, as the river is subject to fly tipping activities, even if a mix of 

positive and negative bedform asymmetries were implemented, the morphology may still adjust 

over time to reflect more positively asymmetric forms. A predominance of positively 

asymmetric bedforms may, therefore, reflect a characteristic unique to urban river systems. A 

predominance of positively asymmetric forms was also identified in the rehabilitated reaches in 

the Pool River (bedform differencing results only). This is thought to be a consequence of 

sediment shading by the ’hard' structures used. Consequently, replicating natural asymmetry 

characteristics in urban river charmels is compromised both by the degree of channel litter as well 

as the nature of intervention.

6.3.8 Pool-riffle maintenance processes

The fact that the velocity reversal mechanism is apparent in one of the pool-riffle pairings in the 

Ravensboume shows that, despite direct alt^ations to the cross-sectional morphology and 

indirect alterations to the longitudinal morphology, processes associated with maintaining 

bedforms in natural river systems are also responsible for maintaining some bedforms in urban 

flood relief channels. However, as 3 out of the 4 pool-riffle units seem to be maintained by 

processes other than velocity reversal, the significance of this mechanism is not clear, and the 

role it plays may only be a minw one. This minor role may be due to the effect of the toe- 

boarding, which restricts the relative variations in pool-riffle width noted in other river systems 

(Richards, 1976a; Clifford and French, 1998). These restrictions would also make any area 

reversals a product of variations in pool-riffle cross-sectional asymmetry alone. Any reversals in 

flow velocity are, therefore, likely to be relatively weak. This could, in part, explain the 

relatively low bedform aspect ratios identified in the Ravensboume reaches (section 6.3.5). 

These low ratios may also result from litter dismpting form maintenance processes. Furthermore,
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the concrete sections not only create a steeper profile slope and an armoured bed immediately 

downstream, but they also pond back water immediately upstream. These effects could also 

reduce the relative prominence of the pool-rifHe bedforms in the Ravensboume reaches (6.5).

Restoring the velocity reversal mechanism (occurrence and strength) through varying cross- 

sectional pool-riffle characteristics is not straightforward. For example, although the riffles are 

wider than the pools in the Bell Green reach, the pools depths are too deep in many cases for an 

area reversal to occur. Attempting to restore variations in pool and riffle width so reversals in 

flow velocity occur at specified discharges may also be financially impractical for many schemes. 

Fortunately, it is not necessary to rely on reversals in pool-riffle relative flow velocities to 

maintain a 'forced' rehabilitated morphology, as these bed undulations can be maintained by 

processes such as those outlined in Figure 5.40.

6.3.9 Development of an 'intermediate' morphology

To summarise, the preceding evaluation reveals that although the semi-natural Ravensboume 

reaches share some form and form maintenance characteristics present in the natural alluvial 

River Clyne, the urban river channels are very distinctive at the reach and sub-reach scale. This 

distinctiveness undermines the appropriateness of rehabilitating these engineered river channels 

with single form elements, such as pool-riffle sequences, if solely based on rural river templates. 

The morphological differences between these two environments goes some way to explaining 

Wiy the bed sediments in the rehabilitated reaches have been extensively reworked. Indeed, 

many of the implemented bedforms in the rehabilitated reaches are not identified through 

bedform differencing or zero-crossing (Figure 5.30).

The rehabilitated reaches in the Pool River exhibit a variety of morphological characteristics. 

Some of these are similar to those found in the Clyne, which is intuitive as natural river systems 

form the basis of many restoration templates. The rehabilitated morphology also reflects form 

characteristics identified in the Ravensboume. This reflects the post-scheme adjustment of the 

channel, despite the fact that the implemented bedforms are effectively fixed (boulder clusters 

and concrete). The rehabilitated reaches also exhibit intermediate morphologies which are 

between the 'extremes' identified in the natural Clyne and in the engineered Ravensboume. In 

spite of the significant reworking of sediment, the implemented bedforms are, therefwe, still 

having a notable morphological influence.

