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ABSTRACT 

This research aims to enhance the scientific insight into dynamic processes between sediment 

and flow occurring in the near-bed region of rivers. Initially, this work focuses on strengthening 

the understanding of grain-scale roughness parameterisation. To achieve this, close-range 

photogrammetry is employed to obtain accurate Digital Elevation Models (DEM) of field and 

laboratory gravel patches. An evaluation of analytical procedures including DEM size, grid 

spacing and detrending method is undertaken on an extensive suite of roughness parameters 

including standard deviation of elevations, skewness, inclination index, and horizontal 

roughness lengths from second-order structure functions.  

A minimum DEM size of 16 × D50A in both directions (where D50A is the median grain size of 

the surface), grid spacing of 1 mm or below and a moving-window detrending method provide 

optimal grain-roughness parameterisation. The use of a single roughness parameter is deemed 

inappropriate due to spatial variability across surfaces. Subsequently, variations in roughness 

statistics across a gravel bar in the field are quantified and used to infer sedimentation patterns. 

Further, the importance of contextualising patch-scale field research is demonstrated with an 

example of the effect of vegetation on DEM quality.  

Secondly, spatial grain-scale interactions are quantified over fixed beds, obtained through the 

successful replication of natural surfaces using a casting technique, which provides a bridge 

between field experiments and laboratory analysis. Dense Acoustic Doppler Velocimeter 

(ADV) measurements along a pseudo-plane parallel to the bed are used to investigate the effect 

of submergence and quantify the spatial structure of near-bed flow properties. Flow properties 

including mean velocities, turbulence intensity, turbulent kinetic energy, Reynolds stress and 

quadrant events are calculated.  

Submergence exerts an influence on flow structures in the near-bed, as under high 

submergence, systematic imprints of bed topography on flow properties are observed, 

compared to a lack of coherence under low submergence. The novel presentation of isopleth 

maps of flow properties indicates uniformity in the scale of flow properties structure across 

four beds. Further, a decrease in surface roughness displays an increase in average near-bed 

velocity, however to the contrary, increased turbulence characteristics were observed across 

beds with increased roughness.
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CHAPTER 1  

 

 

 

INTRODUCTION 

 

 

 

1.1. MOTIVATION AND SCOPE OF THE RESEARCH 

Gravel-bed rivers are prevalent in nature, and their dynamic processes induce changes in the 

channel morphology, sediment properties, and flow properties; which are known as the trinity 

of the fluvial environment (Ashworth and Ferguson 1986, Hardy 2006). Patterns in 

sedimentation occur at several scales, including reach-scale (e.g. downstream fining of 

sediment), resulting in areas of aggradation (i.e. the formation of gravel bars). Bar-scale 

variations occur in the size, sorting and packing of individual particles, contributing to both bar 

and channel morphology. Due to feedbacks between channel morphology, sedimentation, and 

flow properties, the presence of gravel bars alters flow properties and surface roughness at 

different scales, including reach, bar, and grain scale (Ashworth 1996, Bertoldi et al. 2009, 

Church 2006, Church and Jones 1982). These variations within a fluvial system contribute to 

hazardous events (e.g. flooding) and provide a range of ecological habitats, warranting the 

recent increased attention, and research, into the understanding of fluvial processes. Improved 

knowledge can facilitate river management strategies (Bertoldi et al. 2012); however the 

understanding of river form and behaviour remains a challenge to both scientists and engineers.  

This chapter presents background to the general scope of the research, focusing on: (i) the 

terminology of roughness in multiple disciplines, (ii) the distinction between roughness and 

flow resistance, (iii) measurement techniques for obtaining topographic information to quantify 

roughness, and (iv) the grain-scale interactions between surface roughness and flow. Finally, 

the research objectives and an outline of the subsequent chapters are presented.  
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1.1.1. ROUGHNESS TERMINOLOGY 

The term roughness is used in the literature throughout a variety of disciplines, ranging from 

engineering to medical applications. For example, research has shown that surface roughness 

influences the interaction between light beams hitting a surface, the electrical performance of 

a semiconductor device and processes in a biological cell (Amaral et al. 2012, Lonardo et al. 

2002). 

Biomedical research found a correlation between the surface roughness of cells and the RNA 

production, suggesting cell morphology and processes are sensitive to the microtopography of 

the cell (Martin et al. 1995). Although not defined outright, the authors indicate that surface 

roughness relates to the texture of the cell and use the term microtopography as a synonym for 

surface roughness (Martin et al. 1995). In the context of snow removal from road surfaces, an 

increase in surface roughness increases the adhesive strength of ice (Perez et al. 2015). 

Therefore roughness is related to the topography of the road surface, and is a physical property 

of the surface. The performance of ships in the water is also related to surface roughness, as 

increased friction can result from changes to the surface topography, such as corrosion or paint 

cracking (Amaral et al. 2012). Finally, surface roughness plays an important role in the 

replacement of bones or joints in the human body (example shown in Figure 1.1). The surface 

topography of implants or joint replacements influences their life-span and resistance, which 

is important in medicine due to the expense of these replacements (Lonardo et al. 2002). 

 

Figure 1.1 Example of term roughness used to reflect the topography of an implant surface 

in medicinal research. Source: Gallo et al. (2014).  

Despite the prevalence of the term in a variety of applications, there is a lack of clarity in the 

definition in research, often without contextualisation. Indeed, in several disciplines, one 



 

3 

 

assumes the term roughness is synonymous to the microtopography of a surface. A recent 

review on surface roughness in Earth science applications indicates roughness is used to 

describe the “sub-grid scale topography” of surfaces; however it too identifies a lack of 

definition in roughness (Smith 2014). Areas of Earth sciences that consider surface roughness 

include, but are not limited to; glaciers, flooding, catchment processes, tectonic activity, 

aeolian processes, meteorology and ecosystems. Within this discipline, roughness has been 

used to represent a surface (i.e. topography) property, represent a property of flow, or as an 

input in calibration models (summarised in Figure 1.2); however the differences between these 

applications are infrequently distinguished (Smith 2014).  

 

Figure 1.2 A summary of the use of the term roughness in Earth Sciences applications. 

Source: Smith (2014). 

In fluvial environments, surface roughness is important due to its influence on flow properties 

(including velocity and turbulence), sediment transport and local ecology (Aberle and Nikora 

2006, Baewert et al. 2014, Curran and Waters 2014, Hodge et al. 2009a). Estimations of 

roughness are inputs for hydraulic and morphological models, alongside calculations to 

determine the flow resistance in a channel (Aberle and Smart 2003, Tuijnder and Ribberink 

2012). Multiple scales of roughness exist in fluvial systems (Figure 1.3), including reach-scale 

(e.g. woody debris, vegetation) and bar-scale (e.g. coarse bar heads). Further scales of 

roughness result from bedform features such as pebble clusters (bedform roughness) and 

individual grains (grain-scale roughness); together contributing to the overall roughness of 

surface (Aberle et al. 2010, Mao et al. 2011, Smart et al. 2004, Tuijnder and Ribberink 2012). 

Dependent on the scale of measurement, the roughness taken into consideration can vary (Lane 

2005, Morvan et al. 2008). 
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Figure 1.3 Scales of roughness in a fluvial system: a) reach-scale roughness examples of 

woody debris and geomorphic units (adapted from Osei et al. (2015)); b) bar-scale roughness; 

c) bedform roughness from clusters of large particles; and d) grain -scale roughness resulting 

from the microtopography on the bed.   

Although previous authors have suggested there is a need to re-evaluate the meaning of 

roughness (Lane 2005), a recent review has stated this has not occurred (Powell 2014). 

Therefore, rather than solely focusing on the progression of research in the application of 

surface roughness, it is vital to clearly define the definition of roughness in each application. 

Herein, the term roughness is adopted as a synonym of the bed microtopography.  

1.1.2. FLOW RESISTANCE IN THE FLUVIAL ENVIRONMENT 

Confusion exists within fluvial research between the terms ‘roughness’ and ‘flow resistance’, 

although some argue that there is not a simple separation between the two (Morvan et al. 2008). 

Research either uses the terms flow resistance and roughness synonymously, or describes 

roughness as a property reflecting the flow resistance (Kim et al. 2010, Smith 2014). However, 

other research states roughness is a parameter used in determining flow resistance (Aberle and 

Smart 2003), with roughness resulting from the grain-scale topography (Baewert et al. 2014, 

Hodge et al. 2009a, Smart et al. 2004).  

A comprehensive review of flow resistance research, whilst addressing the problem of 

accurately predicting parameters for use in flow resistance modelling (Powell 2014), explains 

how flow resistance results from forces exerted on the flow, and energy losses, which control 

velocity, depth, slope and boundary shear stresses within the channel. The forces that act on a 
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flow include shear forces (resulting from the viscosity of the water being in contact with the 

boundary of the riverbed) and pressure forces (differences in pressure between the upstream 

and downstream side of roughness elements, such as large particles). Therefore flow resistance 

is dependent on the roughness of the boundary (Powell 2014).  

Flow resistance is determined through the calculation or prediction of parameters such as 

velocity, water depth, channel slope, and boundary shear stress. Three commonly used flow 

resistance equations include; Darcy-Weisbach, Chezy, and Manning equation, all of which use 

roughness coefficients (Powell 2014). Roughness coefficients are subjective measurements 

based on the channel type, vegetation, size of sediment and the channel slope (Powell 2014, 

Qin and Ng 2012). The difficulty in objectively characterising the surface boundary (i.e. 

roughness) results in error propagation in the prediction of flow resistance (Powell 2014). A 

physical approach to quantifying roughness includes manually sampling grain size, using the 

Wolman sampling method (Smart et al. 2004). Further, a proposed relationship between 

Manning’s n roughness coefficient and the grain size of a surface is used as a proxy for 

roughness (Ferguson 2010), however as grain size is not the only property of the surface which 

affects bed roughness, there remains uncertainties towards the physical credibility of the 

estimated roughness value (Powell 2014).  

Further improvements in the prediction of flow resistance occur with the statistical 

representation of bed microtopography, to obtain a quantitative roughness parameter in flow 

resistance equations. The standard deviation of bed elevations is deemed an appropriate 

roughness parameter for flow resistance research, compared to subjective roughness 

coefficients and grain size alone (Powell 2014). However, there remains a lack of consensus 

towards a single measure of roughness in fluvial research.  

1.1.3. MEASURING ROUGHNESS IN THE FLUVIAL ENVIRONMENT 

To enhance the understanding of roughness in the fluvial environment, improvements in the 

representation of surface topography of a river bed are required (Butler et al. 1998). Due to 

technological developments to capture the surface topography, research now uses a random-

field of bed elevation approach (Figure 1.4), subsequently resulting in regularly spaced Digital 

Elevation Models (DEMs) of the fluvial surface (Bertin and Friedrich 2014, Mao et al. 2011). 

The replacement of traditional grain sampling to the random-field approach leads to a reduction 

in errors induced by the manual sampling process (Entwistle and Fuller 2009), and is a non-
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destructive technique of measuring the surface. However, it is important to consider that DEMs 

do not fully represent the fluvial surface (Hodge et al. 2009a) and the quality is influenced by 

the resolution at which the surface is measured (Bertin and Friedrich 2014). 

Several methods have been used in fluvial science to quantify the bed surface topography at 

scales from kilometres to millimetre level (Viles 2016), with an overview presented in Figure 

1.5. These include a laser displacement meter (Aberle and Nikora 2006, Coleman et al. 2011, 

Cooper and Tait 2009, Qin and Ng 2012), high resolution GPS (Aberle et al. 2010), bed profiler 

(Curran and Waters 2014) and laser scanning (Baewert et al. 2014, Cooper et al. 2013, Hodge 

et al. 2009a, Mao et al. 2011, Schneider et al. 2015). 

 

 

 

Figure 1.4 Example of point clouds resulting from the random-field approach (top left; 0.25 

million points, right; 0.5 million points). These points can  be interpolated onto a regular grid 

to produce a DEM of the surface topography (bottom).  

More recently a photogrammetric approach has been adopted, whereby research uses cameras 

to take 2D photographs of the surface, which, when overlapped with each other result in a 3D 

DEM (Hardy et al. 2010, Qin et al. 2013, Rice et al. 2014, Rüther et al. 2013). The use of 

Structure-from-Motion (SfM) provides opportunities for capturing data from consumer-grade 

cameras, with the ability to collect data at a range of scales with limited ground controls 
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(Javernick et al. 2014). Unmanned aerial systems can adopt this approach to generate datasets 

at the reach-scale, however subsequent images can be blurry due to the unsteady platform 

(Vázquez-Tarrío et al. 2017). Recent developments to the photogrammetric approach have 

provided a robust stereophotogrammetry method to generate high-resolution DEMs (i.e. at the 

grain scale) of the fluvial surface, in both the laboratory and field environments (Bertin and 

Friedrich 2014, Bertin and Friedrich 2016, Bertin et al. 2013, Bertin et al. 2015).  

Statistical analysis of these topographic datasets (i.e. DEMs) enables quantitative roughness 

parameters to be obtained. This includes calculating first-order probability distribution 

functions (e.g. the standard deviation of elevations, skewness and kurtosis), inclination index 

(i.e. imbrication) and second order functions (e.g. horizontal roughness lengths). Detailed 

presentation of these statistical measures are made throughout subsequent chapters.  

Several studies have found a linear relationship between percentiles of grain size (D50, D84, 

D90) and the standard deviation of elevation from DEMs (Aberle and Nikora 2006, Curran and 

Waters 2014, Hodge et al. 2009a, Smart et al. 2004). A recent review presents a summary of 

the existing relationships between grain size and standard deviations in fluvial systems; with a 

range in the strength of the relationships, however 50 % of the data had a strong relationship, 

with R2 values exceeding 0.8 (Pearson et al. 2017). It is important to note that standard 

deviation, and therefore roughness, is not only affected by grain size, resulting in no unique 

relationship between the two properties; due to variations in packing, burial and imbrication of 

particles (Hodge et al. 2009a, Mao et al. 2011, Powell 2014). Research argues that due to a 

relationship between the two, grain size is still an adequate measure of roughness (Schneider 

et al. 2015), however most research will now use the standard deviation of elevations as an 

effective roughness parameter (Aberle et al. 2010, Aberle and Smart 2003, Baewert et al. 2014). 

Overall, using a single roughness parameter will not be a holistic representation of the overall 

roughness of the bed, and underestimates the roughness (Morvan et al. 2008, Powell 2014, 

Schneider et al. 2015). 
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Figure 1.5 Sequentially depicting the developments to techniques for measuring surface 

roughness, along with summaries of the details, advantages and limitations of the method. 

1.1.4. GRAIN-SCALE ROUGHNESS INTERACTIONS 

Complex interactions between the flow and sediment result in spatial variations of roughness 

across a river bed (Nelson et al. 2014). This spatial variation in roughness occurs due to grain-

scale sorting, including the deposition of sediment in the wake of bedform features such as 

clusters (Heays et al. 2014, Rice et al. 2014). Grain-roughness, generated through particle 

protrusions and particle arrangement, influences the flow hydraulics, turbulence and sediment 

transport in rivers (Aberle and Nikora 2006, Curran and Waters 2014, Hardy et al. 2010).  

The microtopography of the bed (i.e. grain-roughness) strongly influences the spatial 

variability of streamwise velocity (Friedrich et al. 2014, Hardy et al. 2010, Rice et al. 2014, 
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Spiller et al. 2015) and vertical velocity variance (Cooper et al. 2013, Hardy et al. 2010). 

Further, it influences the generation, size and morphology of turbulent flow structures (Cooper 

and Tait 2010, Franca et al. 2008, Hardy et al. 2010, Reidenbach et al. 2010, Rice et al. 2014, 

Rowiński and Radecki-Pawlik 2015), and the strength of vortices (Rodríguez and García 2008). 

However, research has found that submergence (i.e. water depth) has a greater role in 

influencing the flow field within the interfacial layer (particularly the streamwise velocity) than 

the microtopography (Cooper and Tait 2008, Legleiter et al. 2007, Mohajeri et al. 2015, Rice 

et al. 2014).  

The flow above a rough boundary is separated into multiple layers (Nikora et al. 2001), 

including the subsurface, interfacial sublayer and form-induced sublayer, with the latter two 

constituting the roughness layer (Figure 1.6). Knowledge of flow characteristics in the 

interfacial layer are limited (Cecchetto et al. 2016, Rice et al. 2014, Spiller et al. 2015, 

Voermans et al. 2017).  

 

Figure 1.6 Schematic of the layers of flow above a rough surface. Source: (Nikora et al. 

2001). 

This lack of knowledge results from experimental difficulties of measuring flow within the 

roughness layers. These include; interference with the flow field (e.g. intrusive measurement 

devices), Acoustic Doppler Velocimeters (ADV) probes not reaching the bottom of the bed, 

and using PIV results in particles being blocked from view in the roughness layer (Cooper and 

Tait 2010, Rice et al. 2014, Spiller et al. 2015). Therefore, there is a need to enhance the 

understanding of the interactions between flow properties (including turbulence) and 

roughness in the near-bed region, and assesses the spatial variability in flows resulting from 
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the microtopography (Aberle and Nikora 2006, Dey and Das 2012, Friedrich et al. 2014, Powell 

2014). To facilitate these developments, there is an increasing use of static surfaces developed 

using a casing procedure (Buffin-Bélanger et al. 2003, Chandler et al. 2003, Spiller et al. 2012). 

This replicates the surface topography adequately (Figure 1.7) to enable progression in the 

research of interactions between bed topography and flow properties in the near-bed (Buffin‐

Bélanger et al. 2006, Cooper et al. 2017, Friedrich et al. 2014, Rice et al. 2014). 

 

 

 

 

 

 

 

Figure 1.7 Visualisation of the casting procedure (Source: Buffin-Bélanger et al. (2003)) to 

replicate surface topography accurately (Source: Spiller et al. (2012)); contributing towards 

an increased ability to investigate the interactions between bed topography and flow 

properties in the near-bed region.  

1.2. RESEARCH OBJECTIVES 

The over-arching aim of this study is to enhance the scientific insight into the dynamic 

processes that take place at the interface between flow and the sediment boundary at the grain-

scale. There are two main objectives of this research which are addressed using both laboratory 

and field datasets. Firstly, to develop the knowledge of grain-scale roughness parameterisation, 
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and secondly, to quantify the spatial grain-scale interactions in the near-bed region. More 

specifically, the objectives of this research are:  

1. To investigate the effect of both DEM size and resolution (i.e. grid spacing) on grain-

roughness parameterisation.  

2. To evaluate the effect of surface detrending method on grain-roughness parameterisation.  

3. To investigate the use of roughness parameters to infer bar-scale sedimentation patterns in a 

field environment.  

4. Bridge the lab-field interface in fluvial research, through the use of close-range 

photogrammetry to assess the replicability of surface topography using a casting procedure. 

5. To assess the spatial patterns of flow properties with a change in water submergence across 

a fixed bed generated using the casting procedure. 

6. To quantify the spatial structure of flow properties in the near-bed region.  

1.3. THESIS OUTLINE 

This thesis is structured into chapters, each representing a stand-alone paper, either published 

or submitted for journal publication. Due to this structure, there is naturally an element of 

repetition in each paper, particularly in the methodology. All chapters are replicas of the 

manuscripts, modified for consistency in formatting throughout the thesis. Each chapter 

contains an individual introduction (including literature review/background section), outline of 

the methodology conducted, presentation of results and subsequent discussion and conclusions. 