In order to determine whether or not the heavily reworked morphology in the Pool still offers a 

noticeable increase in form and flow variability (and hence ecological potential) in relation to 

what would develop naturally without any restorative intervention, the morphological 

characteristics of the rehabilitated reaches are compared to the morphology in the Ravensboume,
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as it is reasonable to assume that this represents a morphology which would naturally develop in 

these urban flood relief channels (i.e. if a culverted reach were simply resectioned and perhaps 

regravelled). With respect to the longitudinal morphology, the most notable influence of the 

rehabilitated bedforms has been their effect in producing a more pronounced pool-rifQe character 

relative to that which would develop naturally in these urban reaches. As a pronounced bed 

morphology has been noted to have ecological benefits (Lisle, 1982), it is reasonable to assume 

that, despite the post-scheme adjustment, the rehabilitated morphology offers a greater hydraulic 

and sedimentary diversity relative to the naturally developed pools and riffles in the 

Ravensboume reaches.

In relation to intervention strategy, the Bell Green morphology was relatively more pronounced 

that the morphology created by the boulder clusters. Consequently, the less expensive 

rehabilitation measures were also less effective in influencing form development. To further 

evaluate the relative habitat potential between the two rehabilitated Pool reaches, comparisons of 

cross sectional form and flow characteristics (with stage) were assessed. These cross-sectional 

form and flow characteristics were also compared to those derived from the semi-natural 

Ravensboume.

6.4 Ecological benefits of two distinctive rehabilitation approaches over natural recovery in 

urban river channels

To compare cross-sectional form and flow characteristics between river systems, measures Wiich 

are independent of scale are required. This study applies two such measures, one directed toward 

assessing cross-sectional asymmetry and one toward cross-sectional diversity (equations 2.7 and

2.8 respectively).

6.4.1 Form and flow characteristics: relative measures

Cross-sectional asymmetry characteristics for the pool and riffle bedforms in the Pool and 

Ravensboume reaches are presented in Figure 6.28. The Bell Green reach has the greatest range 

of form asymmetries, followed by the boulder reaches. The semi-natural Ravensboume reach has 

the smallest range of asymmetry ratios. The cross-sectional asymmetry ratios do not clearly 

distinguish between pool and riffle morphology in any of the three reaches. No trends in form 

asymmetry characteristics are evident in any of the reaches (Figure 6.29).
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Figure 6.28 Cross-sectional form asymmetry characteristics for the pool and riffle bedforms 
in the urban study reaches (ratio measures).

Cross-sectional flow asymmetries for the rehabilitated Pool reaches and the semi-natural urban 

Ravensboume reaches are presented in Figures 6.30. Flow asymmetries are plotted in relation to 

cross-sectional form asymmetry in order to reveal the influence of form on flow at various stages 

(flow behaviour). For the Bell Green reach, reversed flows (i.e., flows moving upstream in the 

cross section) are evident in half of the pool cross sections at low flow. These negative values 

cannot be plotted on the logarithmic axes. Despite this, pool flows are slightly more 

asymmetrical than riffle flows at low discharges, with the faster pool flow in the deeper portion 

of the pool. At intermediate discharges, the effect of the form asymmetry on pool flow is 

drowned out, and flow asymmetry in pools and riffles diminish. At high discharges, pool 

asymmetry increases, with faster flows in the deeper sections of the pool. This form-flow 

relationship at high discharge is probably influenced to a greater extent by planform shape rather 

than variations in the cross-sectional asymmetry.

For the boulder reaches, reversed flows also occur at low discharges as the boulders generate 

large recirculating eddy currents. The pool flows that can be plotted, show larger asymmetry 

ratios than for the riffles at low discharges. At intermediate discharges, riffle flows remain 

symmetrical. In contrast, pool flows become highly asymmetrical with flows on one channel side 

up to 50 times faster than those on the other (pool 6 with an average velocity of 0.013m®"' on the 

left side of the channel and a velocity of 0.68m®"' on the other). Form-flow correlations are also 

strong at intermediate discharges, with faster flows associated with the deeper sections. At high 

discharges, the influence of the boulder morphology on flow asymmetry is completely removed 

and both pool and riffle flows are near uniform. This uniformity is also aided by the effectively 

straight planform. For the naturally developed Ravensboume reach, riffle flows exhibit little 

cross-sectional asymmetry at all discharges. Pool flows are relatively asymmetrical at low
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Figure 6.29 Trends in cross sectional form characteristics for the rehabilitated and semi natural urban river reaches.
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discharges with the fastest flow occurring in the deeper portions. Pool flows become more 

uniform with stage, as the effect of the cross-sectional morphology is drowned out.

Based on assessment of asymmetry ratios, it is evident that flows behave in a completely 

different manner with stage in the urban reaches. For the Bell Green site, flow asymmetries are 

high at low flows, low at intermediate discharges, and high at high discharges. For the boulder 

site, flow asymmetries are low at low discharges, high at intermediate discharges, and low at high 

discharges. For the Ravensboume site, flow asymmetries are low at low discharges and reduce 

further with increases in stage. In terms of providing a diverse habitat for all discharges, the 

rehabilitated morphology is associated with higher asymmetry ratios. However, if hydraulic 

habitat diversity is sought for the most frequent flow (i.e., low flow), there is virtually no 

difference between the rehabilitated and semi-natural urban river reaches.

Cross-sectional diversity characteristics for the pool and riffle bedforms in the Pool and 

Ravensboume reaches are presented in Figure 6.31. The diversity measure reveals characteristics 

similar to asymmetry ratios. The diversity measure does not distinguish between pool and riffle 

forms, and coefflcients derived from the rehabilitated bedforms are higher than those derived 

from the naturally developed bedforms in the Ravensboume. No trends in cross-sectional form 

diversity are apparent in any reach (Figures 6.29).

16

14
A

12 -

10
o A

O

% 8 
è

6
A i

A
A

4

2
É

É

o
1
A

8

I
8

0

A Riffles 

o Pools

Bell Green reach 
(Pool River)

Boulder reaches 
(Pod River)

Semi-natural reach 
(Ravenstxxjme River)

Figure 6.31 Cross-sectional form diversity characteristics for the pool and riffle bedforms in 
the urban study reaches.
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Relationships between form and flow diversity (at various stages) for the 3 urban river reaches 

are presented in Figure 6.32. Average diversity coefficients for the three reaches at different flow 

stages are summarised in Figure 6.33. Figure 6.33 also includes diversity coefficients derived 

from a naturally developed pool-riffie sequence in an alluvial channel (taken from Clifford and 

Richards, 1992 Figure 2.6). For the Bell Green reach, flow diversity is relatively high for both 

pools and riffles at low discharges. As intermediate discharges, both pool and riffle flows 

become less diverse and at high flows diversity values approach unity. The diversity of flow 

moving through the pool is higher than that associated with the riffle at low and intermediate 

discharges. At high discharges the diversity coefficients approach unity for both pools and 

riffles. In terms of providing a diverse habitat, the coefficients derived from the rehabilitated 

reach compare fevourably with those derived by Clifford and Richards for a natural river system 

(1992).

For the boulder site, diversity measures clearly discriminate between low diversity riffles and 

higher diversity pools at low discharges. Moreover, the diversity experienced in the boulder 

pools at low flow is much greater than that experienced in the Bell Green pools at low flow. At 

intermediate discharges, flow diversity in both pools and riffles decreases to a value of near unity. 

At these discharges the cross-sectional flow diversity in the pools is the same as it is in the riffles. 

At high discharges, pool and riffle flow diversity coefficients increase slightly in the boulder 

reach. In terms of providing a diverse habitat, the coefficients derived from the rehabilitated 

reach also compare favourably with those derived by Clifford and Richards for a natural river 

system (1992).

Diversity coefficients for the pools and riffles in the semi-natural Ravensboume reach are 

relatively low at low discharges in comparison to the rehabilitated reaches. Riffle flow diversity 

coefficients are slightly above unity at low flows and reduce further with stage. Pool flow 

diversity is relatively high at low flow in comparison to the riffle, although is similar to riffle 

diversity at low and high flows. The lack of flow behaviour with stage is similar to the 

conditions reflected by the asymmetry ratio measures, with the restored reaches associated the 

greatest flow diversity. In terms of providing a diverse habitat, the coefficients derived from the 

pool-riffle morphology which has developed naturally in the Ravensboume do not compare 

favourably with those derived by Clifford and Richards for a natural river system (1992).
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Figure 6.32 Variation in the relationship between form and flow diversity coefficients at various stages for the rehabilitated and semi natural urban river reaches.
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This assessment of cross-sectional form and flow asymmetry and diversity with stage shows that, 

despite the extensive reworking of sediments in the Bell Green reach and the lack of sediment 

reworking in the upper boulder reach, the morphology in the rehabilitated reaches still offers a 

more diverse habitat in relation to the naturally developed morphology in the urban flood relief 

channel. Furthermore, the flow diversity characteristics associated with the rehabilitated 

morphology, also compare favourably with those derived fi'om a natural alluvial river channel. 