A complete bibliography is presented at the end of the thesis. An outline of the contents for 

each chapter, which address each research objective in turn, is below:  

Chapter Two: Analyses the spatial variability of roughness parameters within DEMs, whilst 

simultaneously investigating the effect of DEM size and grid spacing on an extensive range of 

roughness parameters. Both laboratory and field data are analysed to provide insights for 

obtaining optimal roughness statistics for researchers using topographic datasets. 

Chapter Three: Building on the analytical investigation in Chapter Two; this chapter 

investigates a third analytical consideration: surface detrending. Presented as a technical note, 
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this chapter uses the same dataset as the previous chapter, displaying the influence of surface 

detrending (i.e. removal of topographic trends) on patch-scale roughness parameterisation.  

Chapter Four: A field investigation to improve the understanding of bar-scale variation in 

grain-roughness statistics, and uses these roughness statistics to infer sedimentation patterns. 

A greater understanding of sedimentation patterns is required for successful river management, 

and provides insights into the processes influencing surface morphology of gravel bars in 

rivers.  This chapter also examines relationships between multiple roughness parameters and 

grain size.  

Chapter Five: Using close-range photogrammetry, this chapter assesses the replicability of 

bed topography using the casting procedure to generate fixed beds, and how it can be used as 

a tool to bridge the existing interface between laboratory and field environments. Further, 

morphological factors including vegetation are assessed to provide considerations for 

contextualising patch-scale research. 

Chapter Six: Flow across a fixed bed, generated from the adopted casting procedure, is 

analysed using an Acoustic Doppler Velocimeter (ADV) to assess the effect of submergence 

on near-bed flow properties. A novel methodology of flow measurements taken following the 

bed topography is presented.  

Chapter Seven: Using the methodology outlined in the previous chapter, analysis is conducted 

across four fixed beds, obtained in both field and laboratory environments. This chapter focuses 

on visualising the spatial distribution of flow properties, inferring the influence of roughness 

on flow properties and quantifying the spatial structure of flow properties.  

Chapter Eight: To conclude this thesis an overview summary and recommendations for future 

research are presented.  
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CHAPTER 2  

 

 

 

EVALUATION OF DEM SIZE AND GRID SPACING FOR 

FLUVIAL PATCH-SCALE ROUGHNESS  

PARAMETERISATION 

 

 

Related journal article:  

Groom, J., Bertin, S. and Friedrich, H. (2018) Evaluation of DEM size and grid spacing for 

fluvial patch-scale roughness parameterisation. Geomorphology 320, 98-110. doi: 

https://doi.org/10.1016/j.geomorph.2018.08.017  

 

2.1. INTRODUCTION   

Calls to re-evaluate the term for roughness and improve parameterisation in future research 

have been made (Lane 2005, Martinez-Agirre et al. 2016, Rice et al. 2014), due to the term 

being used frequently, albeit with little definition (Jia and Hu 2015, Morvan et al. 2008). 

Surface roughness in fluvial environments such as gravel-bed rivers influences the dynamic 

interactions between flow, sediment transport and ecology (Aberle and Nikora 2006, Baewert 

et al. 2014, Curran and Waters 2014, Hodge et al. 2009a). Previous parameterisation of 

roughness included subjective estimations of coefficients or the use of roughness heights based 

on grain size and velocity profiles (Smart et al. 2004, Wilcock 1996). However quantitative 

roughness parameters are now obtained, including bed-elevation moments such as standard 

deviation, skewness and kurtosis determined from transects or digital elevation models (DEMs) 

(Aberle and Nikora 2006).  

https://doi.org/10.1016/j.geomorph.2018.08.017
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Research on gravel-bed rivers now gathers information collected from ‘patch-scale’ DEMs for 

roughness parameterisation, although studies differ in data collection (e.g. the size and 

resolution of measurements) and analysis (e.g. detrending method and roughness parameters 

used). Therefore, explicit definitions of a gravel patch and patch-scale DEMs are still lacking; 

yet, it is understood the size and resolution of measurements should allow for adequate 

representation of the surface character (Hodge et al. 2009a). Roughness parameters are used as 

inputs for both hydraulic and morphodynamic models, including determining flow resistance 

(Aberle and Smart 2003, Tuijnder and Ribberink 2012). Measurements of bed topography (e.g. 

the standard deviation of bed elevations) are also helpful for obtaining estimates of sediment 

size on the bed surface (see Pearson et al., 2017 for a review). Therefore, accurate 

parameterisation of surface roughness is required to avoid error propagation in several 

applications of fluvial science and modelling (Lane 2005, Morvan et al. 2008, Smart et al. 

2002).  

This analytical paper aims to provide insights into patch-scale gravel-bed DEM analysis for 

obtaining roughness information. A combination of laboratory and field data are used, allowing 

for generalizable results, with the application of a moving-window analytical process and the 

consideration of an extensive range of roughness parameters. Firstly, this study considers 

roughness spatial variability to comprehend topographic signatures of water-worked gravel 

beds and their analytical requirements. Previous research considered the small-scale spatial 

variability in grain size (Crowder and Diplas 1997), with applications to evaluate the effect of 

sampling area on the accuracy of image-based grain size measurements (Graham et al. 2010), 

and to explain spatial differences in grain entrainment (Piedra et al. 2012). Recent work 

presented new results on the spatial variability and scaling of surface structure (i.e. topography) 

in gravel-bed rivers, allowing for the isolation of roughness scales from DEMs (Bertin et al. 

2017). This paper continues on this emerging avenue of research, with a wider selection of 

roughness parameters assessed. Secondly, using information on roughness spatial variability, 

this paper assesses the combined effect of DEM size and grid spacing on output roughness 

parameters. This analysis is relevant to all researchers, who want to ensure the adequate 

selection of DEM size and grid spacing for their study. The current scope of literature in 

relation to each of these objectives is discussed in more detail in the background section 

following. 
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2.2. BACKGROUND 

An overview of the procedure for analytical processes considered throughout this study is 

provided in Figure 2.1. This visually presents the different analytical steps investigated, 

including the effect of DEM size (i.e. the spatial extent of the DEM or measured patch, Step 

1) and grid spacing (equivalent to DEM resolution, Step 3). Complete details of the processes 

will be outlined in the methodology section. 

2.2.1. DEM SIZE 

Roughness values are dependent on a suitable DEM size, as this determines the scale over 

which the roughness is calculated (Florinsky and Kuryakova 2000, Smith 2014). Research on 

grain roughness suggests that the size of the gravel patch measured needs to be large enough 

to capture a range of sediment sizes, including several large grains (Hodge et al. 2009a). 

However, a more quantitative guideline for the size of a DEM is required (Step 1, Figure 2.1), 

as patch-scale research has used DEM sizes ranging from 0.1 m2 to 1 m2 (Hodge et al. 2009a, 

Mao et al. 2011, Ockelford and Haynes 2013, Rice et al. 2014). Recent literature deemed patch 

sizes, which equate to 21 × D50 in both directions, suitable for analysis of grain roughness 

changes for flows below entrainment threshold (Ockelford and Haynes 2013). Unfortunately, 

reasons behind this decision were not presented and it is not clear if D50 refers to the bulk 

mixture or bed surface sediment, which is problematic when grain size varies between surface 

and subsurface, such as for armoured beds.  
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Figure 2.1 Overview diagram of the generation of topographic data using digital 

photogrammetry and analytical processes discussed further, including inte rpolation using 

varying grid spacing and a moving window technique.   
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Previously, a moving-window approach (Step 4, Figure 2.1) was used to determine the grain-

size variability of a river reach (Crowder and Diplas 1997), and to evaluate DEM error spatial 

distribution for various survey strategies and interpolation methods (Heritage et al. 2009, Milan 

et al. 2011). Further, studies in different applications, including large scale floodplain analysis, 

have altered the DEM size (using a moving-window technique, with a window radius ranging 

from 1 m to 1000 m), which allowed for the identification of threshold sizes for DEMs to 

produce topographic metrics (Florinsky and Kuryakova 2000, Scown et al. 2015). These papers 

highlight the importance of establishing the scale of interest in order to select a suitable DEM 

size. 

Recent use of moving windows of different sizes on gravel patches distinguished roughness 

signatures of grains and bedforms (Bertin et al. 2017). Contrasting with grain roughness, 

measures of bedform roughness did not always reach stable values with window-size increases, 

suggesting that patch-scale DEMs may be limited in use to the analysis of grain roughness 

(Bertin et al. 2017, Powell et al. 2016). Just like Graham et al. (2010) using grain-size spatial 

variability for examining the effect of sampling area on the accuracy of grain size 

measurements, previous research suggests that  knowledge on roughness spatial variability can 

provide guidance towards an appropriate DEM size for analysis of surface roughness, which 

will be evaluated in this study.  

2.2.2. DEM GRID SPACING 

Future research using high resolution data needs to consider the level of detail required for the 

application (Smith 2014). For example, the grid spacing (i.e. DEM resolution) used when 

converting a point cloud to a DEM (Step 3, Figure 2.1) also determines the scale over which 

roughness is calculated, with previous studies stating patch-scale investigations require higher 

resolution and precision (Smith et al. 2012, Smith 2014). Studies at various scales from soil 

properties, gravel surfaces and catchment landscapes, have found that changes in measurement 

resolution influence the obtained roughness values or topographic parameters and affect DEM 

accuracy (Barber et al. 2016, Bertin and Friedrich 2014, Erskine et al. 2007, Gao 1998, Grieve 

et al. 2016, Lane et al. 2000, Milenković et al. 2015, Smith 2014, Trevisani and Cavalli 2016, 

Zhang and Montgomery 1994). Thus the scale of the process investigated should influence grid 

spacing choice. 

Studies on gravel beds have used grid spacing including 0.1 mm, 1 mm and 5 mm, regardless 

of sediment size on the patch (Bertin and Friedrich 2014, Buffin‐Bélanger et al. 2006, Curran 
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and Waters 2014, Hodge et al. 2009a, Ockelford and Haynes 2013). Due to this range, it is 

important to investigate the effect of a resolution below, and above, the 1 mm resolution 

commonly used for gravel patches, in order to provide an indication to the optimal grid spacing 

for use in grain roughness analysis.  

2.3. METHODOLOGY 

2.3.1. GRAVEL-BED PATCHES AND DIGITAL ELEVATION MODELS (DEMS) 

DEMs representing the microtopography of five gravel-bed patches from different geomorphic 

settings (i.e. collected from both the field and a laboratory flume) were used for the study 

(Figure 2.2).  

Three DEMs collected in August 2014 from the Whakatiwai River, a small gravel-bed stream 

located in New Zealand North Island, and presented in Bertin and Friedrich (2016), form the 

field surfaces. Patches from three exposed and vegetation-free gravel bars (labelled “Field 1” 

to “Field 3”, with numbers increasing upstream) were selected for measurements, covering a 

range of sediment size and surface structure (Table 2.1). Each patch was selected at the bar 

head close to the water edge, for both consistency in the measurements, and ensuring the 

surfaces are regularly water-worked under similar hydraulic conditions.  

Two armoured gravel beds called “Lab 1” and “Lab 2” formed in a non-recirculating tilting 

flume with glass side-walls (19 m long, 0.45 m wide and 0.5 m deep), with a flume slope set 

at 0.5 %, are also examined. The experimental beds were obtained from water-working two 

distinct sediment mixtures. A constant flow rate of 84 L/s (mean flow velocity = 0.82 m/s, 

shear velocity = 0.077 m/s and uniform water depth = 0.225 m) was applied until the rate of 

sediment transport dropped to less than 1% of the initial transport rate. Both sediment mixtures 

were prepared from distinct but slightly bimodal alluvial sediments (15% sand and 85% gravel, 

and 9% sand and 91% gravel, respectively), with size ranging from 0.7 to 35 mm (Table 2.1). 

The tests were performed under condition of sediment starvation (i.e. no sediment feeding). 
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Figure 2.2 Digital elevation models (DEMs) displaying the gravel -bed surfaces around the 

mean bed level, after flat-surface detrending, by removing the combined effect of bed slope 

and setup misalignment: (a) Field 1; (b) Field 2; (c) Field 3; (d) Lab 1 and (e) Lab 2. The 

surface forming flow direction is right to left.  

To allow the accurate measurement of the bed-surface topography and grain structure with 

digital photogrammetry for the five patches, a pair of Nikon D5100 cameras (16.4 Mpixel, 23.6 

× 15.6 mm2 sensor size) with Nikkor 20 mm lenses, was installed in stereo (horizontal baseline 

distance between cameras between 0.25 and 0.3 m) vertically (i.e. both cameras looking down, 

minimising occluded points which cannot be seen in one or the two images) above the gravel 

beds.  

The photogrammetric technique employed herein to obtain DEMs from stereo photographs 

(i.e. two overlapping images as shown in Step 1, Figure 2.1) consists of (i) in-situ calibration, 

using the method of Zhang (2000), included in Bouguet’s (2010) open-access calibration 

toolbox for Matlab®, which requires several stereo photographs of a planar chequerboard to 

be recorded to determine both intrinsic (i.e. camera) and extrinsic (i.e. setup) calibration 

parameters; (ii) using the calibration data to accurately rectify (mean rectification error < 0.5 

pixel and maximum error < 1 pixel throughout the imaging area) stereo photographs of the 

gravel beds to epipolar geometry, whereby corresponding pixels between overlapping images 

are ideally on a same scanline (i.e. corresponding pixels have the same y-coordinate); (iii) 

scanline-based pixel-to-pixel stereo matching using Gimel’farb’s (2002) symmetric dynamic 

programming stereo (SDPS) algorithm, providing both point cloud data and ortho-images (Step 
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2, Figure 2.1). Using the SDPS, occluded points are interpolated based on the assumption of a 

continuous surface, leaving no voids. The careful design of the measurement setup (e.g. 

adjusting the baseline and the camera height to the relief of the surface) helps to minimise 

occlusions (Bertin et al. 2015, Lane et al. 2000); yet determining the proportion of occluded 

points is not possible. To fulfil analytical requirements of regularly-spaced data (e.g. to 

measure bed-elevation structure functions) and to avoid bias introduced by non-uniform data 

when calculating the standard deviation of bed elevation σz (Hodge et al. 2009a), point clouds 

were interpolated (using the triangle interpolation method in Matlab) onto regular grids (i.e. 

raster DEMs as shown in Step 3, Figure 2.1) with spacing 1 mm (the reference grid spacing 

against which other grids are compared, see Section 2.3.3). Each DEM underwent rigorous 

quality assurance testing (readers can refer to Bertin et al., (2015) and Bertin and Friedrich 

(2016) where detailed evaluations of the laboratory and the field DEMs are presented, 

respectively), to ensure surface metrics derived from the DEMs had minimum effect due to 

DEM errors. Outliers, which accounted for less than 1% of the DEM points, were identified 

using the mean elevation difference parameter by comparing each DEM point with its direct 

neighbours (Hodge et al. 2009b), and replaced using bi-cubic spline interpolation. All DEMs 

were finally normalised to have a mean bed level equal to zero, and rotated to be aligned with 

the surface-forming flow direction. Whilst flow direction identification is straightforward for 

laboratory surfaces, the flow direction for field data was determined by eye from observations 

of channel shape and grain imbrication (Bertin and Friedrich 2016, Laronne and Carson 1976, 

Millane et al. 2006). Finally, using a least-squares fit, flat-surface detrending was undertaken 

to remove the influence of both the bed slope and experimental setup misalignments from the 

DEMs (e.g. Aberle and Nikora, 2006; Bertin and Friedrich, 2016).  

As shown in Table 2.1, camera height could not be set constant throughout both the field and 

the laboratory applications. The DEM characteristics therefore varied slightly between 

applications, although DEM resolution and vertical error remained small compared to sediment 

size (cf. Table 2.1), a precondition for grain roughness characterisation (Hodge et al. 2009b). 

One can note that the laboratory DEMs have larger coverage, yet smaller pixel size and 

theoretical vertical error. This is because the laboratory DEMs were obtained by merging three 

smaller overlapping DEMs, allowing shorter camera distance. We note that other measurement 

techniques such as laser scanning (Aberle and Nikora 2006, Hodge et al. 2009a, b) have been 

used by others to produce gravel-bed DEMs similar to the ones used in this study.  
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Table 2.1 Summary of the GSD information (both surface and subsurface where applicable) 

and DEM characteristics, for the five gravel -bed patches. The subscript ‘A’ indicates surface 

sediment from the armour layer, rather than the bulk sediment. The best DEM horizontal 

resolution is the average pixel size on the gravel beds, which is also the average point spacing 

in point clouds. The theoretical vertical error is estimated using classical photogrammetric 

equations and depends on camera and lens specifications ( i.e. sensor size, number of pixels 

and focal length), as well as setup characteristics ( i.e. baseline and camera distance). True 

DEM accuracy (here the mean unsigned error) was estimated using a 3D -printed gravel-bed 

model to be 0.43 mm and 0.67 mm in the laboratory and the field, respect ively (cf. Bertin 

and Friedrich, 2016). 

 Field 1 Field 2 Field 3 Lab 1 Lab 2 

D50 (mm) N.A. N.A. N.A. 8.4 9.2 

σG = 1684 DD  N.A. N.A. N.A. 3.0 2.6 

D50A (mm) 18.7 47.2 19.4 18.9 18.5 

D90A (mm) 27.3 104.7 47.7 27.1 28.1 

σGA = 16A84A DD  1.4 2.2 2.3 1.4 1.4 

Patch size (mm) 

(downstream × 

transverse)  

600 × 500 630 × 630 500 × 500 850 × 350 850 × 350 

Normalised patch 

size by D50A 

(downstream x 

transverse) 

32 x 26 13 x 13 25 x 25 45 x 18 45 x 18 

Best DEM 

horizontal 

resolution (mm) 

0.20 0.22 0.19 0.17 0.16 

Theoretical 

vertical error 

(mm) 

0.55 0.59 0.47 0.36 0.36 

Approximate 

camera distance 

(mm) 

825 860 765 675 670 

2.3.2. GRAIN-SIZE DISTRIBUTIONS (GSDS) 

To complement topographic information derived from DEMs and to allow comparison with 

sediment size, the bed-surface composition based on the sediment grains’ intermediate axis 

was determined for each gravel patch using a single vertical photograph (number of detected 
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grains > 400) and the image-analysis tool Basegrain®. The latter allows for automatic grain 

separation in digital images of gravel beds and applies the Fehr’s (1987) line-sampling method 

for results’ analysis (Detert and Weitbrecht 2012a). Independent measurements were obtained 

by measuring surface sediment along lines with a digital calliper (with results presented in 

Stähly et al., (2017)), which allowed us to calibrate the results obtained with Basegrain.   

In addition to surface composition determined with Basegrain, the experimental sediment 

mixtures used in the laboratory were sieved to determine the sediment grading curves (Table 

2.1), particle shape and specific gravity. To distinguish GSDs of the bed surface from those of 

the bulk mixtures, percentiles derived from GSDs were indexed with “A” to represent 

characteristics of the armoured surface.  