The implemented morphology still, therefore, has a significant influence on cross-sectional flow.

6.4.2 Form and flow characteristics; magnitude measures

Although scale-dependent measures are not directly comparable between rivers of different sizes, 

they are useful for assessing the relative distinctiveness between pool-riffie forms within a reach. 

They also provide a means of comparing the relative behaviour of flow with discharge between 

reaches. Asymmetry magnitude values (equation 2.9) applied to the Bell Green reach reveal a 

similarity in pool-riffle cross-sectional form (Figure 6.34). The similarity in pool-riffle cross- 

sectional asymmetries probably results fi'cmi the concrete base limiting pool scour and hence 

limiting pool asymmetry magnitudes. Further, riffle asymmetries are relatively high as flows 

exiting the pools are preferentially located on one side of the channel. As the thalweg has not 

crossed over to the centre of the channel at the riffle, sediments are unevenly distributed in the 

cross-section. These effects can clearly be seen in Figure 6.35. This similarity in cross-sectional 

asymmetry is also reflected in the long profile analysis for this reach, as the morphology revealed
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by the centreline and thalweg profiles is similarly pronounced. No spatial trends in cross- 

sectional form asymmetry are evident at the reach-scale in any of the three urban river sites 

(Figures 6.29).
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For the boulder reaches, asymmetry magnitudes are low for the riffles (± 0.2m ~ symmetrical) 

and high for the pools (± 0.8m ~ asymmetrical). This is not reflected in the longitudinal profiles, 

especially for the lower boulder reach. In these reaches, riffle characteristics determined by the 

adapted bedform differencing technique are 'higher' when identified from the centreline profile 

(by 0.02m in the upper reach and 0.1cm in the lower reach), suggesting that the riffles are 

relatively asymmetrical whist the pools are relatively symmetrical. This apparent contradiction 

between longitudinal and cross-sectional assessment may reflect the &ct that the cross sections 

coinciding with the boulder locations are unrepresentative of cross-sectional morphology of the 

pool-riffle bedforms identified through longitudinal assessment. This argument is supported by 

the lack of correlation between the implemented bedforms and the pools and riffles identified in 

the longitudinal analysis.

For the naturally developed reach, pools are much more asymmetrical than riffles. The 

maximum riffle asymmetry is ±0. Im, whist the maximum pool asymmetry range is up to ±0.4m. 

These cross-sectional characteristics are also identified in the long profiles, as the centreline 

profile for this site is 'smoother' than the thalweg profile. From this assessment of asymmetry 

magnitudes, pool and riffle cross-sectional morphologies are much less distinctive in the Bell 

Green reach than in the boulder or naturally developed reach. This is likely to reduce the degree 

of community structuring as the location of preferred habitats varies cross-sectionally with stage 

(Statzner et al, 1988). However, although the Bell Green pools and riffles are relatively 

indistinct cross-sectionally in comparison to the bedforms in the other reaches, the Bell Green 

pools and riffles are relatively pronounced longitudinally in comparison to the bedforms in the 

other reaches. This is likely to increase the degree of community structuring relative to the other 

reaches as the location of preferred habitats has also been noted to vary longitudinally (Gore et 

al. 1998).

The relationships between form and flow (at various stages) for the 3 urban river reaches are 

presented in Figure 6.36. For the Bell Green reach, riffle flows are not distinguishable fi'om pool 

flows at any discharge. Form flow associations in terms of direction are evident, especially at 

low flow where faster flow velocities are preferentially located in deeper areas. These 

associations degrade with stage, indicating that the influence of cross-sectional form is 

progressively drowned out.

Fot the boulder reaches, asymmetry magnitudes clearly discriminate between pool and riffle 

flows, with pool flows tending to be more asymmetrical than riffle flows. At low discharges 

riffle flows are near symmetrical. Form asymmetries in the pools only slightly influence pool 

flow asymmetries. At intermediate discharges, pool flow asymmetries increase, indicating that 

the boulders are having a greater influence on skewing flow. Riffle flow asymmetries are also 

slightly higher at intermediate discharge implying that the skewed pool flow is being translated 

downstream. This is consistent with the longitudinal investigation which indicated that the
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boulders are placed too close together (3w, instead of 3wJ. At high discharges, the hydraulic 

influence of the boulders is drowned out, and flow asymmetry magnitudes reduce. This pattern 

of flow asymmetry is comparable to that identified through asymmetry ratios, although these 

magnitude measures clarify the relative behaviour of the pools and riffles.

For the naturally developed Ravensboume, asymmetry magnitudes do not clearly discriminate 

between pool and riffle flows. Pools and riffle flow asymmetries are low at low flows and 

increase with stage. In summary, no clear distinction between pool-riffle flow asymmetry exists 

and no form flow pattern is identified with stage for the restored Bell Green reach and the 

naturally developed reach. Although the magnitude measures are not directly comparable 

between the reaches, the flow behaviour reveals that in terms of pool-riffle distinctiveness and 

hydraulic diversity with stage, the boulder reach is the most ecologically favourable.

Based on the comparison of cross-sectional form characteristics, despite the reworking of bed 

sediments and smothering of implemented bedforms, the rehabilitated morphology exhibits a 

greater degree of variability in relation to the naturally developed reach. However, despite this 

range, the boulder and naturally developed reaches exhibit the most distinctive variation between 

pool and riffle cross-sectional morphology. Despite to post-scheme adjustment experienced in 

both the rehabilitated reaches, the nature of intervention still has an important influence on the 

resultant morphology.

Pool-riffle flows in the rehabilitated reaches generally exhibit a greater diversity with stage 

relative to the naturally developed reach. However, at low flows, some measures of cross- 

sectional flow character (asymmetry ratios) reveal that the rehabilitated and semi-natural reaches 

are practically identical. This suggests that natural recovery has just as much to offer the ecology 

than prompted recovery. Considering the expense of prompted recovery options, natural 

recovery may be a favoured restorative option. At higher discharges, the rehabilitated 

morphology, especially that in the boulder reach, produces the most distinctive pool-riffle 

differences in flow. The boulder reach also exhibits the most distinctive flow pattern with stage. 

These findings show that, despite the smothering of much of the implemented morphology by 

post-scheme channel adjustment, the enhanced recovery in these urban flood relief channels 

produces a greater hydraulic diversity with stage in relation to allowing the bed morphology to 

recover naturally. However, the nature of intervention is important (in this case concrete or 

boulder).
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6.5 Design principles for rehabilitating engineered urban river channels

With respect to rehabilitating these engineered urban river channels with pool-rifiQe bedforms, 

design principles such as those based on natural river systems (Table 4.11) are 

geomorphologically inappropriate. Implementing such a morphology will be subject to a 

significant degree of post-scheme adjustment at the reach and especially sub-reach scale. 

Although this post-scheme charmel adjustment indicates that a geomorphological approach is 

uimecessary, relying on extensive sedimentary redistribution to produce a relatively stable 

morphology carries on the hit-and-miss approaches reminiscent of the past.

In order to implement a pool-riffle morphology better suited to the conditions experienced in 

urban flood relief charmels (resectioned, realigned, flashy hydrology, low sediment supply), a 

geomorphological design strategy is required. This approach integrates pool-riffle characteristics 

present in a natural alluvial river with a greater appreciation of the form-process assemblages 

which characterise urban flood relief charmels at the reach and sub-reach scale. Moreover, if it is 

assumed that the reworked river morphology present in the rehabilitated reaches approximates an 

intermediate morphology (as it shares characteristics fi’om natural and urban flood relief 

channels), an integrated approach would also produce a morphology which exhibits greater 

hydraulic diversity relative to that which would develop naturally.

The following design principles reflect such an approach for the non-alluvial urban river channels 

in the Ravensboume. These principles may also be applicable to other non-alluvial river 

channels (resectioned and realigned) which share similar hydrological and sedimentary 

characteristics (flashy hydrology, low sediment supply) associated with urbanised catchments:

1) A rural bankfiill - urban trashline analogy is proposed. The w* in this instance relates to a 

morphological characteristic of resectioned channels and does not simply reflect the litter 

line left by the most recent flood. The trashline width can be identified fi'om w/d plots as per 

Figure 5.15 and 6.1. This analogy provides a basis for the integration of natural alluvial 

pool-riffle morphology into existing urban flood relief channels.

2) Cross-sectional asymmetry characteristics in natural alluvial river channels are similar to 

those in engineered urban channels. Riffles should be symmetrical in cross-section, with the 

deepest point in the centre of the channel. Pools should be asymmetrical in cross-section. 