2.3.3. GRID SPACING AND THE EFFECT OF DEM HORIZONTAL RESOLUTION 

To quantify the effect of DEM resolution or grid spacing on the roughness information derived, 

point clouds of the five patches were transformed into DEMs of varying resolution by 

interpolating the raw elevation data (using triangle interpolation in Matlab) from point clouds 

on regular grids (Step 3, Figure 2.1) with spacing: 0.35 mm, 0.5 mm, 1 mm (the reference grid 

spacing), 3 mm, 10 mm, D50A and 2 × D50A (i.e. spacing equal to the surface median grain size 

and two times the surface median grain size, respectively). The decision on the grid spacings 

used herein was guided by grid spacings used in the literature (as presented in the background 

section), as well as to enable investigation of a threshold grid size decoupled from sediment 

size (here D50A, as this is the property most commonly reported).   

2.3.4. SURFACE METRICS AND THE MOVING-WINDOW ANALYSIS 

To quantify the character and surface variability of the five patches, six surface metrics (see 

Table 2.2) were calculated for each DEM within moving windows of different sizes. In 

reporting the experiments, the term DEM size is used to refer to two things, which is worthy 

of clarification: (i) DEM size refers to the size of the gravel patch measured, which is a 

‘constant’ for each patch and is presented in Table 2.1; (ii) DEM size is then altered using 

moving windows, and we use our measurements of roughness spatial variability for different 

window sizes to identify a minimum DEM size for roughness analysis. The maximum window 

size testing is therefore less than the patch size.  
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Square windows were used (in comparison to circular windows as in Scown et al., 2015), since 

recorded DEMs are more often square (or rectangular) in shape. The effect of the measurement 

orientation (in the case of rectangular DEMs) was also examined. For this, the initially square 

windows were halved either horizontally or vertically to form rectangular windows with their 

long axis aligned either parallel or perpendicular to the flow direction. To facilitate 

observations from the graphs and to allow comparison between the five patches studied, 

window size in both directions was normalised by D50A (i.e. calculations were made within 

windows with an area proportional to the area covered by the surface D50A determined over the 

whole DEM). Surface metrics were obtained for each window of the designated size, whilst 

windows are moved across the whole surface of the DEM (Step 4, Figure 2.1), with the number 

of windows fitting into the DEM ranging from > 2000 (at small window sizes) to < 50 (at larger 

window sizes). An overlap between moving windows of 95 % of the window size was used, 

except for calculating structure functions, for which a 25 % overlap was used due to the very 

large computational demand (still, a typical run time was 24 hours per DEM). Sensitivity 

analysis of the effect of changing the overlap size to 25 % showed no adverse effect interpreting 

the findings. However, a 95 % overlap was preferred when possible due to refined visual 

presentations of the results across window sizes (i.e. smoother graphical lines). 

The commonly used surface metrics calculated from bed-elevations used in this study are 

presented in Table 2.2. Bed-elevation distribution moments contained in probability 

distribution functions (PDFs) include σz, Sk and Ku and are classic descriptors of bed roughness 

used in a number of studies at scales ranging from grain size to channel shape (e.g. Aberle and 

Nikora, 2006; Scown et al., 2015). Surface variability about the mean elevation within an area 

is indicated by σz (Eqn. 2.1) and represents a characteristic vertical roughness scale of the bed 

surface, which can be used as a grain-roughness parameter in flow resistance equations (Aberle 

and Smart 2003, Noss and Lorke 2016). Skewness (Sk, Eqn. 2.2) describes the degree of 

asymmetry of the PDF and can be used to assess the general shape of the bed surface. In this 

regard for water-worked gravel beds, a positive skewness is attributed to finer grains filling 

depressions and reducing the magnitudes of surface deviations below mean bed level (Aberle 

and Nikora 2006). Kurtosis (Ku, Eqn. 2.3) provides a measure of the regularity or intermittency 

of the bed. A distribution characterised by heavy tails and a narrow peak has a large kurtosis, 

with more of the variance due to infrequent extreme deviations. More uniform and compact 

distributions, of frequent modestly sized deviations from the mean, are of lower kurtosis values 

(Coleman et al. 2011).  
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Table 2.2 Surface metrics calculated from gravel -bed elevations used in this study. 
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z represents the bed elevation at location (x,y) in a DEM, N’ is the total number of DEM points 

and < > represents the mean value. Δx = nδx and Δy = mδy; δx and δy are the sampling intervals 

(i.e. DEM resolution) in the longitudinal and transverse directions respectively; n=1,2,3,…N 

and m=1,2,3,…M. N and M are the number of DEM points in the same two directions. n+ and 

n- are the number of positive and negative slopes between successive DEM points, respectively, 

and Ns is the total number of slopes. 

Horizontal roughness lengths in both the streamwise and the cross-stream direction (Lx and Ly, 

respectively) are scaling characteristics of a surface and are calculated from second-order 

structure functions (Eqn. 2.4).  

Structure functions, which are different from semivariograms by a factor two, measure changes 

in elevation correlations at different spatial lags and in different directions (Figure 2.3). Small 

structure function values represent regions characterised by similar elevations (because of 

DEM points located on a same grain or bedform), while large values identify regions on a 

surface that are not correlated anymore. A gravel-bed elevation structure function has three 

regions: a scaling region with uniform slope at small lags, a saturation region at large lags, 
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where the slope is zero, with a transition region in between, where the slope decreases (Hodge 

et al. 2009a, Nikora et al. 1998). As shown in Figure 2.3, the scaling region of the 1D structure 

function fitted with a power law, provides information about the horizontal roughness lengths 

Lx and Ly, which are determined from the slope breakpoint, located at the intersection between 

the tangent to the scaling region slope and the saturation level asymptote, in both x and y 

directions (Nikora et al. 1998). Hence, Lx and Ly were calculated from 1D structure functions 

whereby Δx = 0 and Δy = 0, respectively. The maximum spatial lag to calculate DG2 (Eqn. 2.4) 

in both x and y directions was chosen as half the window size in the same two directions, and 

Lx and Ly were determined at the condition the saturation region was attained for all moving 

windows of the same size. 

 

Figure 2.3 Typical gravel-bed elevation correlation and structure function graph for different 

spatial lags, used to determine horizontal roughness lengths Lx and Ly. Adapted from Smart 

et al. (2002).  

The inclination index (I0) in the flow direction is calculated using Eqn. 2.5 (Smart et al. 2004). 

It analyses the signs of elevation changes between successive pairs of DEM points on transects 

aligned with the flow direction at a lag distance equal to the DEM resolution, where a positive 

slope refers to increasing bed elevations downstream. Slopes whose absolute value is below 

0.01 were deemed not reliable (i.e. neither positive nor negative), and were therefore not 

counted in the numerator of Eqn. 2.5 (Millane et al. 2006). A positive inclination index reflects 

the dominance of positive slopes and thus particle imbrication, generally maximum in the flow 

direction, minimum in the direction opposite to the flow, and approximately zero in a direction 
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transverse to the flow (Laronne and Carson 1976, Millane et al. 2006). Characterising grain 

imbrication is therefore relevant for determining flow direction from bed-surface analysis, but 

also provides insights on bed stability and the history of the flow that shaped the surface.  

The surface variability for the six surface metrics was also quantified with the coefficient of 

variation (CV), calculated as the standard deviation of the property determined over all moving 

windows divided by the mean, and expressed as a percentage. To study the effect of 

measurement scale on surface variability, CV was calculated for different window sizes.  

2.4. RESULTS 

Because the respective effects of DEM size and grid spacing on roughness parameters cannot 

be presented collectively, examination is undertaken step-by-step. Starting with the effect of 

DEM size, the spatial variability of roughness parameters using moving windows is examined. 

Only window size is altered during this first part of the analysis, while generic grid spacing is 

maintained (i.e. grid spacing equal to the reference value of 1 mm).  

2.4.1. ROUGHNESS SPATIAL VARIABILITY 

Figure 2.4 presents the coefficient of variation (CV) for all roughness parameters and gravel 

patches considered in this paper with changes in moving-window size. As is common practice, 

CV was used at the condition of positive property values only. Here, the surface metrics Sk and 

I0 sometimes adopt negative values when calculated over small window sizes, whilst positive 

values (characteristic of a water-worked and imbricated gravel bed) are measured for all 

patches at larger window sizes. Therefore, calculation of CV for Sk and I0 required adjustments 

in the range of window sizes, as shown. Despite this caveat, two observations can be obtained 

from Figure 2.4. Firstly, there are differences in the spatial variability of certain roughness 

parameters. Particularly evident are the higher CV values at a given window size, in both 

skewness and inclination index, an indication that these two parameters vary widely spatially 

within a gravel patch. Across all DEMs, the parameters which provided the lowest CV values 

(reaching a minimum of below 5 %), were horizontal roughness lengths Lx and Ly, along with 

σz (Figure 2.4). Secondly, spatial variability for the majority of roughness parameters declines 

with increases in moving-window size, until it plateaus out. Similar to the findings of Scown 

et al. (2016) at the scale of a floodplain, this observation suggests the existence of a threshold 

DEM size, evaluated hereinafter, above which the surface roughness of the patch is 
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characterised by the parameters and decision on the location of the DEM within the patch is 

becoming less important.  

For the rest of the analysis, not all roughness parameters are presented, but instead horizontal 

roughness lengths, σz, and I0 are chosen to exemplify trends representative of all roughness 

parameters. The selection comprises roughness parameters commonly used for gravel beds and 

as shown in Figure 2.4, encompasses parameters with a wide range of spatial variability, 

therefore maximising the representativeness of the findings.  

 

Figure 2.4 Coefficient of variation (CV) for all roughness parameters, for all datasets (Field 

DEMs left column, Lab DEMs occupy the right column), calculated at different moving -

window sizes normalised in both directions by D 50A. 
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2.4.2. EFFECTS OF DEM SIZE AND ORIENTATION ON ROUGHNESS 

PARAMETERISATION 

Figure 2.5 displays the coefficient of variation (CV) in σz for all five datasets. Previously, we 

observed a consistent decrease in spatial variability with window size increases for all 

roughness parameters studied (Figure 2.4). Focusing on one parameter now enables 

examination of whether a threshold DEM size represented by a plateau in variability exists, as 

well as to examine the effect of patch orientation.  

Figure 2.5 confirms a clear effect of window (hence DEM) size on the roughness statistics, for 

all patches. The smaller the moving-window size, the larger the variance in results produced 

across the patch. Variance reduces and plateaus as the window size increases, between 12 and 

18 × D50A across the majority of the patches. However, there are patches showing a further 

decrease in variance following this observed plateau (Figure 2.5, Field 1 and Field 3). Given 

bedforms were not filtered from DEMs for this analysis; this observation suggests two spatial 

scales of surface roughness present, namely grain and bedform roughness (Bertin et al. 2017).  

Across all patches the size of the window (hence DEM size) has a greater control on roughness 

statistics than the orientation of the window. Similarities in statistics exist regardless of the 

orientation (shape) of the window, apart from Field 2 (Figure 2.5), where vertical windows 

result in lower CV, and Lab 1 (Figure 2.5), where CV is higher for vertical windows and lower 

for horizontal windows compared to the use of square windows. These differences suggest 

surface anisotropy in the flow direction for Lab 1, whilst Field 2 is characterised by higher 

variability in σz in the transverse direction.  

 



 

29 

 

 

Figure 2.5 Coefficient of variation (CV) in σz for all datasets (Field DEMs left column, Lab 

DEMs occupy the right column), calculated at different moving-window sizes normalised in 

both directions by D50A. The number of windows generated for the maximum and minimum 

sizes are provided on the graphs.  
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Boxplots obtained using the moving-window analysis technique are presented in Figure 2.6, 

for σz, which demonstrate trends that are apparent across roughness parameters (Figure 2.4). 

Supplementing the analysis of roughness spatial variability using CV (Figure 2.4 and Figure 

2.5), boxplots enable examination of the evolution of the median value of a roughness 

parameter with window size increases. For roughness statistics calculated at small window 

sizes, the variability was larger than that at larger window sizes (Figure 2.6), which echoes 

previous observations using CV (Figure 2.4 and Figure 2.5). Visually both the median values 

and the variability in statistics (e.g. boxplot whiskers) plateau between 14 -18 × D50A for all 

patches (Figure 2.6). These plateaus were confirmed statistically using 95 % confidence 

intervals and a paired t-test. The plateaus indicate the window (hence DEM) size is adequately 

detecting the topographic information under the scale of interest. Figure 2.5 and Figure 2.6 

suggest once the DEM size exceeds between 16-18 × D50A in both directions in the field DEMs, 

and smaller sizes between 14-16 × D50A in the laboratory, information derived from DEMs is 

deemed to provide a suitable indication of the overall surface roughness with little effect due 

to surface variability. Noticeably, Field 2 (Figure 2.5 and Figure 2.6) began to plateau at smaller 

window sizes (10-12 × D50A) than the other two field DEMs. However, Field 2 was the patch 

examined with the coarsest sediment and the smallest normalised patch size (Table 2.1), which 

may impede effective plateau identification.  
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Figure 2.6 Standard deviation of bed elevations (σz) for all datasets, (Field DEMs left column, 

Lab DEMs occupy the right column), calculated at different moving-window sizes normalised 

in both directions by D50A. Horizontal line in the boxplot represents the median value for 

each DEM size and whiskers display the variability in results. Dashed lines were added to 

help visualise the plateauing in σz with window size increases. 

2.4.3. EFFECTS OF GRID SPACING ON ROUGHNESS PARAMETERISATION 

Figure 2.7 presents results of varying DEM grid spacing on two roughness statistics, σz and I0, 

which have been chosen to reflect the patterns observed across parameters (Figure 2.4). For 

this analysis, only grid spacing was varied, whilst parameters were calculated over the 

complete DEM size (i.e. patch size). 
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Figure 2.7 shows minimal differences between using a 0.35 mm and a 1 mm grid spacing, 

which was observed across all patches. 1 mm corresponds to the size of the smallest surface 

grains identified in this study, which also corresponds to a ratio of between 1 to 20 and 1 to 50 

when compared with D50A (cf. Table 2.1). For this reason, small grid sizes are presented in 

absolute values (i.e. not normalised by D50A).  

Figure 2.7a displays stable σz with changes to grid spacing exceeding 1 mm, up to a grid size 

equal to D50A, for all patches, apart from Field 2, which displays differences at a grid spacing 

equally the D50A value. However, there are evident differences in inclination index (I0) at the 

coarser spacing, with grid spacing exceeding 1 mm providing fluctuating values, generally 

negative, and therefore unable to detect surface grain imbrication. This echoes previous 

observations of I0 (and skewness) being more variable spatially within a patch than σz (Figure 

2.4), and thus requires smaller grid spacing for roughness characterisation. 

 

Figure 2.7 The effect of grid spacing for all datasets on the (a) standard deviation (σz) and 

(b) inclination index in the flow direction ( I0). The selection of the two surface metrics was 

based on the consideration that σz and I0 encompass the patterns observed over all parameters. 

Horizontal lines were added to help visualise the similarities in data points. D50A values are 

presented in Table 2.1.  
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2.5. DISCUSSION 

2.5.1. SURFACE VARIABILITY AND ROUGHNESS PARAMETERS 

Previous studies using gravel-bed DEMs for roughness parameterisation often differ in terms 

of the DEM size and grid spacing used for analysis. Common to all studies however, is the 

assumption that parameters derived from DEMs are reliable measurements of the surface. We  

show that accounting for spatial variability of the surface is important, as it has implicit 

connections with analytical requirements (e.g. the required DEM size and grid spacing). 

In this study, spatial variability in roughness parameters is quantified to provide deeper insights 

into the fundamentals required for DEM analysis. Novel results obtained show that spatial 

variability in roughness parameters exists across a gravel patch, in addition to spatial variability 

in sediment size, as processes shaping alluvial beds naturally result in surface heterogeneity at 

all scales (e.g. (Graham et al. 2010, Nelson et al. 2014, Scown et al. 2015)). This complements 

previous observations of spatial variability in sediment size. Besides, results show that 

roughness parameters differ greatly on their degree of spatial variability within a patch (e.g. 

the vertical shift between roughness parameters shown in Figure 2.4).  

Roughness parameters with the lowest and most consistent variance over window size 

increases (e.g. horizontal roughness lengths and σz) are deemed the parameters adequate to 

provide robust measures of roughness over a patch. However, certain roughness parameters 

display high variance (e.g. skewness), with fluctuations in this parameter reflecting spatial 

variability in particle arrangement (Aberle and Nikora 2006). Similarly, large fluctuations in 

inclination index for a given window size indicate heterogeneous grain imbrication (Figure 

2.4).  

2.5.2. DEM SIZE 

Although differing in their degree of spatial variability, all roughness parameters examined 

show a consistent reduction in spatial variability with window size increases (Figure 2.4). Thus, 

one can use measurements of spatial variability to identify a suitable DEM size that ensures 

roughness parameters independent of the surface heterogeneity (e.g. (Scown et al. 2015, Scown 

et al. 2016)). A similar approach was used by Graham et al. (2010) to determine a suitable 

measurement size for maximising the accuracy of image-based grain size measurements. 
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Figure 2.5 shows a greater control of window size (hence DEM size) on roughness statistics 

than the orientation (shape) of the window. Overall, the orientation of measurements does not 

have a clear influence on the roughness statistics, unless the surface is clearly anisotropic. 

Therefore, square moving windows should be used for analysis of gravel bed spatial variability, 

in order to reduce the effect of anisotropy.  

Findings of a reduction in CV with increases in window size (Figure 2.4 and Figure 2.5) are in 

line with a field-based study of roughness length and bed shear stress in a coarse-bed channel, 

which found reduced CV with an increase in sample size (i.e. an increased number of samples 

collected over an increased spatial coverage) (Cienciala and Hassan 2016). Once a certain 

DEM size is reached, at which grain-roughness information is measured, CV may reduce again 

due to the presence of bedforms or larger scale roughness elements (Figure 2.5). This supports 

the theory of gravel patches displaying mixed-fractal behaviour with two scales of roughness, 

whereby bedform roughness is represented by a fractal band exceeding the largest grains 

(Aberle and Nikora 2006, Bergey 2006, Noss and Lorke 2016, Qin and Ng 2012, Robson et al. 

2002). Although CV reduces following a plateau, gravel patches display variance continually 

due to the lack of uniformity in the nature of a gravel-bed surface. This lack of uniformity leads 

to topographic variability both within and between patches analysed in this study, due to 

differences in sorting, packing, burial, imbrication, shape and size of the sediment (Graham et 

al. 2010).  

The plateau in variance observed in the field DEMs occurred at larger sizes, due to poorly 

sorted sediment (Table 2.1) and the increased prevalence of small-scale bedforms in the field 

(seen in Figure 2.2). Bedforms can contribute to an increased surface complexity in comparison 

to the uniform laboratory DEMs, with variance plateauing at smaller sizes (Bertin and Friedrich 

2016).  

As mentioned previously, plateaus were observed when the median values become stable and 

variability remains consistent as window size increases further (Figure 2.5 and Figure 2.6). 

These observed plateaus were confirmed statistically, using 95 % confidence intervals to assess 

variability (also used in work by Cienciala and Hassan (2016) to assess spatial variability in 

data relating to sample size) and a paired t-test to assess for statistical differences between 

mean values for the data at each moving-window size. The statistical confirmation used both 

methods, as in some parameters the median values plateaued, however variability fluctuated, 

and observed thresholds considered both of these factors to be stable for estimation of an 
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appropriate DEM size. Therefore, in certain roughness parameters, such as skewness and σz in 

Field 2, a plateau was not observed, possibly due to a small DEM size compared to D50A and 

high spatial variability across the surface.  

2.5.3. GRID SPACING 

A previous study by Scown et al. (2015), investigating the effect of DEM size on floodplain 

topography did not consider the effect of grid spacing on the outputs. In contrast, this work 

finds grid spacing to have an effect on roughness statistics (Figure 2.7).  

The lack of differences between 0.35 mm and 1 mm grid spacing for all roughness parameters 

measured in this study (Figure 2.7), suggests these grid spacings are adequately capturing the 

grain roughness for a range of sediment size (D50A = [19 - 47 mm]) (Hodge et al. 2009a, b). 

Throughout the DEM size analysis a grid spacing of 1 mm was used, as this is already degraded 

from a point spacing of ~ 0.2 mm in point clouds (Table 2.1) and provided the best DEM 

quality results obtainable, with reasonable efficiency. Furthermore, this is the grid spacing that 

other researchers have used (Bertin et al. 2017, Curran and Waters 2014, Hodge et al. 2009a).  

Exceeding the 1 mm grid spacing affects the results, suggesting using these resolutions do not 

provide suitable grain-roughness statistics and even induce errors (Milenković et al. 2015). The 

differences in values observed at these grid spacings is due to complex surface topography 

being lost, or the spatial variability of the surface being non-identifiable (Buffin‐Bélanger et 

al. 2006, Hodge et al. 2009a). Previous studies have found that using a coarser grid spacing of 

5 mm prevented the identification of the spatial variability of a sediment surface (Buffin‐

Bélanger et al. 2006). For example, coarser grid spacing may pick up bedform roughness, 

reflecting the variability between humps and hollows of bedforms, and warping the grain-scale 

statistics. These differences at larger grid spacing are particularly evident in inclination index 

(Figure 2.7b) with values of 0 or negative, which indicates there is no imbrication of sediment 

grains. This suggests larger grid spacing does not identify grain imbrications that are observed 

for resolutions below 3 mm.  
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2.6. IMPLICATIONS OF THE RESEARCH 

2.6.1. MEASUREMENT OF ROUGHNESS SPATIAL VARIABILITY TO EXPLAIN 

SURFACE PROCESSES  

Assessing spatial variability of a gravel-bed surface is of importance to studies investigating 

the interactions between sediment and flow, for instance to explain measured spatial 

differences in sediment transport (Casas et al. 2010, Haschenburger and Wilcock 2003). Using 

patch-scale DEMs and a moving-window technique, it is shown that using parameters such as 

σz and roughness lengths from structure functions, although providing stable measures of 

roughness, may be inappropriate for spatial-variability characterisation. In particular, Figure 

2.4 has highlighted the need to holistically represent roughness using a range of roughness 

parameters, such as those presented in this study, to gain an understanding of the surface 

roughness and its spatial variability. Contrasting with σz, grain imbrication and bed-elevation 

skewness vary greatly within a patch (Figure 2.4), which has important implications when 

deciding which bed parameters to measure to explain process heterogeneity, such as sediment 

transport.  

2.6.2. SUITABLE DEM SIZE FOR GRAIN-ROUGHNESS CHARACTERISATION 

We suggest that a DEM size exceeding 16 × D50A in both directions (which is the modal plateau 

value from all roughness parameters and DEMs) is required to provide reliable grain-roughness 

statistics. This recommendation of DEM size is supported by our previous work (Bertin et al. 

2017, Figures 2 and 6), whereby the analysis of roughness spatial variability was extended to 

35 DEMs and included DEMs collected in a laboratory flume by Aberle and Nikora (2006) 

and the Waimakariri River (Smart et al. 2004).  

At first look, the plateaus obtained appear lower than the value of 21 × D50 deemed appropriate 

for patch size in previous literature (Ockelford and Haynes 2013). A possible reason is that 

sediment size in our study is based on the armour (i.e. surface) layer, whilst we believe 

Ockelford and Haynes (2013) refer to the subsurface (or bulk mixture) D50 (based on D50 of 4.8 

mm). To allow comparison, the thresholds obtained here need to be converted from only 

considering the armour layer, to the subsurface layer too. Assuming an armouring ratio of 2 

(i.e. D50A/D50 = 2), which has been measured for our experimental beds (cf. Table 2.1) and 

observed in gravel-bed rivers in the field (Oldmeadow and Church 2006), the thresholds in this 

paper would be between 28-36 × D50. Therefore these thresholds are actually higher than the 
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21 × D50 suggested by Ockelford and Haynes (2013) and our results stress the importance of 

sediment sorting and bedform prevalence (i.e. spatial organisation) on these thresholds. 

Further, this highlights the importance of a required uniformity within research for data 

analysis procedures in order to facilitate comparisons between studies. This statement supports 

a view in larger-scale studies, which, in order to delineate different features and scales of 

roughness across a floodplain, have stated that research requires an automated process to 

extract quantitative data from data of varying quality (Bertoldi et al. 2012). Recommendations 

such as those presented here are a step towards achieving this.  

Similar to this patch-scale work, Scown et al. (2016) found spatial organisation of a surface 

and DEM size to influence measurements of floodplain topography and analytical 

requirements. The fact that the same findings have been observed at two vastly different spatial 

scales of fluvial surfaces (i.e. from mm to km) is further evidence of a continuum of roughness 

scales in the environment. Both studies also support the idea that analysis of roughness spatial 

variability is effective in detecting transitions between scales, which is an avenue of research 

that could benefit from further exploration.  

2.6.3. SUITABLE GRID SPACING FOR GRAIN-ROUGHNESS CHARACTERISATION 

The finding that grid spacing exceeding 1 mm is not able to identify grain imbrication has 

implications for the collection of high-resolution topographic data. For the goal of grain-

roughness parameterisation, it is important to obtain a resolution that can adequately detect 

individual grains, yet with the ability to be efficiently computated (e.g. use of a 1 mm grid 

spacing rather than 0.2 mm in this study). Therefore the researcher should make a decision in 

regards to computation time, and a compromise made between using a sufficient grid size (e.g. 

1 mm) and data quality desired. A major benefit of high resolution data is that the data can be 

resampled at differing spacing required by the analysis (Ockelford and Haynes 2013). Future 

work could explore the effect of grid spacing on larger patches than those presented here (as 

well as at floodplain scale, which was not formerly conducted), and determine requirements 

for analysing bedform roughness.   

2.7. CONCLUSION 

In this study, an analytical process based on roughness spatial variability was used, aimed to 

improve the understanding of how to analyse topographic data for gravel-bed roughness 

parameterisation, which is of increasing relevance for fluvial research. We have found that the 
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scale of roughness under investigation is a vital pre-analysis decision required by the 

researcher, as the surface morphology and structure can influence the analysis required for a 

DEM. The study focused on grain-roughness characterisation using gravel-patch DEMs.  

Firstly, spatial variability in microtopography across a gravel-bed was adequately quantified 

using the moving-window analysis technique. This evident variability suggests that one single 

roughness parameter, such as standard deviation, is not sufficient to represent grain-scale 

roughness; therefore using a combination of roughness parameters, as presented in this study, 

provides a more holistic view of surface complexity.  

Secondly, the size of DEM influences the calculated roughness statistics, with a plateau in 

variance observed between 16-18 × D50A in the field DEMs, and between 14-16 × D50A in the 

laboratory, suggesting these DEM sizes provide robust measures of surface roughness. 

Differences in the effect of DEM size between laboratory and field were found to be due to 

multiple scales of roughness present on a gravel surface and differing sediment sorting.  

Minimal differences between grid spacing below 1 mm indicate that the same quality results 

can be obtained at less computation time, using the coarser grid spacing. However, it is 

essential for researchers to consider the scale of investigation, as using coarser resolutions will 

cause a loss of topographic information and inadequately represent grain roughness, rather 

focusing on roughness of larger scales, such as bedform roughness. This was particularly 

apparent when quantifying grain imbrication, which failed for grid spacings exceeding 1 mm.  

Based on this study, which considered patches of varying sediment size, surface morphology 

and from different environments, we suggest for grain-scale roughness research using a DEM 

size and therefore patch size exceeding 16 × D50A in both directions and using a grid spacing 

of 1 mm or below. As these insights come from a range of environments and sediment, future 

research using guidance presented in this paper, will provide adequate roughness 

parameterisation and also this will facilitate comparisons between studies.   
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CHAPTER 3  

 

 

MOVING-WINDOW DETRENDING FOR GRAIN-

ROUGHNESS PARAMETERISATION 

 

 

Related journal article:  

Groom, J., Bertin, S. and Friedrich, H. (2019) Moving-window detrending for grain-roughness 

parameterization. Journal of Hydraulic Engineering 145(6):06019009. doi: 

https://doi.org/10.1061/(ASCE)HY.1943-7900.0001612 

 

3.1. INTRODUCTION 

The ease of collecting high-resolution topographic data has facilitated the accurate 

quantification of bed topography in a multitude of geomorphic applications. In fluvial research, 

roughness parameterisation is increasingly under investigation due to the dynamic interactions 

between sediment and flow (Aberle and Nikora 2006, Baewert et al. 2014, Hodge et al. 2009a), 

and the need for quantitative inputs for flow resistance equations and hydraulic models (Aberle 

and Smart 2003, Tuijnder and Ribberink 2012). Accurate parameterisation is required to avoid 

errors in modelling (Lane 2005, Morvan et al. 2008). Amongst this, guidance on how to work 

with these topographic datasets is needed in order to provide coherence in research, including 

recommendations on analytical procedures including detrending methods.  

Surface detrending is common practice in topographic surveys, as this removes larger scale 

trends that would otherwise conceal the scale of interest (Hodge et al. 2009a, Smart et al. 2002). 

Grain-roughness parameterisation often removes large-scale topography, including the 

influence of bed slope or bedforms (Bertin and Friedrich 2014, Curran and Waters 2014, Hodge 

https://doi.org/10.1061/(ASCE)HY.1943-7900.0001612
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et al. 2009a, Smart et al. 2004). However, there needs to be a compromise between the trends 

removed from the surface and the loss of key topographic information contributing towards the 

surface roughness (Aberle and Nikora, 2006; Hodge et al. 2009a; James et al. 2017). 

Soil roughness studies have identified that roughness properties are sensitive to the detrending 

method used, and the measured roughness scale (Verhoest et al., 2008; Diaz et al., 2010). 

Gravel-bed roughness studies have used a range of methods for detrending, including; linear 

trends in both the cross stream and downstream direction (Cooper and Tait 2009, Curran and 

Waters 2014); a second-order biquadratic filter (Bertin and Friedrich, 2014); and a moving 

filter which removes a higher degree polynomial trend (Bertin et al. 2017, Powell et al. 2016, 

Smart et al. 2002). Besides, a moving filter controls the scale of the trend being removed from 

the surface, which enables the isolation of differing scales of roughness, including bedform or 

grain roughness (Bertin et al., 2017). A summary of the detrending methods using in relevant 

studies for gravel-bed roughness characterisation is presented in Table 3.1.  

These variations in detrending methods used in research demonstrate a need for an 

investigation into the effect of detrending on roughness statistics, to enable a consistent output 

of roughness parameters comparable between studies (Bertin et al., 2017), and to provide 

recommendations on the required detrending method specific to the research (Diaz et al., 2010). 

The aim of this technical note is to build upon existing analysis, and investigate the effect of 

detrending methods on a wider range of roughness parameters.  
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Table 3.1 Summary of the detrending methods used in gravel -bed roughness studies. 

3.2. METHODOLOGY 

With the objective of this note being the assessment of detrending procedures, previously 

published data is used (Bertin et al., 2017, Groom et al. 2018b), with a concise overview of the 

data collection process and methodology presented below and further details presented in the 

referred previous papers.  

Paper None 
Linear/Bi-

linear 
Polynomial 

Bi-

quadratic/Seco

nd-order bi-

quadratic 

Moving-

window 

Not 

specified 

Aberle & Smart 

(2003) 
 X     

Aberle & Nikora 

(2006) 
 X     

Aberle et al (2010)  X     

Baewert et al (2014)      X 

Bertin et al (2013)    X   

Bertin & Friedrich 

(2014) 
   X   

Bertin & Friedrich 

(2016) 
 X     

Bertin et al (2017)  X   X  

Bertin & Friedrich 

(2018) 
 X   X  

Butler et al (2001) X      

Brasington et al 

(2012) 
     X 

Coleman et al (2011)      X 

Cooper & Tait (2009)  X     

Curran & Waters 

(2014) 
 X     

Groom et al (2018a)  X   X  

Hodge et al (2009a)  X     

James et al (2007)   X    

Mao et al (2011)  X     

Millane et al (2006)  X     

Nelson et al (2014)      X 

Noss & Lorke (2016) X      

Ockelford & Haynes 

(2013) 
     X 

Pearson et al (2017)  X     

Powell et al (2016)  X     

Qin et al (2012)  X     

Smart et al (2002)     X  

Smart et al (2004)     X  

Schneider et al (2015)  X     
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3.2.1. DATA COLLECTION 

Five DEMs are analysed (three from a field environment and two from the laboratory). Field 

DEMs were collected from the bar head of exposed gravel bars in the Whakatiwai Stream, New 

Zealand (presented in Bertin and Friedrich (2016)). Laboratory DEMs were collected from 

armoured beds generated in the flume, at a constant flow rate of 84 L/s and a water depth of 

0.225 m, under sediment starvation conditions. Differences in the two lab surfaces result from 

the sediment mixtures (15 % sand and 85 % gravel, and 9 % sand and 91 % gravel, 

respectively). All five surfaces are presented in recent work, where our Lab 1 and Lab 2 refer 

to the surfaces Sed1_Q2 and Sed2_Q2 (Table 1 in Bertin et al. (2017)) and field surfaces reflect 

the same naming structure. Further details of the surfaces, including DEM size and grain size 

information can be found in the Bertin et al. (2017).  Surface grain sizes were determined using 

Basegrain®, which automatically detects the intermediate grain axis from a single vertical 

photograph (Detert and Weitbrecht 2012b). To define the surface sediment (separate from the 

bulk sediment), we use the subscript ‘A’. 

All DEMs were obtained by the photogrammetric technique using a pair of Nikon D5100 

cameras with Nikkor 20 mm lenses installed in stereo vertically above the gravel. Cameras 

were calibrated (Zhang 2000) and images were rectified (maximum error < 1 pixel), before 

using a stereo-matching algorithm (Gimel'farb 2002) to generate point cloud data. Point clouds 

were subsequently interpolated onto a regular grid (1 mm spacing) to obtain DEMs, which 

underwent quality testing, including the replacement of outliers using bi-cubic spline 

interpolation (less than 1 % of DEM points) and normalising the DEMs (by subtracting the 

mean value) to have a mean bed level equal to zero. All DEM resolution and vertical errors 

(0.36 – 0.59 mm) were small compared to the sediment size, which is a precondition for suitable 

grain-roughness characterisation (Hodge et al. 2009b).  

3.2.2. DETRENDING METHODS  

To simultaneously determine any bed slope and setup misalignment (Bertin and Friedrich, 

2014), commonly a flast surface is fitted to the raw DEMs (Eqn. 3.1) (e.g. Aberle and Nikora, 

2006; Bertin and Friedrich, 2016). In other literature, this is known as bi-linear detrending (i.e. 

linear detrending in both the streamwise and transverse directions); however, we refer to this 

method as flat-surface detrending from herein: 

    0 1 2trendz a a x a y                              [3.1] 
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where ai are constants, while x and y are the horizontal coordinates (parallel and perpendicular 

to the flow direction, respectively) and z is elevation.  

Secondly, a moving-window detrending strategy (Smart et al., 2002; Powell et al., 2016; Bertin 

et al., 2017) was used and aimed at removing large scale distortions of the bed surface (i.e. 

bedforms), such as hollows and humps larger than typical cluster size. Following the method 

of Smart et al. (2002), the trend surface was estimated over a grid with point spacing 1.25 × 

D90A, with the elevation of grid points measured by averaging DEM data points within a circle 

of diameter 2.5 × D90A centred on the grid point. Bi-cubic spline interpolation was used to 

interpolate between trend surface grid points and the location of the original DEM data points. 

Examples of two surfaces following both detrending methods are presented in Figure 3.1.  

 

Figure 3.1 Examples DEMs of Field 1 (a and b) and Lab 2 (c and d) after flat -surface 

detrending (a and c) and moving-window detrending (b-d).  

3.2.3. CALCULATION OF ROUGHNESS PARAMETERS  

Using the raw data (i.e. non-detrended), and following the application of both detrending 

methods, surface metrics are calculated to obtain roughness parameters. Bed elevation 

moments including the standard deviation of elevations (i.e. vertical roughness) (Aberle and 

Nikora 2006, Noss and Lorke 2016), skewness (indication of water-working) (Aberle and 

Nikora 2006), kurtosis (measure of uniformity) (Coleman et al. 2011) are calculated. Further, 

the inclination index is calculated to assess the imbrication of particles (Millane et al. 2006, 
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Smart et al. 2004) and the horizontal roughness lengths (Lx and Ly) from second-order structure 

functions are calculated to quantify the correlations of bed elevation in different directions 

(Nikora et al. 1998).  

In order to assess the spatial variations in roughness parameters, a moving-window approach 

was undertaken whereby the metrics were calculated for increasing moving-window sizes 

across the patch (see Groom et al. 2018b for more details). Each window size was normalised 

by the D50A (i.e. median grain size of the surface sediment) in order to facilitate comparisons 

between surfaces studied. For a given window size, the window was moved across the DEM, 

with an overlap of 95 % between successive windows to ensure adequate calculation of 

roughness statistics (Groom et al. 2018b). Finally, the coefficient of variation (CV) of the 

standard deviation of elevations (calculated as the standard deviation of this parameter 

determined over all moving windows, divided by the mean and expressed as a percentage) is 

calculated to provide information regarding the spatial variability across a surface. 

3.3. RESULTS 

Coefficient of variation of the standard deviation of elevations (CV) reduces with increased 

moving-window size for all three detrending methods, with similarities between non-detrended 

data and flat-surface detrending (Figure 3.2). Moving-window detrending data has lower CV 

values compared to the other methods up to moving-window sizes of (10 × D50A)2, except Field 

2. Both the similarities in roughness properties between non-detrended and flat surface 

detrending, and lower values in moving-window detrending are repeated when calculating the 

standard deviation of elevations (Figure 3.3).  
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Figure 3.2 Coefficient of variation of the standard deviation of elevations (CV) expressed as 

a percentage for each detrending method with changes in moving-window size for the five 

surfaces. 
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Figure 3.3 Standard deviation of elevations (σz) for each detrending method with changes in 

moving window size for the five surfaces. Horizontal lines added to display plateau in values 

for moving-window detrending.  