On average, the deepest point in the pool should be 30% greater than the central point in the 

pool. The fact that these are not replicated in rehabilitated study reaches reflects the 

intervention materials used (i.e. concrete), their inappropriate placement (boulders at 3w; 

instead of 3wJ and possibly the functional characteristics identified (boulder maintenance 

processes).
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3) Pool and riffle bedforms should be spaced, on average, at 5 to 7Wf in urban flood relief 

channels.

4) The modal spacing interval for pools and riffles in urban flood relief channels should be at

Sw t̂.

5) In urban river channels, the profile slope can vary significantly at the reach-scale, especially 

if the reach lies between concrete lined channels. Furthermore, given the model outlined in 

Figure 6.8, the degree of profile adjustment will vary depending on the amount of energy 

available for erosion. The degree of channel straightening is, therefore, also important. 

Profile slope variations in the Ravensboume are associated with variations in bedform 

character at the sub reach-scale. Bedforms on the steeper upstream slopes are spaced at 2wt 

to 4wt, and bedforms on the shallower downstream slopes are spaced at 6wt to 8w,.

6) If the urban river reach lies between weirs and flumes, the degree of profile adjustment is 

less likely if located between concrete lined bridge supports. In these reaches, replicating 

trends in form characteristics are not so important, and a diverse 'mix' of form characteristics 

can be based on frequency distributions such as that outlined in Table 4.10.

7) Flumes, weirs and concrete channels have a significant impact on the amount of ponded 

water. Over half of the reach length in the Pool and Ravensboume channels can be subject 

to ponding by these features. This would have the effect of reducing the hydraulic diversity 

between pools and riffles as well as dampening form maintenance processes. The removal of 

these features however would result in extensive erosion in laterally restricted channels. For 

the Ravensboume reaches, the amount of sediment eroded is estimated to be 700 to SOOm̂ . 

This would cause a lowering of the river bed at the removal site by 1 to 2m, and the transfer 

of sediment may influence pool-riffle characteristics downstream.

8) Bedform shape in the Clyne and the Ravensboume are 'dome up'. These shapes are not 

currently replicated in the rehabilitation schemes examined. As a guide, riffles should be 20 

to 30% longer than pools (these lengths are distances along the natural gradient).

9) Only the lowest h/1 values identified in the Clyne are evident in the Ravensboume. Urban 

bedform proportions should be 0.005, to 0.01,. These proportions could possibly be 

increased if angular sediments were used in the creation of the bedforms (as an aid to 

increase stability though sediment imbrication at riffle sites) or if'harder' structures are used. 

At the sub-reach-scale these proportions should be lower upstream and downstream (0.005,), 

and higher mid reach (0.01,).
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10) Longitudinal asymmetry modes (± 1.5), and ranges ± 6 are similar between the downstream 

reaches in the Clyne and the Ravensboume reaches. These are replicated in the two 

rehabilitation schemes investigated although this is due to bedform adjustment rather than by 

design. Bedforms in the Ravensboume show a preference toward positively asymmetric 

forms Wiich may reflect sediment sheltering behind urban channel litter. Bedforms in the 

Pool also show a preference toward positively asymmetric forms. This may reflect sediment 

sheltering behind the hard stmctures used.
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CHAPTER 7

Conclusions

Pool-riffle sequences are an integral component in many river rehabilitation schemes. In order to 

replicate the morphological characteristics associated with these bedforms, they first have to be 

accurately identified. A range of techniques have been developed to identify pool-riffle bedforms 

each of Wiich can produce markedly different characteristics. The variation between the 

techniques is not consistent as they are differentially sensitive to variations in data quality. 

Obtaining a consistent data set within and between river systems is not straightforward, as the 

bed morphology itself can be extremely diverse in nature (cross-sectional and longitudinal) as 

well as variable in character at the reach and sub-reach-scale. Furthermore, certain bedform 

morphologies can have opposing influences on identified bedform characteristics both at the data 

sampling and data analysis stages. For example, if the bed morphology is 'dome up' in shape, 

pools are more likely to be smoothed during data sampling than riffles. Pool amplitudes are 

therefore likely to be underestimated to a greater extent relative to riffle amplitudes. However, a 

dome up' shape would tend to increase pool amplitudes relative to riffle amplitudes during zero- 

crossing analysis, as bedform shape also influences the mathematical functions used to detrend 

the profiles.