Similarities exist for all detrending methods in skewness and kurtosis (in Field 1, 3 and Lab 2); 

however, at larger moving-window sizes the moving-window detrending method demonstrate 

higher values (Figure 3.4 and Figure 3.5). All patches display positive median skewness values, 

regardless of detrending.  
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Figure 3.4 Skewness values for each detrending method with changes in moving-window size 

for the five surfaces. Horizontal lines added to display plateau in values for moving -window 

detrending.  
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Figure 3.5 Kurtosis values for each detrending method with changes in moving -window size 

for the five surfaces. Horizontal lines added to display plateau in values for moving -window 

detrending. 

Due to the scale of Figure 3.6, for inclination index (I0), visually it appears there are limited 

differences between all detrending methods. However, a detailed examination evidences 

differences in I0 between detrending methods close to 20 %, which is in accordance with the 
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differences observed for the other parameters. Nevertheless, all patches have positive median 

inclination index values. 

 

Figure 3.6 Inclination index (I0) values for each detrending method with changes in moving-

window size for the five surfaces. Horizontal lines added to display plateau in values for 

moving-window detrending. 
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Horizontal roughness values (both Lx and Ly) are significantly lower for moving-window 

detrending (Figure 3.7 and Figure 3.8). There are similarities between non-detrended data and 

flat-surface detrending for the majority of patches, but Field 1 and Field 2 have the highest 

values in the non-detrended data (Figure 3.7 and Figure 3.8).  

 

Figure 3.7 Horizontal roughness lengths in the downstream direction (Lx) determined from 

second-order structure functions, for each detrending method, with changes in moving -

window size for the five surfaces. Horizontal lines added to display plateau in values for 

moving-window detrending. 
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Figure 3.8 Horizontal roughness lengths in the transverse direction (Ly) determined from 

second-order structure functions, for each detrending method, with changes in moving -

window size for the five surfaces. Horizontal lines added to display plateau in values for 

moving-window detrending. 
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To summarise, there are lower statistics for the data detrended with the moving-window 

detrending in CV of the standard deviation of elevations (except Field 2), standard deviation 

of elevations and horizontal roughness lengths (Figure 3.2, Figure 3.3, Figure 3.7 and Figure 

3.8). In contrast, there are higher values for skewness and kurtosis (Figure 3.4 and Figure 3.5) 

for moving-window detrending. For the majority of patches, there are similarities in the non-

detrended data and flat-surface detrending for each roughness parameter.  

Another important observation are the observed decreases in the variability in roughness 

statistics with increases in moving-window size, until a plateau is reached. Plateaus are 

displayed with a horizontal black line. This indicates that a sufficient DEM size is needed in 

order to obtain roughness statistics representative of the surface (Bertin et al. 2017, Groom et 

al 2018b). In the CV graphs, particularly for the Field DEMs (Figure 3.2), there are plateaus in 

the data using flat-surface detrending, followed by a further decrease in CV at larger window 

sizes (e.g. at (20 × D50A)2 in Field 1 and Field 3). This is attributed to two scales of roughness 

present across the surface and provides evidence for the surface heterogeneity evident in 

natural systems (Graham et al. 2010, Nelson et al. 2014). As this is touched upon in previous 

work (Groom et al. 2018b), we limit our discussion of these observations and instead focus on 

the implications of the results displaying the effect of detrending.  

3.4. DISCUSSION 

Using a moving-window detrending method extracts differing roughness statistics compared 

to using other detrending methods (for all parameters), supporting both evidence of a sensitivity 

to the method of detrending in previous applications and the existence of multiple scales of 

roughness (Bertin et al. 2017, Diaz et al. 2010, Robert 1990). Moving-window detrending 

provides lower roughness statistics for multiple parameters (except skewness and kurtosis) due 

to the detection of grains only as a result of the bedform removal (Smart et al., 2002; Bertin et 

al., 2017). For the case of horizontal roughness lengths (Figure 3.7 and Figure 3.8), rather than 

similarities between the non-detrended and flat-surface detrended data, the non-detrended 

method has higher values (in Field 1 and 2). The importance of removing trends from the data 

before calculating second-order structure functions has previously been highlighted in research 

(Goring et al. 1999). Here, as a result of the non-detrended data lacking first-order stationarity, 

the predictions of horizontal roughness lengths are deemed to be inaccurate and meaningless 

for grain-roughness parameterisation.  
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Certain roughness parameters attain stable median values (i.e. plateau) at smaller window sizes 

than in the case of flat-surface detrending, and with lesser variability. In Bertin et al. (2017), 

this was related to moving-window detrending removing the effect of bedforms and measuring 

grain roughness only, as in this case, topographic irregularity and roughness relate solely to 

surface-grain characteristics. In contrast, DEMs detrended with a flat-surface also incorporate 

surface roughness due to bedforms, which occur at a larger spatial scale than grain roughness, 

and therefore require larger DEM sizes to obtain representative roughness parameters (Powell 

et al., 2016; Bertin et al., 2017, Groom et al. 2018b).  

Throughout a majority of previous studies (Table 3.1), detrending is briefly mentioned as a 

necessary step in the process of DEM analysis. However, rarely is the significance of this step 

in the analysis stated, and some studies fail to mention the method of detrending (i.e. removing 

a linear trend or more complex trends), as shown in Table 3.1. Our work demonstrates that the 

method of detrending influences not only the output statistics, but also the roughness scale of 

interest (e.g. grain roughness or bedform roughness). Therefore, for an effective detrending 

method, the scale of investigation must be considered prior to analysis, in order to remove an 

appropriate trend, as shown in this study and previous studies on gravel patches (Bertin et al. 

2017, Hodge et al. 2009a, Nestler and Sutton 2000). Comparisons of roughness between studies 

need to ensure the same procedure of detrending has been followed, in that the same trend has 

been removed, in order for the same roughness scale (e.g. grain roughness) to be considered 

(Qin and Ng 2012, Trevisani and Cavalli 2016).  

Finally, although this technical note presents the need to remove large topographic trends for 

grain-roughness parameterisation, it is essential that for certain applications, such as linking 

flow processes to topography, meaningful trends of significance are not removed (Smith, 

2014). For example, local flow properties are influenced by the turbulence generated by the 

clusters observed in patches (e.g. Robert et al. (1996)), but also by topography which is outside 

of the measurement window (e.g. Lamarre and Roy, 2005; Legleiter et al., 2007). Therefore, if 

the influence of larger trends and the effect of clusters are removed, vital aspects of the 

topography that interact with the flow are subsequently removed. It must be considered what 

the resultant roughness statistics are aiming to represent, whether that be capturing the 

topographic detail or in use for explaining the interactions at the sediment-water interface in 

rivers. Our work provides insights into the relevance of detrending in the process of analysis, 

but also in providing useful information regarding the surface. This avenue of research has 
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been recently investigated, with results from a large number of surfaces presented in Bertin et 

al., (2017). Together, these studies show the importance of consistent analytical methods for 

gravel-bed DEMs, enabling comparisons of roughness measured between studies, and to 

further advances not only in parameterising roughness from the bed topography, but 

understanding how the bed roughness can influence local flow properties. 

3.5. CONCLUSION 

Building on existing research demonstrating the importance of characterising the multiple 

scales of roughness across a gravel patch, this work presents the effect of detrending on 

roughness parameters. Across both field environments and laboratory surfaces, there are 

similarities between the non-detrended data and the data detrended using the flat-surface 

method. Throughout a suite of roughness statistics (including CV, standard deviation of 

elevations and horizontal roughness lengths), those values detrended using the moving-window 

method have lower statistics than using the other methods. In contrast, there are higher values 

in the moving-window detrended data compared to the other methods, for roughness statistics 

including skewness and kurtosis. This assessment shows that using moving-window detrending 

provides the optimal results for grain-roughness studies, due to the removal of the bedform 

roughness, enabling accurate characterisation of grain structure across a surface. Therefore, it 

is important to determine the scale of interest prior to analysis, and comparisons between 

research require consistency in detrending methods, in order to adequately compare the same 

scale of roughness.  
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CHAPTER 4  

 

ASSESSING INTRA-BAR VARIATIONS IN GRAIN 

ROUGHNESS USING CLOSE-RANGE PHOTOGRAMMETRY 

 

 

Related journal article:  

Groom, J., Bertin, S. and Friedrich, H. (2018) Assessing intra-bar variations in grain roughness 

using close-range photogrammetry. Journal of Sedimentary Research 88, 555 – 567. doi: 

http://dx.doi.org/10.2110/jsr.2018.30 

 

4.1. INTRODUCTION 

Fluvial systems demonstrate reach-scale patterns in sedimentation, including downstream 

fining (i.e. a reduction in grain size) (Sternberg 1875). Although there is less published research 

on intra-bar variability, variations in sediment characteristics (e.g. size, sorting, and packing) 

across gravel bars contribute to bar morphology and, in turn, channel morphology (Ashworth 

and Ferguson 1986, Hardy 2006, Rice and Church 2010). The formation of bars occurs from 

spatial variations in sedimentation, including, but not limited to, lateral accretion and sediment 

accumulation due to flow convergence, which can result in down-bar fining of sediment 

(Ashworth 1996, Bluck 1976, 1982, Burge 2006, Leopold 1992, Leopold and Wolman 1957, 

Nanson 1980, Parker 2008). Due to feedbacks between channel morphology, sedimentation, 

and flow properties, the presence of gravel bars can alter flow properties and roughness at 

different scales, including reach, bar, and grain scale (Ashworth 1996, Bertoldi et al. 2009, 

Church 2006, Church and Jones 1982, Raven et al. 2009). 

Roughness, resulting from these sedimentation patterns, is an important aspect in a fluvial 

system due to its influence on flow properties (including velocity and turbulence), sediment 

transport, and local ecology (Aberle and Nikora 2006, Baewert et al. 2014, Curran and Waters 

http://dx.doi.org/10.2110/jsr.2018.30
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2014, Hodge et al. 2009a). Estimations of roughness are important inputs for hydraulic and 

morphological models, along with models to determine the flow resistance in a channel (Aberle 

and Smart 2003, Tuijnder and Ribberink 2012).  

Flow resistance results from forces that act on, and within, a flow to resist motion (Powell 

2014), with various sources of energy loss in alluvial rivers. To calculate the flow’s energy 

loss, hydraulic parameters such as velocity, depth, slope, and boundary shear stress must be 

predicted or calculated. Generally, there are three flow-resistance equations that are used in 

fluvial research; Darcy-Weisbach, Chezy, and Manning equations, of which all use roughness 

coefficients. The determination of these roughness coefficients is crucial for the calculation of 

flow resistance. However, determining the values of the coefficients is fraught with 

subjectivity, and thus they are often the main source of error in estimates of discharge and flow 

resistance (Powell 2014). Choosing the correct equation in flow modelling can be problematic, 

as an increasing number of modelling software programs calculate flow resistance 

automatically, without clarifying how it is calculated (Powell 2014). For example, flow 

modelling packages still use Manning’s n as a roughness coefficient,  although it has been 

identified as having many flaws, and there have been calls to move to a more robust alternative 

roughness coefficient (e.g. quantitative roughness parameters such as the standard deviation of 

elevations) (Ferguson 2010, Powell 2014). 

Roughness is a term that is frequently used in literature, but it is rarely explicitly defined, which 

causes confusion (Smith 2014). Roughness is often used as a synonym for flow resistance, 

which suggests that roughness is a property of the flow rather than of a surface. Instead, we 

define grain roughness throughout this manuscript as the microtopography of the surface, 

resulting from the topography of individual grains; therefore roughness is a property of the 

surface, with a pronounced effect on flow resistance.  

Our understanding of bed roughness (i.e. microtopography of the surface) is facilitated by the 

development of technologies for the acquisition of high-resolution data. This includes (i) aerial 

photosieving (Carbonneau et al. 2004), which, although it can cover a large spatial scale, has 

been found to overestimate grain size; (ii) laser scanning (Brasington et al. 2012, Entwistle and 

Fuller 2009, Heritage et al. 2009, Milan et al. 2007), which is expensive and time consuming; 

and (iii) structure-from-motion on unmanned aerial systems, which enables for the spatial 

variability of roughness to be assessed and inputted into morphodynamic models, although 

noise from reconstructions of up to 10 mm and blurry images are problematic (Vázquez-Tarrío 
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et al. 2017). The technique of close-range photogrammetry (Bertin and Friedrich 2016) uses 

consumer-grade cameras (i.e. inexpensive), which can provide millimetre accuracy to address 

these aforementioned issues.  

An increase in availability of large topographic datasets from these methods has led to an 

expansion in the literature of information about the grain size of the surface, which is used for 

calculating bed shear stress and estimating sediment transport (Pearson et al. 2017). Further, 

these large topographic datasets have resulted in the improved quantification of grain-

roughness parameters. This includes bed-elevation moments from digital elevation models 

(DEMs), such as standard deviation of elevations, skewness, and kurtosis. These improvements 

signal a shift away from the previous use of roughness coefficients, percentiles of grain size, 

or roughness heights calibrated from flow measurements (Aberle and Nikora 2006, Smart et 

al. 2004, Wilcock 1996).  

The aim of this paper is to obtain an improved understanding of bar-scale variations in grain-

roughness parameters. There is little information regarding the grain-scale variations of surface 

structure and roughness in gravel surfaces (Bertin and Friedrich 2016). This is despite knowing 

that these aspects are key influences on flow resistance, sediment transport, and ecohydraulics 

(Aberle and Nikora 2006, Baewert et al. 2014, Curran and Waters 2014). This paper has three 

objectives: 

1. To assess grain-roughness variability across the gravel bar, using an extensive range of 

roughness parameters; although bar-scale sorting is well documented (Rice and Church 2010), 

there is little quantification of this observation. Further, surface roughness of bars is rarely 

uniformly distributed, and its heterogeneity is of great interest (Smith 2014).  

2. To examine roughness parameters and grain-size relationships, as research has investigated 

the relationship between grain size and the standard deviation of elevations (a common proxy 

for grain size). The influence of multiple factors including survey error, bed composition (e.g. 

packing, particle shape, sorting), and scale of roughness has been explored (Pearson et al. 

2017), but further work is needed to understand and quantify these factors.  

3. To understand if empirical roughness parameterisation can lead to inferences concerning 

sedimentation patterns, which can provide insights into the physical processes that influence 

surface morphology (Hodge et al. 2009a).  
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4.2. METHODOLOGY 

4.2.1. DATA COLLECTION 

Data were obtained from the Whakatiwai River; a small gravel-bed stream in the Whakatiwai 

catchment (~ 1675 ha), which is located in northeast North Island, New Zealand (Figure 4.1).  

The stream has limited protection or management schemes (Hauraki District Council 2011), 

apart from stopbanks (levees) upstream and downstream of the gravel bar studied in this 

investigation. Previously, cyclone Wilma (January 28-29 2011) resulted in the stream 

undergoing significant lateral erosion in the stopbanked reaches, with calls from the 

community for management practices to be put in place. Surrounding areas of the stream mouth 

have high significance to the local iwi (Māori people), with urupā (burial ground) and wāhi 

tapu (sacred spiritual areas), and thus the local community is concerned with their protection. 

Recent channel-protection works include the insertion of gabion baskets, although these are 

thought to be of limited effect due to channel movement (Hauraki District Council 2011).   

 

Figure 4.1 (a) Whakatiwai catchment, located in the north east of North Island, NZ. (b) Study 

site located near the stream mouth. (c) Photo of close-range photogrammetry setup of patches, 

with a rock revetment visible on the opposite bank of the stream.  
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Our field observations at the time of data collection include bank erosion and evidence of 

animal activity on exposed gravel bars upstream of the study site, due to the surrounding 

farmland. This study focuses on an exposed gravel bar, located 300 meters upstream from the 

stream mouth. This gravel bar was chosen due to ease of accessibility with equipment from the 

road, and because previous field investigations using close-range photogrammetry were also 

undertaken at this site (Bertin and Friedrich 2016). Upstream areas of the bar were vegetated 

with clusters of dense pampas grass, and there was a change in elevation towards the water 

edge, with a slope vegetated by grass. The gravel bar selected for this investigation did not 

display signs of animal activity or disturbance and was opposite a rock revetment structure 

(Figure 4.1c, Figure 4.2a, Figure 4.2b). The bar is not surrounded by accessible farmland, but 

instead is attached to a densely vegetated bank (Figure 4.2). Google Earth images provide an 

indication to the evolution of this gravel bar over time, with the apparent propagation of the 

bar downstream (Figure 4.2).  

 

Figure 4.2 Images showing the evolution of the bar under investigation from (a) 2015, (b) 

2013, (c) 2010, and (d) 2003. The gravel bar is highlighted by dashed black lines, and flow 

direction is shown by the block black arrow (in part a), left-to-right of images. These images 

provide context for the bar, surrounded by farmland and densely vegetated banks. In the 2013 

and 2015 images (top row), the addition of the rock revetment can be seen on the opposite 

bank from the bar. Source: Google Earth. 



 

60 

 

A 30 metre tape measure was placed along the bar, and care was taken to walk along this 

transect in order to not destroy natural sedimentation patterns, and measurement locations were 

placed either side of the transect, on non-disturbed areas. Measurement locations (Figure 4.3), 

termed patches herein, were partially systematically chosen, covering down-bar and lateral 

patterns, although they were not evenly spaced (due to the deliberate attempt to avoid vegetated 

areas). Distances between patches were measured with a tape measure in the field, and later 

verified using a scaled orthophoto of the bar (Figure 4.3). The orthophoto of the bar was taken 

using GoPro cameras at a height of 2 metres above the gravel surface. Subsequently, for 

analysis, the gravel bar was split into three sections every 10 metres down the bar, 

differentiating between bar-head, bar-centre, and bar-tail regions (Figure 4.3), similar to the 

method used by Rice and Church (2010) who evaluated grain-size variability by choosing sites 

that were representative of dominant textural facies. 

 

Figure 4.3 Schematic of gravel bar, overlaying an orthophoto of the bar, indicating the 

location of 14 measurement patches, moving down a 30 m transect downstream, and across 

bar. Black dotted line represents a break in slope, and vegetation is represented schematically 

across the bar. 

At each patch, surface structure and grain size were measured using close-range digital 

photogrammetry (Figure 4.1). Here, two Nikon D5100 cameras with Nikkor 20 mm lenses in 

tandem (16.4 Mpixel, 23.6 mm × 15.6 mm sensor size), were used to take photos of the gravel 

surface. The cameras were calibrated in the laboratory before accessing the field (see section 

on analytical methods). Then the camera rig (horizontal metal frame) was kept in a wooden 

transportation box in order to reduce any movement in the camera setup during travel to the 

field. This has been found to have minimal disturbance to the (pre-calibrated) cameras and 

provide adequate results for high-quality DEMs with vertical accuracies, determined with a 

3D-printed gravel bed and represented by the mean unsigned error between measurements and 

Flow direction 
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true values, of less than 1 mm (Bertin and Friedrich 2016). Once in the field, the camera rig 

was gently put on top of two tripods, placed ~ 1 m apart, and screwed securely in place. The 

cameras were at an approximate height of 75 cm from the gravel surface, as determined from 

a setup selection in the laboratory. Finally, two laptops were attached by cables to each camera, 

in order to remotely capture the photographs of the surface. Further details into the field use of 

close-range photogrammetry are found in Bertin and Friedrich (2016).  

A repeat calibration was completed in the field, as transporting the stereo setup is critical, and 

this provided the opportunity to determine the suitability of field calibration. Evaluation of the 

maximum field rectification error provided lower values of 0.47 pixel, compared to 0.88 for 

the pre-calibrated laboratory calibration. Thereby the decision was made to use the field 

calibration for analysis, motivated by the smaller rectification error.  

4.2.2. ANALYTICAL METHODS 

Surface grain size (Table 4.1) was subsequently obtained through the software Basegrain®, 

whereby a single photograph is used to generate a grain-size distribution for the patch (Detert 

and Weitbrecht 2012b, Stähly et al. 2017). The minimum grain size sampled is a function of 

the pixel size on the gravel, with previous work indicating the need for a least 23 pixels for 

effective grain identification (Graham et al. 2010). With an approximate pixel size of 0.19 mm, 

this means that grains larger than 4.5 mm were directly accounted for using Basegrain®. As 

recommended by previous authors, measured grain-size distributions were empirically 

corrected, with an assumption of 10 % fine sediment not accounted for during detection for all 

patches (as per Rüther et al. (2013)). Characteristic grain sizes of the bed-surface material were 

determined for all patches examined (Table 4.1). The median grain size of the bed-surface 

material (D50A) varies between 15 mm and 25.3 mm, and the coarsest fraction of sediment 

(D90A) ranges between 32.2 mm and 64.4 mm (Table 4.1). 

Calibration parameters necessary for accurate DEMs with photogrammetry were obtained 

using images of a chequerboard and Bouguet’s (2010) calibration toolbox in Matlab®, which 

provide both intrinsic (e.g. camera) and extrinsic (e.g. setup) parameters. Based on calibration 

data, obtained images of the gravel patches were rectified (maximum error < 1 pixel), through 

which corresponding pixels in the two overlapping images are on the same scanline (i.e. same 

vertical coordinate). Stereo-matching was completed on the rectified images using 

Gimel’farb’s (2002) symmetric dynamic programming stereo algorithm (SDPS) to produce 

point clouds of elevation data. Point clouds were first interpolated onto regular grids of 0.2 mm 
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spacing, before being interpolated onto a 1 mm spacing grid (i.e. a raster DEM), resulting in 

less bias when calculating surface metrics in comparison to using non-uniform elevation data 

(Hodge et al. 2009a). Using the mean elevation difference parameter (Hodge et al. 2009b), 

outliers were identified and replaced using bicubic spline interpolation. DEMs were normalised 

to a mean bed level of zero, and subsequently rotated to align with the flow direction (Hodge 

et al. 2009a). Flow direction was determined by eye in the field, based on channel observations 

and grain imbrication (Bertin and Friedrich 2016, Laronne and Carson 1976, Millane et al. 

2006). Most of each patch was vegetation free, and several overlapping DEMs were merged in 

order to generate patch sizes of > 1 m in length. However, in the case of some patches (e.g. 

bar-head site P03, and bar-centre sites P06 and P07), the presence of vegetation was removed 

from the patch, resulting in a smaller DEM, labelled with the letter A. For P03, two DEMs 

were made, on either side of the vegetation, and labelled A and B. For these patches, where 

vegetation was present, the smaller DEMs were used for analysis. 

Table 4.1 Sediment size of the surface layer for each patch studied, for D50A, D84A and D90A 

fractions of the surface. 

 

Before surface metric calculation, DEMs were all detrended, first using a bilinear method and 

subsequently using a moving-window method. Bilinear detrending removes the influence of 

riverbed slope or experimental setup misalignments (Bertin and Friedrich 2016). Moving-

window detrending removes large-scale surface distortions larger than the cluster size for that 

Patch information Sediment size (mm) 

Patch Bar 

location 

Patch size (mm ×  mm)  Patch size (m2) D50A D84A D90A 

P01 Head 1456 × 455 0.66 18.2 31.2 35.7 

P02 Head 550 ×  530 0.29 22.8 44.9 60.5 

P03A  Head 860 ×  440 0.38 20.0  33.6  37.4  

P03B  Head 500 ×  440 0.22 20.0  33.6  37.4  

P04  Head 765 ×  491 0.38 23.4  48.2  58.0  

P05  Centre 1704 ×  408 0.69 24.0  52.3  64.4  

P06A  Centre 784 ×  430 0.34 25.3  49.8  54.5  

P07A  Centre 1043 ×  288 0.30 22.2  42.9  50.9  

P08  Centre 1848 ×  384 0.71 18.3  34.4  40.2  

P09  Centre 1762 ×  356 0.63 19.7  37.5  46.2  

P10  Centre 1452 ×  385 0.56 22.7  48.0  56.1  

P11  Tail 1518 ×  412 0.63 16.5  28.2  32.8  

P12  Tail  540 ×  525 0.28 15.0  27.3  32.2  

P13 Tail  1147 ×  444 0.51 18.5 34.2 40.7 
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patch, such as peaks and troughs resulting from bed undulations. As proposed in Smart et al. 

(2002), the trend surface corresponding to bed undulations was estimated over a grid with point 

spacing 1.25 × D90A, with the elevation of grid points measured by averaging DEM data points 

within a circle of diameter 2.5 × D90A  centred on the grid point, and removed from the 

measured DEMs before analysis. Using a moving-window detrending method enables the grain 

topography to be solely considered due to the removal of bedforms, thereby subsequent 

roughness parameters determined from DEMs are representative of grain-scale roughness (i.e. 

the microtopography of the surface). Analysis of grain-scale roughness is further suitable due 

to the size of the patches investigated, as research has suggested that larger patch sizes may be 

required for thorough analysis of larger-scale bed undulations (Powell et al. 2016).  

Surface metrics were calculated for each patch to assess variations in surface structure across 

the gravel bar. First, standard deviation (σz) and skewness (Sk) of bed elevations were 

determined from probability distribution functions (Eqn. 4.1) to characterise bed roughness 

(Aberle and Nikora 2006). These metrics were chosen to provide an indication of the vertical 

roughness length (σz) and water-working (Sk) (Aberle and Nikora 2006, Aberle and Smart 2003, 

Coleman et al. 2011, Noss and Lorke 2016). Skewness is a measure of the degree of asymmetry 

of the probability distribution function. Positive values are indicative of a water-worked, and 

armoured, surface (Bertin and Friedrich 2014, Coleman et al. 2011) because of coarse grains 

that form the surface, and the fact that the magnitude of surface deviations below the mean is 

reduced by fine grains filling surface depressions (Aberle and Nikora 2006, Nikora et al. 1998).

      

σZ
2=

1

N'
∑(zi − 〈zi〉)2

N'

𝑖=1

 

SK=
1

N'σZ
3

∑(zi − 〈zi〉)3

N'

𝑖=1

 

[4.1] 

where z represents the bed elevation at location (x, y) in a DEM, N´ is the total number of DEM 

points and < > represents the mean value.  

Secondly, the inclination index (I0) in the flow direction was calculated using Eqn. 4.2. Here, 

the difference between the fraction of positive and negative slopes of particles is divided by 

the total number of positive, negative, and zero inclinations at a given lag (of 1 mm), which is 

equal to the DEM resolution. A positive slope was counted as bed elevations increasing 
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downstream. A threshold value of ± 0.01 was set, so unreliable near-zero slopes were not 

calculated in the numerator of  Eqn. 4.2 (Millane et al. 2006). Particle imbrication can be 

inferred from positive inclination-index values, which indicates a predominance of positive 

slopes of the grains in the flow direction, reflecting the influence of downstream flow on the 

bed surface (Laronne and Carson 1976, Millane et al. 2006).  
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where n+ and n- are the number of positive and negative slopes between successive DEM points, 

respectively, and Ns is the total number of slope measurements.  

The slope and aspect of individual cells of the DEMs (Eqn. 4.3) were analysed, using a moving 

window to calculate the elevations of surrounding cells, in order to provide information on the 

grain structures, including any preferential grain imbrication and aspect orientation; this is 

possible because the DEM cell size is smaller than the grain size (Hodge et al. 2009a). Due to 

the alignment of DEMs in the flow direction, those cells with 90 aspects indicate sloping 

grains facing downstream and an aspect of 270 indicates sloping grains oriented upstream. 

Further details of the calculation of these metrics are provided in the references cited.           
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where 
dz

dx
 and 

dz

dy
 are the gradients in the centre cell, determined from the elevations of eight 

perimeter cells in both the x and y direction. 

Finally, second-order structure functions (2DSF) were calculated (Eqn. 4.4) to evaluate 

changes in elevation correlations at differing lags and directions, which can provide an 

indication to surface-forming mechanisms (Aberle and Nikora 2006, Nikora et al. 1998). 

Gravel-bed structure functions can be separated into three regions: a scaling region with a 

uniform slope at small lags, a saturation region at large lags with a slope of zero, and a transition 

region between the two where the slope decreases (Hodge et al. 2009a, Nikora et al. 1998). 

Small values are indicative of areas of similar elevation, and hence the same grain (as data is 

detrended to remove the influence of bedforms), and once values are saturated they indicate 
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that elevations are no longer correlated. Second-order structure functions are displayed in 2D 

isopleth maps, which allow the identification of the length and spatial arrangement of surface 

layer features (Bertin et al. 2017), and horizontal roughness lengths can be calculated in both 

the streamwise and cross-stream directions (Lx and Ly). Horizontal roughness lengths Lx and Ly 

are calculated from the breakpoint in the slope between the scaling region and the saturation 

region of the 1D structure functions for Δx = 0 and Δy = 0, respectively.                             
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   [4.4] 

where Δx = nδx and Δy = mδy; δx and δy are the sampling intervals (i.e. DEM resolution) in 

the longitudinal and transverse directions respectively; n = 1,2,3,…N and m = 1,2,3,…M., N, 

and M are the number of DEM points in the same two directions.   

4.3. RESULTS 

Roughness parameters were calculated with both distance down bar and distance from the 

water edge (Figure 4.4), in order to assess down-bar and lateral variability in surface structure 

and grain size. 

Whereas there is no simple correlation of roughness parameters with distance down bar and 

from the water edge (i.e. low R2 values and significant scatter in the data), there are patterns of 

a reduction in surface sediment size (both D50A and D90A fractions of the surface) with distance 

down bar, compared to an increase with distance from the water edge. There is more scatter in 

data for D90A values due to the wider range in sediment size measured across the patches (as 

seen in Table 4.1, where values vary from 32 mm to 65 mm). Following the pattern observed 

in sediment size, the standard deviation of elevations (σz) decreases with distance down bar and 

increases with distance from water edge. These patterns can be seen qualitatively across patch 

surfaces, in particular a visible reduction in grain size at the downstream and water-edge 

patches (Figure 4.5).  

In contrast to these patterns, skewness increases with both distance down bar and distance from 

the water edge. The majority of patches have positive skewness values, aside from P02 (bar 

head), which has a negative skewness (Sk = - 0.0971).  

For both the inclination index and horizontal roughness lengths, the pattern follows that of 

sediment size and standard deviation of elevations, whereby each roughness parameter 
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decreases down bar and increases with distance from the water edge. Therefore, consistencies 

in patterns of the roughness parameters are evident (Figure 4.4), aside from skewness, which 

differs from the other roughness parameters.  

Although there are these patterns in roughness parameters with distance down bar and from 

the water edge (Figure 4.4), there is significant scatter in the data, largely due to the complex 

topography of the gravel surface. This scatter, and with low Pearson’s coefficients of 

determination (R2) for the relations, is indicative of spatial variability in roughness statistics at 

the bar scale and reflects complex sedimentation patterns at this scale. The coefficients of 

determination for those roughness parameters for distance from the water edge are higher than 

those for distance down bar. This suggests a more robust relationship between distance and 

roughness statistics in a lateral direction, which has important implications for field data 

collection since such patterns are rarely explored.  
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Figure 4.4 Roughness statistics with distance down bar and distance from the water edge for 

all 14 patches measured. Circled data points in the top graphs and associated labels refer to 

figure labels in Figure 4.5. 
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Figure 4.5 Photographs of grain size (a) at upstream patch P03A, (b) away from the water 

edge P05, (c) downstream P12, and (d) at the water edge P13. All photographs are the same 

size and were taken from the same height above the bed. The grain-size data for these patches 

are circled and labelled in Figure 4.4. 

Further results (Figure 4.6) confirm a decrease in the median value of roughness parameters 

towards the bar tail for all parameters (e.g. sediment size, σz, inclination index, and horizontal 

roughness lengths), except skewness, which displays an increase with distance down bar. There 

are also consistent decreases in the spread of data (variance in roughness statistics) towards the 

bar tail. 

At the downstream end of the bar, median σz is 30 % lower than the bar-head values, consistent 

with fine grain sizes constituting the surface, as evident in the trends of reduced D50A, D90A and 

σz with distance down bar (Figure 4.4 and Figure 4.6). These patterns are in accordance with 

field results from the Fraser River, where a 33 % reduction in median grain size from the bar 

head to the bar tail was documented (Rice and Church 2010). For our results, the mean values 

of the bar head and bar tail were compared using t-tests with a 95 % confidence level, and were 

found to be statistically different for D50A, σz, and inclination index. There were significant 

differences between the bar centre and the bar tail for all parameters, except skewness. All 

roughness parameters were found to be statistically similar between the bar head and bar centre.   
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Figure 4.6 Boxplots of roughness statistics: D50A, σz, skewness, inclination index, horizontal 

roughness length Lx, and horizontal roughness length Ly, for three locations of the bar (sample 

size n = 5 for bar head, n = 6 for bar centre, and n = 3 for bar tail). The horizontal line in the 

boxplot represents the median value for each location, the upper and lower box limits 

represent the 75% and 25% percentiles respectively, and whiskers display the range in values.  

The surface slope and aspect are presented as polar plots for all patches and overlaid on an 

enlarged schematic of the bar (Figure 4.7). Flow is assumed to be from left to right in polar 

plots (i.e. from 270° to 90°). For all patches, the majority of aspects are upstream (around 

270°), particularly on patches upstream of the bar (including P01, P04, P05, P06, and P07). 

Patches P08 – P13 (bar centre and bar tail) have a higher density of upstream aspects, but they 

also have more downstream aspects than those patches upstream. These observations of 

accentuated particle imbrication at the bar head compared to the bar tail follow previous results 

showing a reduction in inclination index at the bar tail (Figure 4.6d). Further, the slopes of 

DEM cells (assumed to be grains) can be assessed. The highest slopes observed are about 80° 

(Figure 4.7), and these are positioned predominantly perpendicular to the flow. Visually, this 

is shown by shaded areas going farther away towards the circles’ edges for 0° and 180° aspect 



 

70 

 

angles (Figure 4.7). This is more evident in patches P09 – P13 (bar centre and bar tail) at the 

downstream end of the bar.  

 

Figure 4.7 Surface slope and aspect polar plots, presented on an enlarged schematic of the 

bar (as per Figure 4.3) to enable location of patch to be identified. Flow is assumed from left 

to right (grey arrow). Aspect angle is from 0 to 360°, and slope angle is from 0 to 90°, with 

high density of points shaded black, and low density of points shaded white. Black dotted 

line represents a break in slope, and vegetation is represented schematically. Note that the 

placement of polar plots is not to scale. 

Examining the relationship between multiple roughness parameters and grain size provides a 

baseline for future studies. For our results, the strongest correlation exists between roughness 

lengths in the downstream direction (Lx) and D90A (Figure 4.8). Roughness parameters, except 

skewness and D90A have correlations ranging between R2 = 0.47 and 0.88. Relationships 

between roughness parameters and D50A also display strong correlations (R2 = 0.71 – 0.85) 

(Figure 4.8). The exception, skewness, shows weak correlation (R2 = 0.27 and R2 = 0.21 for 

D50A and D90A respectively). Even with the removal of the one anomalous site (P02, which has 

a negative skewness) the relationship is still below that of other roughness parameters (R2 = 

0.35 and R2 < 0.1 for D50A and D90A, respectively).  
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Figure 4.8 Roughness relationships for standard deviation of elevations, skewness, 

inclination index, and horizontal roughness lengths with grain size. Circles represent D50A 

grain size, and open triangles represent the D90A grain size. 

 4.4. DISCUSSION 

4.4.1. ASSESSING WITHIN-BAR VARIABILITY IN SURFACE ROUGHNESS 

The assessment of σz is an improvement on the former technique of using grain size as a 

roughness parameter, as gravel beds with similar grain sizes can have contrasting σz values 

(Cooper and Tait 2009, Hodge et al. 2009a). The pattern of higher σz values (i.e. indication of 
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a rougher surface, Figure 4.6b) upstream of the bar, at the bar head, and bar centre, partly 

denotes coarser grains that have accumulated at these sites (Figure 4.6a). Our observations of 

within-bar variability are attributed to varying locations and elevations on the bar. More 

specifically, field observations and an orthophoto (Figure 4.3) indicate that upstream patches 

are elevated relative to the water line compared to patches at the bar tail, and may therefore be 

exposed for all but the highest flows, whereas patches at the bar tail are more frequently 

submerged. The pattern of upstream patches with larger sediment sizes and σz is comparable 

to patterns observed in laboratory studies, and is thought to reflect a coarse armour layer that 

formed as a result of higher discharges (Aberle and Nikora 2006). Contrasting roughness 

properties for patches at the bar tail may be due to exposure to more frequent sediment transport 

events and to submergence during lower flows. Differences in patch elevation on the bar also 

influence the distribution of bed shear stress during submergence, with higher bed shear stress 

occurring in areas on the bar top, due to higher velocities and reduced water depths. Previous 

experimental work showed an increase in surface roughness with shear stress, which is relevant 

to this study (Aberle and Nikora 2006). Further, data from Rice and Church (2010) showed 

that varying bar elevation determines shear-stress distribution across the bar, which in turn 

determines the sediment size distribution.  

Whereas the patches at the water edge are more frequently submerged by flows and contain 

smaller grain sizes, those patches nearer the bank of the river are more stable and have coarser 

sediment (Figure 4.4, higher D50A and σz). This suggests that these areas experience high flow 

events (and are otherwise exposed), which winnow fine sediment and move the coarse 

sediment infrequently (Leopold and Wolman 1957). For the majority of patches on this bar, 

skewness values are positive, representing water-working across the bar, except patch P02 at 

the bar head (Figure 4.4), which has a negative skewness value. This patch, located below the 

change in elevation (i.e. below the bar platform), near vegetation, could explain its singularity. 

The trend of increasing skewness with distance down bar is the opposite of other roughness 

parameters (Figure 4.4 and Figure 4.6), with the patches at the bar tail having higher skewness 

values, suggestive of fewer surface depressions from the deposition of fine sediment in any 

gaps between coarse sediment during subaqueous transport (Aberle and Nikora 2006, Nikora 

et al. 1998).  

All patches have positive inclination index values, indicating grain imbrication across the bar 

(Hodge et al. 2009a, Qin and Ng 2012). This is consistent with the findings of Rice and Church 

(2010), who found that only two out of 87 of their locations displayed no evidence of 



 

73 

 

imbrication. All of their locations were on primary and secondary unit bars, although the 

locations of the non-imbricated surfaces in the bars were not defined. Here, higher values of 

inclination index at the bar head and near the bank (Figure 4.4 and Figure 4.6) suggest greater 

imbrication of particles and a higher degree of packing (Cooper and Tait 2009), and therefore 

sediment is more stable and less readily available for transport. Previous work has related grain 

imbrication to the movement of the coarse grains on the bed by rolling and sliding (Laronne 

and Carson 1976), as those grains can stack against each other after meeting with an obstacle, 

forming imbricated grain structures. In contrast, the bar tail and the water edge have particles 

that may be more easily repositioned in future flow events due to the surface being poorly 

organized (Mao et al. 2011). Although values of inclination index can provide information with 

regard to the imbrication of a surface, it is useful to combine this with the analysis of slope and 

aspect (Figure 4.7), as this can determine the slope values of grains (Qin and Ng 2012).  