Through identifying and quantifying the nature and extent to viiich four selected bedform 

identification techniques are sensitive to variations in morphology and methodology, chapter 3 

provides a basis to assess the integrity and comparability of form characteristics derived fi-mn 

previous studies. In addition, methodological and analytical recommendations are proposed 

which improve the objectivity of these techniques and hence comparability of results derived 

fi-om different river systems. For example, by cmnparing the relative degradation in natural 

alluvial data quality with sampling interval, a comparable sampling resolution was derived for 

urban flood relief channels. New analysis techniques are also developed allowing for form 

characteristics such as bedform shape to be identified.

The ability to replicate a natural pool-riffle mwphology is also, in part, reliant on the ability to 

rationally incorporate form characteristics into a design fi-amework. Current restorative design 

templates significantly simplify the variable and diverse pool-riffle morphology apparent in 

natural alluvial river reaches. As a result, the ability of the imposed morphology to replicate the 

functional benefits associated with natural river systems is comprmnised. Unfortunately, 

constructing a more natural restoration design template is problematic, as reach-scale form 

characteristics are highly variable both within and between natural river systems. The concept of 

a 'natural river morphology" is, tho-efore, impractical. Despite fiiis, some form characteristics ^ e  

relatively ubiquitous and these form the basis of design principles that allow for a more natural
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pooI-rifHe morphology to be replicated at both reach and sub-reach scales. These principles are 

outlined in chapter 4.

The ability to replicate a natural pool-riffle morphology is also dependent on the practicalities of 

implementation. These practicalities are particularly prominent in urban river systems due to the 

availability and cost of land, as well as the need to provide effective flood protection for nearby 

communities. Morphological analysis conducted in chapter 5 on two rehabilitated urban river 

sites shows the pool-riffle bedforms lack many of the characteristics identified in the natural 

alluvial river. A more complex template, such as that advanced in chapter 4, would therefore 

prove a useful aid in introducing variability in a scientific manner. The rehabilitated reaches 

investigated also exhibited morphological characteristics which were not evident in the more 

natural reaches. Some of these form characteristics, such as longitudinal bedform asymmetry 

ratios can be related to the hard structures used in the designs. Consequently, even if a more 

natural morphology is implemented, the effect of these structures will influence the nature and 

degree of post scheme adjustment.

Form characteristics present in the rehabilitated reaches cannot be solely ascribed to the 

simplified designs and nature of the intervention (materials used), as many of the bedforms 

identified are not those originally implemented. For the Bell Green reach, form mismatches 

result fi'om a significant reworking of the bed sediments smothering much of the original 

morphology, particularly upstream. As the nature of intervention is similar throughout this reach, 

the uneven distribution of sediment may result from storm deposits emanating fi-om an upstream 

drain. Determining the supply and transport of sediments throughout this reach is important to 

the success of the design, as a build up of sediments affects the functional characteristics of the 

upstream pool-riffle bedforms. Indeed, for one upstream unit, relative pool-riffle flow velocities 

reverse at intermediate discharges (pool velocities higher than riffle velocities) and again at high 

discharges (riffle velocities higher than pool velocities) as the flows in the pool spill out over the 

second stage of the channel. In contrast to the extensive sediment reworking experienced in the 

Bell Green reach, identified/implemented form mismatches in the upper boulder reach resulted 

fi’om a lack of sediment reworking. This was attributed to both the inappropriate spacing of the 

boulder clusta-s in the flood relief channel and the dampening effect of the downstream flume on 

form maintenance processes.

The degree of post-scheme morphological adjustment in the two rehabilitated reaches in the Pool 

River in South London, implies that the currait approaches are not geomorphologically 

appropriate fw urban flood relief channels. The importance of a geomorphologically wientated 

approach is illustrated by the fact that the post-scheme adjustment has resulted in morphology 

Miich reflects many 'intermediate' characteristics \^ ich  fall in between the 'extremes' identified 

in natural alluvial and semi-natural urban flood relief channels (chapter 6). For example, profile 

concavity is lowest in the natural reaches (near linear), greater in the rehabilitated reaches (best
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fitted by second-order polynomials), and highest in the semi-natural reaches (logarithmic in some 

cases). In addition, bedform aspect ratios (h:l) are lowest in the semi-natural reaches (-0.002, to 

0.005,), higher in the rehabilitated reaches (-0.005, to 0.01,), and greatest in the natural reaches 

(-0.005, to 0.03,).