Analysis of surface slope and aspect of DEM cells in polar plots (Figure 4.7) has been used in 

only a few gravel-bed river studies to date (Bertin and Friedrich 2016, Hodge et al. 2009a, Qin 

and Ng 2012). Along with calculations of inclination index, this method is more quantitative 

than previous assessments of imbrication in the field. Imbrication was previously assessed and 

categorized qualitatively, to extract information regarding the degree of reworking and 

mobility of grains, with 38 % of locations classified as weakly imbricated and 60 % of locations 

classified as strongly or very strongly imbricated (Rice and Church 2010). For all our patch 

locations  (Figure 4.7), there is a majority of upstream aspects (i.e. high density of points around 

270°), which is consistent with our previous observations of grain imbrication in a direction 

parallel to the flow using the inclination index (Hodge et al. 2009a, Qin and Ng 2012). If 

imbrication is observed in a single direction, this can confirm the assumed flow direction from 

field observations (Bertin and Friedrich 2016), which in this study is true (Figure 4.7), where 

flow was assumed to be from 270 to 90°.  

Our results quantitatively affirm previous geomorphological results. Although spatial 

variability within bars is of no surprise, as  geomorphologists and sedimentologists frequently 

gather data from a consistent location (i.e. the bar head) when making inter-bar comparisons 

of surfaces (Rice and Church 2010), our study emphasizes that a single sample from one 

exposure cannot represent the whole gravel-bar surface. This has important implications for 

the development of a standardized sampling approach, and for the selection of roughness 

parameters in models, which is difficult due to the displayed complexity (i.e. variability) of 

roughness at the bar scale (Rice and Church 2010). Our empirical findings of variations in 
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roughness across a gravel bar can be used to validate and calibrate flow-resistance equations 

and morphodynamic models, including comparisons of model predictions with field data 

(Powell 2014, Rice and Church 2010).  

4.4.2. EXAMINING ROUGHNESS RELATIONSHIPS WITH GRAIN SIZE  

Throughout research, three roughness metrics are commonly used, as summarized in Pearson 

et al. (2017): (i) roughness height (rh) (Vázquez-Tarrío et al. 2017), which is the difference in 

height between the top of the particle and the averaged topographic surface (i.e. mean-bed 

elevation); (ii) twice the standard deviation of elevations (Heritage et al. 2009); and (iii) root-

mean-square height (RMSH), the standard deviation of heights in a given area for which the 

average slope has been detrended  (Vázquez-Tarrío et al. 2017). 

Pearson et al. (2017) summarizes published R2 values for grain size versus topographic 

elevation for fluvial systems only, and there is a range between 0.231 and 0.96, although 50 % 

of studies provide a strong relationship that exceeds R2 = 0.8. Vazquez-Tarrio et al. (2017) 

found moderate to strong correlations for all roughness metrics (R2 = 0.45 – 0.90) between 

surface roughness and truncated grain size (< 8 mm were removed). The best correlation was 

with rh, and the weakest fit with RMSH. 

To our knowledge, this is the first time the relationship between the studied roughness 

parameters (e.g. inclination index or horizontal roughness lengths) and grain size have been 

investigated (Figure 4.8). The data on multiple roughness parameters and D50A in this study 

(Figure 4.8) yield R2 values between 0.71 and 0.85, which lie in the range of published values 

(Pearson et al. 2017, Vázquez-Tarrío et al. 2017). The one exception is skewness, which has a 

weak correlation (R2 = 0.27) with grain size. Although skewness cannot be a proxy for grain 

size, it can contribute to the understanding of a surface (e.g. degree of water-working).  

Case studies indicate that there are different relationships between surface roughness and grain 

size, reflecting different surface textural characteristics (Pearson et al. 2017, Vázquez-Tarrío 

et al. 2017).  Further, patches with similarities in grain size have distinct roughness differences 

due to packing, burial, and imbrication (Heritage et al. 2009, Hodge et al. 2009a). There needs 

to be more data (including that of various roughness parameters) on differing sediment textures, 

to determine roughness and grain-size relationships. 
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4.4.3. INFERRING SEDIMENTATION PATTERNS FROM ROUGHNESS 

PARAMETERS 

The gravel bar studied in this paper is a channel side bar, or lateral bar, in a non-meandering 

section of the channel. Lateral channel bars attach to one bank, in a narrow section of the 

channel, and sediment accumulates at both ends of the bar (Church and Jones 1982).  

Evidence of down-bar decreases in sediment size, σz, and inclination index (Figure 4.4 and 

Figure 4.6) implies down-bar fining in sediment. Bar heads are thought to have formed during 

high flows (Bluck 1976, Leopold and Wolman 1957). Due to an inability of subsequent lower 

flows to transport the coarse sediment, it remains in situ (Bluck 1976, Francalanci et al. 2012, 

Leopold and Wolman 1957). The coarse sediment becomes the nucleus for bar development, 

by modifying local flow structures and creating local turbulence that leads to winnowing of 

fine sediment. Further, fine sediment is trapped at the margins of the bar and is moved 

downstream during a range of flow rates (Ashworth 1996, Bluck 1982, Leopold 1992, Leopold 

and Wolman 1957, Nanson 1980, Parker 2008).  

From field observations, there is a well defined bar platform across the studied bar (Figure 4.3) 

with dense vegetation (pampas grass) on top (Blacknell 1982). The junction between a channel 

and the bar platform is known as an avalanche face, and these can range between a few 

centimetres to a few metres high (Blacknell 1982, Rice et al. 2009). In the case of this bar, the 

avalanche face is approximately 1 metre high.  

Due to the presence of a bar platform, the patches located at higher elevations (i.e. on the bar 

platform), and away from the water edge are strongly armoured, with increased sediment size 

and σz. A tentative correlation between surface elevation (or bar thickness) and surface 

sediment size has previously been made, and this apparently contributes to deviations in reach-

scale downstream fining trends (Rice and Church 2010). In comparison, those patches at the 

water edge appear to be undergoing multiple erosion and deposition cycles, and sediment 

accumulates there due to lateral accretion of fine grains (Bluck 1982) (Figure 4.9a). 

Downstream of the bar and bar platform, finer sediment is evident (reflected in a decrease in 

grain size and σz in Figure 4.4 and Figure 4.6). Along with lateral accretion, this could be due 

to the bar tail becoming a shadow zone during high flows (Figure 4.9b). This depositional 

mechanism occurs as fine sediment is transported over the bar platform until subsequent falling 

flow stages result in the deposition of the sediment at the bar tail (Burge 2006, Leopold and 

Wolman 1957, Rice and Church 2010). The lateral accretion of sediment is substantiated by 
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field observations of lighter-coloured sediment located below the bar platform near the water 

edge (e.g. P02), indicating that it has been deposited more recently than the stable, darker 

sediment on the bar platform. Furthermore, increases in roughness parameters with distance 

from the water edge (Figure 4.4), supports the idea that the bar is undergoing lateral accretion 

of sediment. 

 

Figure 4.9 Schematic of sedimentation patterns occurring on this bar. (a) Lateral accretion, 

whereby fine sediment is deposited at the edge of the bar and downstream. ( b) Down- bar 

fining due to sediment being transported over the bar platform during high flows and 

deposited in the shadow zone during the falling limbs of hydrographs.  

The scatter in our data (Figure 4.4) suggests that the bar is complex in nature, with secondary 

sedimentation patterns, supporting observations made from historical images (Figure 4.2) that 

demonstrate downstream propagation of the bar and provide evidence for cycles of erosion and 

deposition (Rice and Church 2010). Furthermore, sedimentation patterns on this bar may be 

difficult to interpret due to larger morphological features in the river channel at this location. 

Directly opposite this bar is a rock revetment, which was installed circa late 2011 (Hauraki 

Council Report 2011). In natural river channels, deposition of sediment (e.g. on exposed gravel 

bars) is compensated for by erosion of the opposite bank, in order for the channel to maintain 

conveyance (Rice and Church 2010). However, in this case sediment deposition cannot be 

compensated for directly opposite the bar, which thus influences the flow and natural 

sedimentation patterns.  

An improved understanding of the variability in bed roughness is beneficial for modelling 

purposes, and for interpretations of sedimentation patterns and morphology. These are 

important for successful river restoration procedures and the management of natural systems. 

The Whakatiwai River studied has at times flooded local communities, and local people have 

called for effective management to be put in place to protect sacred cultural sites (Hauraki 
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District Council 2011). Therefore, developing and improving the understanding of  

sedimentation patterns can guide management strategies in the future, which is applicable to 

other locations around the globe.  

Further, roughness properties can be measured between flow events to provide a signature of 

erosional and depositional processes (Smith 2014). Previous research has not established a 

direct association between changes in grain size and morphological change (Rice and Church 

2010, Vázquez-Tarrío et al. 2017). However, we suggest that applying the technique presented 

in this manuscript multiple times (i.e. following flow events) can aid in the detection of 

temporal changes in roughness and help to relate changes in roughness to morphological 

changes. This could involve the installation of GPS markers in order to identify where the patch 

locations were for repeat surveys.  

4.5. CONCLUSION 

This study investigated intra-bar variability in roughness statistics across a bar at 14 patch 

locations extending 35 m down bar and 5 m across the bar from the water edge. This extends 

previous work that focused on grain size and qualitative estimates of parameters such as 

imbrication. Data were collected using close-range photogrammetry, a technology used for the 

first time to assess intra-bar variations of surface roughness. 

Roughness statistics were found to vary across the bar, with evidence of down-bar reductions 

in grain size, changes in standard deviation of elevations, imbrication of particles, variations in 

horizontal roughness lengths, and an increase in skewness down bar. This paper therefore 

provides quantification of earlier observations of sorting across a bar. There is a stronger 

correlation of increased roughness with distance from the water edge. This lateral variation of 

roughness and sedimentation patterns across gravel bars is infrequently documented, compared 

to down-bar patterns, but it is an important consideration for a wide range of fluvial studies, 

including river restoration. It is also important for choosing a location in the field to measure 

roughness properties. Relationships between roughness parameters and grain size were 

examined, and strong correlations (R2 = 0.71 – 0.85) were found in all parameters except 

skewness. Assessing the relationship between roughness parameters and grain size is timely, 

as previously no universal relationship has been found, suggesting that grain size cannot be 

used as a proxy for surface roughness.  
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Following on previous photogrammetry and laser-scanning studies, this study infers 

sedimentation patterns from roughness statistics, with the consideration of wider 

morphological influences. The trends observed in this study are indications of sediment 

deposition at the bar tail and the water edge, and coarse stable sediment at the bar head and 

near the banks of the bar, which are consistent with lateral accretion. Inferring sedimentation 

patterns from these roughness statistics can be difficult due to scatter in the data, highlighting 

the complexity of surface roughness, resulting from several cycles of erosion and deposition. 

Understanding these sedimentation patterns in the Whakatiwai River, and other rivers, is 

needed for the successful implementation and monitoring of river management. 

This paper has highlighted the variability in roughness statistics across a gravel bar and the 

benefit of using a range of surface metrics to corroborate observations. Future work that would 

benefit geomorphologists includes the assessment of roughness parameters at a larger scale 

(i.e. to include the effect of bedforms), quantification of roughness parameters on multiple bars 

in different river systems, assessments of roughness over temporal scales, and identifying if a 

single roughness parameter can be used to represent larger-scale roughness. This would assist 

in the development of gaining appropriate roughness parameters for flow resistance, 

morphodynamic, and empirical models.  
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CHAPTER 5   

 

 

BRIDGING THE LAB-FIELD INTERFACE IN FLUVIAL 

MORPHOLOGY AT PATCH-SCALE: USING CLOSE-RANGE 

PHOTOGRAMMETRY TO ASSESS SURFACE 

REPLICATION AND VEGETATION INFLUENCE 

 

 

Related journal article:  

Groom, J., and Friedrich, H. (2018) Bridging the lab-field interface in fluvial morphology at 

patch-scale: Using close-range photogrammetry to assess surface replication and vegetation 

influence. River Research and Applications 34: 1328 - 1337. doi: 

https://doi.org/10.1002/rra.3370 

 

5.1. INTRODUCTION  

Fluvial research is undertaken in both laboratory and field environments, with an observed 

increase in the number of field studies (Piégay et al. 2015). Laboratory experiments (i.e. 

experimental work) have enhanced knowledge of several aspects in fluvial science, including 

grain motion, flow turbulence, bed arrangement, armour layers and near-bed structures; and 

are seen as a bridge between complex field experiments and simplified numerical models 

(Yager et al. 2015). Experimental work is advantageous due to the ability to identify controls 

on certain parameters (Thompson et al. 1998, Yager et al. 2015). However, laboratory 

experiments are not quintessential of the natural environment, which influences the 

transferability of results between environments (Basile et al. 2003, Klotz et al. 1980, Thompson 

et al. 1998), particularly for ecological studies of animal behaviour (Rice et al. 2010).  

https://doi.org/10.1002/rra.3370
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Progress into bridging the interface between laboratory and field experiments is facilitated 

using a casting technique to replicate the surface topography of natural fluvial surfaces (Buffin-

Bélanger et al. 2003, Chandler et al. 2003). Further development of the casting technique, using 

alternative materials from above, produced replica surfaces that were visually deemed to be 

representative of the surface topography (Spiller et al. 2012). Subsequently, casts have been 

brought into the laboratory to enhance the understanding of how the topography can influence 

flow properties (Rice et al. 2014), with recent quantification of flows over both permeable and 

impermeable beds (obtained from casts) providing novel insights into fundamental 

hydrodynamic differences in the near-bed region of gravel-bed rivers (Cooper et al. 2017).  

Quantification of the surface topography is completed using technologies such as laser 

scanning, Structure from Motion (SfM) and close-range photogrammetry, enabling the 

generation of a 3D model of the surface (Bertin and Friedrich 2014, Hodge et al. 2009a). The 

technique of close-range photogrammetry is implemented successfully in both laboratory 

(Bertin and Friedrich 2014, Brasington and Smart 2003, Butler et al. 2001, Chandler et al. 

2001) and field environments (Bertin and Friedrich 2016, Butler et al. 1998, Carbonneau et al. 

2003, Groom et al. 2018), with sub-millimetre accuracies. In particular, the roughness of a 

surface can be quantified, with multiple scales of roughness existing in a river; including reach-

scale (e.g. woody debris and areas of sediment deposition), bedform-scale (e.g. clusters of 

particles) and grain-scale (Aberle et al. 2010). The distinction between the latter two scales are 

reflected in Figure 5.1, with a focus herein on grain-scale roughness.  

 

Figure 5.1 Schematic of grain-scale roughness and bedform roughness.  

Patch-scale roughness research (typically covering 0.1 m2 to 1 m2) requires context of the 

wider-scale morphological features (Church et al. 1998), including vegetation or the presence 

of man-made features, for example, as the feedbacks within river channels result in 

morphology, sedimentation and flow properties influencing the patch-scale surface roughness 

(Ashworth and Ferguson 1986, Hardy 2006). Vegetation is addressed differently throughout 
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the existing body of literature. Studies actively avoid areas of vegetation (Huang and Wang 

2012), completely remove vegetation from their area of interest (Wickham and Petrie 2015, 

Yochum et al. 2014) or interpolate pixels deemed to be vegetation (Lane et al. 2000). Larger-

scale studies, such as those using laser-scanning, use filtering algorithms to remove vegetation 

from data (Brasington et al. 2012). Therefore, field research is plagued with issues of 

vegetation, albeit there is limited information in regards to the effect of vegetation on roughness 

analysis, and the presence of vegetation is often neglected from laboratory-based research.  

In an attempt to bridge the interface between laboratory and field environments, this paper will 

address two aims:  

1. Evaluate the developed casting technique and quantify its suitability to replicate surface 

roughness of laboratory and field surfaces for patch-scale fluvial morphology studies.  

2. Consider the morphological factors, namely vegetation, affecting patch-scale dynamics in a 

field environment. 

5.2. METHODOLOGY  

5.2.1. NATURAL SURFACES 

Laboratory surfaces were created in a 19 m long, 0.45 m wide flume in the Water Engineering 

Laboratory at the University of Auckland. Two surfaces were armoured naturally for a total 

duration of 67.5 hours under constant flow rate of Q = 95 L/s and water depth of 0.245 m. The 

differences between the beds lie in the sediment size, which ranged from D16A 5 mm to D90A 

25 mm, with a median grain size (D50A) of 16 mm, and D16A < 2 mm to D90A 41mm, with a 

median grain size (D50A) of 17 mm, for Lab 1 and Lab 2 respectively. The subscript ‘A’ indicates 

surface sediment from the armour layer, rather than the bulk sediment. Sediment size was 

determined from a single vertical photograph in the image analysis tool Basegrain®, which 

uses automatic grain separation and a line-sampling method to obtain the sediment distribution 

of over 400 detected grains (Detert and Weitbrecht 2012a, Stähly et al. 2017).   

Field surfaces, Field 1 and Field 2, were obtained from an exposed gravel bar in the Whakatiwai 

Stream, which is a small gravel-bed river in northeast North Island, New Zealand. Data have 

previously been collected with close-range photogrammetry at this site, where full details of 

the field site can be found (Bertin and Friedrich 2016, Groom et al. 2018). Throughout the 

channel, the sediment is predominantly gravel, with a range of sediment size (from ~ 10 mm 
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to ~ 200 mm), and includes patches of sand and large boulders. The analysed patches had 

surface sediment sizes ranging from D16A < 2 mm and D90A 58 mm (D50A = 18 mm) for Field 

1, and D16A < 2 mm to D90A 32 mm (D50A = 16 mm) for Field 2. To ensure the gravel bar of 

interest had been water-worked, data were collected after a significant rain event, with evidence 

of trash lines along the banks, suggesting the water levels had been significantly higher than 

the water levels on the day. Further, data collection was undertaken during the winter months 

to ensure minimal vegetation presence.  

5.2.2. TOPOGRAPHIC DATA COLLECTION 

The topography of the four natural surfaces (Lab 1 and Lab 2; Field 1 and Field 2) are obtained 

using the technique of close-range photogrammetry. Here, two consumer grade (i.e. 

inexpensive) Nikon D5100 cameras with 20 mm Nikkor lenses were installed in stereo above 

the gravel surface (Bertin 2016, Bertin and Friedrich 2014, Bertin et al. 2013, Bertin et al. 

2015), in order to capture an area of minimum 350 mm (transverse) by 500 mm (downstream). 

For the case of laboratory surfaces, this was on a frame attached to the flume that could move 

downstream in order to generate a Digital Elevation Model (DEM) covering a larger area. In 

the field, the cameras were installed on a metal frame that was attached to tripods over the 

surface (see Bertin & Friedrich, 2016 and Groom et al., 2018, for further details).  