S(xne form characteristics identified in the rehabilitated reaches, such as longitudinal bedform 

asymmetry, are also distinctly different to those identified in the natural reaches although are 

similar to those in the semi-natural reaches in the Ravensboume. The reworked rehabilitated 

morphology therefore approximates to an 'intermediate’ state, exhibiting several form 

characteristics associated with natural alluvial river reaches, several form characteristics specific 

to non alluvial urban riv e  reaches and seveal 'transitional' form characteistics. These 

characteristics are in addition to those which reflect the simplified design templates and the 

nature of intervention (materials used). Form maintenance processes identified in the 

rehabilitated reaches also reflect those observed in alluvial river systems (such as velocity 

reversal) as well as those apparent in the non-alluvial urban river reaches (such as those outlined 

in Figure 5.40). The identification of the velocity reversal mechanism in alluvial and non-alluvial 

channels supports an integrated approach to future urban channel design. Furthermore, processes 

such as those outlined in Figure 5.40 identified in both the rehabilitated and semi-natural urban 

reaches provide a useful alternative to the velocity reversal mechanism for maintaining 

rehabilitated morphology in urban river channels.

Given that current simplified templates result in extensive sediment reworking and that the 

rehabilitated sites examined reflect morphologies characteristic of natural and urban river 

systems, a more appropriate restoration approach would attempt to replicate those characteristics 

wfiich are similar between the river systems, and integrate those characteristics which are 

dissimilar between the river systems using the urban geomorphology as a guide. To this end, 

morphological design criteria are proposed whereby rural form characteristics at the reach and 

sub-reach scale can be implemented into urban river systems in a more harmonious fiishion. An 

integrated approach would, in theory, be more stable and subject to less sediment reworking than 

current restorative approaches, and would also provide a more pronounced pool-rifde 

morphology than that which would develop naturally in non-alluvial urban river channels.

As a cautionary note, the derivation of form characteristics for this integrated approach are based 

on those identified from only two river systems, the Clyne and the Ravensboume. Consequoitly, 

the ubiquity of these characteristics is in question. For the Clyne, many distinctive form 

characteristics were not identified in other alluvial river systems (comparison with literature). 

Classifying these rivers as 'natural' or 'alluvial' is therefore a gross simplification, and a greater 

characterisation of fectors which may affect the morphology (such as hydrology, sediment 

supply) is required. A similar argument can be levied at the morphological characteristics 

derived fi’om the urban river Ravensboume, as hydraulic and sedimentary regimes can vary
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distinctly in space (within and between catchments) as well as through time. Given this variation 

in time and space, it is extremely difficult to implement a morphology appropriate for a given 

section of river. Consequently, a significant amount of post-scheme morphological adjustment is 

not surprising. Indeed, a degree adjustment and readjustment may be inevitable in urban river 

channels subject to both long-term changes (such as in hydrological or sedimentary regime), as 

well as short-term disturbances (such as fly tipping and sporadic litter removal).

As the prediction of pool-riffle characteristics is still in its infancy, and as urban river systems 

may prove especially dynamic given direct and indirect alteraticms to catchment regimes, it may 

be prudent to emphasise to role of natural recovery in rehabilitation strategy. In these instances 

direct intervention simply involves resectioning a previously realigned culverted reach into a 

two-stage channel. In addition to the economic benefits, sections such as this in the 

Ravensboume have adjusted at the reach-scale and now exhibit a range of physical biotypes. For 

example, the steep upstream sections of the Ravensboume reaches exhibit riffles, runs and glides, 

the less steep mid reaches exhibit pool and riffle bedforms, and the lower gradient downstream 

sections exhibit pools and deadwater areas. Environmentally sensitive river engineering 

approaches, which are predominantly concemed with flood alleviation, can therefore provide a 

rich and varied habitat in these constricted urban river channels. Indeed, channels which have 

recovered naturally can provide a greater range of physical biotypes (Figure 6.6) than those 

reflected in current enhanced recovery designs (Figure 1.4) or even the integrated approach 

proposed in this thesis. Ecologically, it is unclear whether providing a pronounced and divCTse 

pool-riffle morphology is more beneficial than providing a diverse range of physical biotypes. 

However, given the difficulties of form prediction and cost of direct restorative intervention, 

natural recovery could play a greater role in future river rehabilitation strategy.
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