Prior to data collection, the cameras were fully calibrated in the laboratory using the method 

of Zhang (2000), whereby 30 images of a chequerboard are captured and using a pre-existing 

toolbox (Bouguet, 2010) the intrinsic (i.e. camera) and extrinsic (i.e. setup) calibration 

parameters were obtained. For the field surfaces, calibration was also undertaken in the field 

for comparative purposes. It was found the field calibration had a lower rectification error 

(mean < 0.5 pixel), so this calibration was used for further analysis (Groom et al. 2018).   

Three sets of stereo images (70 % overlap between left and right images) for each surface were 

collected and merged together (with 30 % overlap between each set of stereo images) to make 

a larger DEM coverage (Bertin et al. 2016). Once the images were collected, they were rectified 

using the obtained calibration parameters, before stereo-matching using Gimel’farb’s (2002) 

SDPS algorithm produced 3D point clouds of elevation data. Point clouds are interpolated onto 

regular grids of 0.2 mm resolution, and subsequently a 1 mm resolution, to generate DEMs 

with minimal loss of topographic details. Each DEM underwent quality assurance testing to 

ensure a minimum effect due to DEM errors. This included the removal of outliers using a 

mean elevation difference parameter and replacing them using bi-cubic spline interpolation 
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(Hodge et al. 2009b). These processes, along with information for how the DEMs are 

statistically analysed for roughness properties, including the method of bi-linear detrending to 

remove planar trends larger than the grain-scale topography, such as experimental setup 

misalignment or bed slope, are outlined further in Bertin et al. (2015).  

5.2.3. REPLICA SURFACES  

To generate replica surfaces, a casting technique was employed in both environments. The 

materials used and process undertaken followed that outlined in previous work (Spiller et al. 

2012). A liquid two-component silicone rubber was used to create negative moulds of the 

surfaces (Figure 5.2). Silicone rubber was chosen over the previously used GelflexTM (Buffin-

Bélanger et al. 2003, Chandler et al. 2003) due to the increased practicality of the material, 

which did not require heating in the field and was safe for human use (Spiller et al. 2012). 

Mixing was completed for a total of eight minutes to increase the viscosity of the liquid before 

it is poured slowly onto the bed to avoid the generation of bubbles and any disturbance to the 

natural bed. The surface was outlined by an acrylic frame, with any gaps between the frame 

and the surface (resulting from the topographic irregularities) reduced by using plastic sheets 

taped to the side of the frame, weighed down by sand. This was to minimise the seepage of 

moulding material to the surrounding surface and keep the silicone confined to the study area 

within the frame. The same frame was used in both the lab and the field, ensuring the 

subsequent replica surfaces were the same dimensions (900 mm length and 350 mm width); in 

the flume this ensured the effect of flume walls was removed from the collected surface.  

 

Figure 5.2 Negative imprint from the moulding process of Lab 1 (left) and Field 1 (right), 

which demonstrates a difference in the grain sizes replicated. For reference the pen is 13.7 

cm in length. 
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Once the silicone covered the complete surface, it was left to set for one hour before being 

peeled off the surface, which destroys the structure of the natural bed underneath. The negative 

mould is cleaned of all stones, to ensure the imprint of the surface topography is reached, and 

placed into a frame with a base, before the casting material is poured into the mould. The 

casting material was polyurethane resin, with a fine powdered filler added, which has been 

suggested to avoid shrinkage. No dye was added to the resin to make the first, white, cast 

(Figure 5.3a). However, subsequently we experienced that when using close-range 

photogrammetry, the white uniform colouring of the surface, and smooth texture, required 

significant adjustments to the settings (e.g. aperture and exposure) to obtain a high quality 

DEM, due to a lack of contrast between pixels, limiting the success of SDPS matching (Bertin 

et al. 2015). Therefore, we varied the amount of black dye in the other casts, partly to see the 

effect on the resultant DEMs and, finally, to obtain a cast similar in colour to a natural river 

bed (Figure 5.3b - d). Close-range photogrammetry relies on texture differences for the best 

stereo-matching results, and we obtained the best cast DEMs with the dark grey (Field 1) and 

black (Lab 2) colours. Once the resin had set (> 12 hours), the mould can be peeled easily off 

the cast to leave the replica surface.  

 

Figure 5.3 Photographs of all four casts presented throughout the paper; (a) Lab 1, (b) Lab 

2, (c) Field 1 and (d) Field 2. The ruler is 30 cm long for reference. 

5.2.4. DEM COMPARISONS 

In order to quantitatively assess the quality of the casting technique to produce replica surfaces, 

DEMs were also obtained of each cast, by placing the cast into the laboratory flume. Obtaining 
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DEMs of both the natural surface and the replica surface for each studied topography, allows 

for a DEM of difference (DoD) to be calculated, by calculating the differences in elevations 

between each surface (e.g. the replica surface was subtracted from the natural surface). 

Surfaces were aligned during the calculations using corresponding particles in each DEM 

before the DoD was detrended linearly to remove any effect of experimental setup 

misalignment between DEM collections.  

5.2.5. ROUGHNESS STATISTICS  

Roughness statistics are frequently calculated to provide information regarding the surface 

aside from grain size, and can be used as input parameters for hydraulic and morphodynamic 

models, along with flow resistance models (Aberle and Smart 2003, Tuijnder and Ribberink 

2012). Here bed-elevation distribution moments contained in probability distribution functions 

are calculated for both the natural and replica surface. These include skewness (indication to 

the degree of water working), kurtosis (measure of the degree of regularity of the bed), standard 

deviation of elevations (vertical roughness length of the surface and indication of surface 

variability) and inclination index (I0). Inclination index is a characteristic of grain imbrication 

analysed from the signs of elevation changes between successive pairs of DEM points, where 

a positive value reflects particle imbrication (Millane et al. 2006, Smart et al. 2004). These 

surface metrics are outlined and have been used in several studies to characterise the bed 

(Aberle and Nikora 2006, Aberle and Smart 2003, Coleman et al. 2011, Noss and Lorke 2016). 

5.3. RESULTS 

5.3.1. ASSESSING THE QUALITY OF REPLICA SURFACES 

Figure 5.4 shows DoDs for each surface, allowing an assessment to the accuracy of the surface 

replication. In all casts there are strong similarities between the two surfaces. For all DoDs, the 

mean vertical absolute error lies approximately in the range of 3 – 4 mm, the maximum vertical 

error between 4 – 35 mm, and aggradation and erosion across the surface are between 37 % 

and 43 % (Table 5.1). Aggradation and erosion values demonstrate the percentage of the 

surface in which there were increased elevations on the cast (aggradation) or decrease in 

elevation on the cast (erosion). Due to the similarities in values, it demonstrates there is no 

overall aggradation or erosion across any cast, and these values are attributed to particle 

dislodgement. All casts, except Field 2 (which has 46 %), have > 50 % of values within a 3 

mm difference, which is larger than the 37 % found in previous studies (Buffin-Bélanger et al. 
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2003). Overall, the statistics are consistent across the casts, suggesting consistency within the 

casting procedure. The dislodgement of individual particles at 350 mm (Lab 1), 300 mm (Lab 

2) and 200 mm downstream (Field 2) is observed; likely from the moulding material knocking 

the particle during pouring, which we will explore in section 5.4.1 below.  

 

Figure 5.4 DEM of difference (DoD) for each cast; (a) Lab 1, (b) Lab 2, (c) Field 1 and (d) 

Field 2. Colourbar represents the bed elevation difference in millimetres, where positiv e 

values represent aggradation on the replica surface.  

 

Table 5.1 DEM of difference (DoD) data for each cast.  

 
Lab 1 Lab 2 Field 1 Field 2 

Mean vertical absolute error (mm) 3.05 2.93 3.15 4.09 

Maximum vertical absolute error (mm) 25.37 34.91 4.33 24.36 

Percentage of values within +/- 1mm (%) 24.5 25.5 19.8 16.3 

Percentage of values within +/- 3mm (%) 60.9 63.0 55.8 46.3 

Aggradation occurred across surface (%) 37 37 40 41 

Erosion occurred across surface (%) 38 38 40 43 

 

Roughness statistics for each surface (i.e. natural and replica) were compared to further assess 

the replicability of casting in the context of grain-roughness (Table 5.2). We observed changes 

in skewness across the replica surfaces, an increase in kurtosis (except Field 2), and a reduction 
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in both standard deviation of elevations and range in elevations (except Lab 1). Inclination 

index switched direction (i.e. from negative to positive inclination index) for both Field casts, 

whilst Lab 1 remained negative and Lab 2 remained positive between surfaces. Mann-Whitney 

statistical testing demonstrated that these differences between the natural and replica surface 

are not statistically different (P < 0.05 confidence level). Using the roughness statistics we 

therefore conclude that the casts are suitable replica of the roughness of the natural surfaces, 

both in the laboratory and the field. 

Table 5.2 Roughness statistics for all natural surfaces, both in the laboratory and field, 

compared with their replica cast.  

 Lab 1 Lab 2 Field 1 Field 2 

 Surface Cast Surface Cast Surface Cast Surface Cast 

Sk 0.34 0.29 0.47 0.58 0.34 0.75 0.95 0.90 

Ku 3.17 3.19 3.22 3.44 3.48 3.74 5.34 5.21 

σz (mm) 3.42 3.44 5.29 5.10 6.18 5.43 3.81 3.77 

Range 

(mm) 
36.96 33.34 45.25 45.99 61.29 61.73 43.76 51.09 

I0 -0.012 -0.002 0.015 0.005 -0.001 0.056 -0.015 0.016 

5.3.2. MORPHOLOGICAL CONSIDERATIONS FOR PATCH-SCALE STUDIES 

Figure 5.5 demonstrates how the construction of DEMs, obtained through close-range 

photogrammetry, is influenced by the presence of low-level scattered vegetation (Figure 5.5a). 

Figure 5.5b demonstrates with distortions in the DEM from 800 mm downstream, with higher 

elevations than the surrounding gravel followed by a region of high elevations resulting from 

noise in the DEM (~ 1000 mm downstream). Distortions in the DEM could only be ascertained 

through visual inspection, as there is no ground truth available of the surface, which can be 

used to assess DEM quality (Bertin et al. 2015). The DEM was cropped just prior to the 

vegetated area, making the DEM 750 mm in the downstream direction, instead of > 1000 mm. 
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Figure 5.5 Presence of vegetation in DEM for example field surface visually resulting in 

errors in the DEM (a), due to vegetation elevation height and noise (b). Histogram of bed 

elevations for the DEM containing vegetation and the cropped DEM for roughness analysis  

(c).  

Figure 5.5c demonstrates the differences in the distribution of bed elevations for the cropped 

DEM and the DEM containing the vegetation. The presence of vegetation results in a longer 

tail of the histogram (with bed elevations up to 60 mm) and an increased fraction of the surface 

containing negative bed elevations (Figure 5.5c). Subsequently, roughness statistics were 
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calculated for the raw DEM (with vegetation) and the cropped version. Higher skewness (1.0 

compared to 0.7 without vegetation), kurtosis (22.7 compared to 4.1 without vegetation), 

standard deviation of elevation (10.7 mm compared to 8.9 mm without vegetation), and range 

in elevations (100.4 mm compared to 59.9 mm without vegetation) were observed in the DEM 

with vegetation present. The effect of vegetation is not assessed on inclination index; however, 

is expected to have an effect. These roughness statistics were statistically similar (using Mann-

Whitney tests); meaning that the cropped patch still adequately measured the grain-roughness 

of the surface, yet without the areas of vegetation, there is a loss of detail in sediment patterns. 

However, as the focus of this study was on grain-scale roughness, the removal of vegetation 

was deemed appropriate. 

5.4. DISCUSSION  

5.4.1. EVALUATING THE REPLICATION OF GRAVEL-BED SURFACES  

We present the DEMs of difference (DoDs) between replica and natural surfaces, which 

previously have not been presented in those studies that have utilised the casting technique 

(Rice et al. 2014, Spiller et al. 2012), except in the initial outlines of the casting process (Buffin-

Bélanger et al. 2003, Chandler et al. 2003). No DoDs for casts made of silicone rubber have 

been presented previously.  

Subsequent use of the casting technique in experiments are summarised in Table 5.3, with 

advances to the technique enabling smaller grain sizes to be replicated. Work into evaluating 

the accuracy of the casting technique involved replicating golf balls and sandpaper, using laser 

scanning to obtain DEMs, and presenting the differences between the surfaces as histograms, 

before assessing hydraulic parameters between surfaces (Navaratnam et al. 2016). Recent 

developments found good agreement between a gravel bed and cast, with the majority of the 

surface distributed within a range of 10 mm of surface elevation differences, with a total range 

of 40 mm in the difference between the two surfaces (Navaratnam et al. 2018).  

We have only chosen to present the studies which have replicated natural gravel surfaces in 

Table 5.3, and it can be seen that over the past 15 years, this work is developing, and with 

improvements to the tool of capturing the topographic surface (e.g. close range-

photogrammetry) enabling representation of natural surfaces for use in the laboratory. 

Developments to the photogrammetric technique include an increased resolution, from 5 mm 

resolution in the initial quantification of DoDs (Buffin-Bélanger et al. 2003, Chandler et al. 
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2003) to a 1 mm resolution in this study, which facilitates accurate quantification of the surface 

topography obtained during casting.  

As demonstrated in our work, this casting technique can provide adequate replication of the 

surface topography (and ergo grain-scale roughness) of natural gravel-bed surfaces. DEM of 

differences (DoD) display strong similarities in the surface, aside from several dislodged 

particles (Figure 5.4a, b and d).  

We postulate the reasoning for the displacement of these particles is a result of the silicone 

moulding material being poured onto the surface, and the impact of the material causing 

dislodgement. This could especially be the case for the impact point of pouring (i.e. the location 

where the first of the liquid mould touched the surface). Attempts were made to pour the mould 

slowly and not focused on one location above the surface, however, due to the volume of the 

mould (> 10 kg), there was a need to pour a significant volume within a time of 6 – 8 minutes 

(Spiller et al. 2012). This is due to the viscosity of the material increasing rapidly (i.e. within 

minutes) and it is imperative that the mould is viscous enough to reduce the movement of 

material, but able to form the intricate details of the topography. Working on the same 

principles of sediment entrainment resulting from flow, the degree of packing across the 

surface will influence the mobility of stones, with surfaces that are tightly packed being more 

resistant to sediment entrainment (Ockelford and Haynes 2013). Therefore, the ease at which 

particles can be displaced is likely related to the structure of packing, so it could be inferred 

that Lab 2 and Field 1 (Figure 5.4b and c) were more compact surfaces (i.e. greater packing 

density), meaning that particles did not become easily dislodged during the pouring of the 

mould. The lack of particle dislodgement presented in previous DoD is likely due to the larger 

grain sizes (D50 50 – 65 mm compared to D50A 16 – 18 mm in this study) used (Buffin-Bélanger 

et al. 2003), indicating the larger grain sizes may not be as vulnerable to being dislodged from 

the moulding material.  

Due to the statistical similarity between the natural and replica surfaces (Table 5.2), we are 

confident in the casting technique for adequately replicating the surface topography and 

roughness of gravel-bed surfaces. This is an exciting prospect for future research to incorporate 

natural conditions into a laboratory setting, which can help to bridge the lab – field interface 

evident in fluvial morphology. However, it should be noted that this technique may not be 

applicable to sensitive areas where the destruction of the gravel-bed would be inappropriate.  
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Applications include multiple physical experiments undertaken to form a network of results 

(Table 5.3), and using fixed beds is advantageous for investigating flow structures and 

hydrodynamic forces (Cooper et al. 2017, Rice et al. 2014, Spiller et al. 2012). Whilst we 

currently recommend using the casting process for surface replication, there are opportunities 

in future research for the use of 3D printing (Viles 2016), which could avoid the 

aforementioned issues encountered with the casting process (e.g. particle dislodgement). 

Presently, low volume models are suitable for 3D printing, however larger volume (such as the 

scale obtained using casting) require expensive (> 100,000 USD) 3D printers (Ishutov et al. 

2018) and requires a certain level of expertise (Hasiuk et al. 2017). The feasibility of using 

laboratory experiments, field experiments and numerical modelling in conjunction can provide 

a deeper understanding of the processes occurring at different scales (Yager et al. 2015), in 

order to progress scientific understanding and for river management applications. 

Table 5.3 Summary of studies that have used the casting procedure for experimental purposes.  

Paper Year Origin  Grain 

size 

(D50) 

mm 

Casting 

materials 

used 

Size of 

cast 

(m) 

Technique  Accuracies 

Buffin-

Bélanger et al.  

2003 Field 50 - 65 

 

 

Polyvinyl 

chloride 

(GelflexTM) 

and 

Polyurethane 

resin 

1.0 ×  

2.0 

Digital imagery 45 mm 

( < 1 ×  D50) 

Chandler et al.  2003 Field 50 - 65 Polyvinyl 

chloride 

(GelflexTM) 

and 

Polyurethane 

resin 

1.0 ×  

2.0 

Digital imagery 3 – 5 mm 

across 

surface  

 

30 mm in 

places 

 

(< 1 ×  D50) 

Buffin-

Bélanger et al.  

2006 Field 17 Polyvinyl 

chloride 

(GelflexTM) 

and 

Polyurethane 

resin 

2.0 ×  

1.0  

Close-range 

photogrammetry 

n/a 

Spiller et al.  2012 Lab 3-5 Silicone 

rubber and 

two-

component 

polyurethane 

pouring resin 

1.6 ×  

2.0  

n/a n/a 
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Rice et al. 2014 Field 33 Polyvinyl 

chloride 

(GelflexTM) 

and 

Polyurethane 

resin 

2.0 ×  

1.0 

Close-range 

photogrammetry 

n/a 

Cooper et al. 2018 Lab 12.5 – 

16.1 

Polyvinyl 

chloride 

(GelflexTM) 

and 

polyurethane 

foam resin 

0.40 ×  

0.40  

Hand-held laser 

scanning 

n/a 

Navaratnam et 

al.  

2018 Lab 3.5 Silicone 

rubber and 

two-

component 

polyurethane 

pouring resin 

1 – 2.3 

×  1 

Laser 

displacement 

metre 

40 mm  

 

(~11 ×  D50) 

Groom & 

Friedrich (this 

study) 

2018 Lab & 

Field 

16 – 18 

 

 

Silicone 

rubber and 

two-

component 

polyurethane 

pouring resin 

0.90 ×  

0.35 

Close-range 

photogrammetry 

< 35 mm  

 

(~ 2 ×  D50A) 

 

5.4.2. MORPHOLOGICAL CONSIDERATIONS FOR PATCH-SCALE STUDIES 

Close-range photogrammetry can be applied readily in the field, to obtain patch-scale 

topographic data with sub-millimetre resolution, for surface roughness studies (Bertin and 

Friedrich 2016, Groom et al. 2018), amongst other applications. 

For morphological studies, it is vital to not only consider the patch of analysis, but also the 

surrounding morphology for contextualisation. Man-made morphological features are also 

important, including rock revetments, which are used to reduce bank erosion and flood risk 

(Angradi et al. 2004) or artificial riffles which are incorporated during rehabilitation work for 

ecological purposes (Sear and Newson 2004). An example of these features present in the 

Whakatiwai Stream, are demonstrated in Figure 5.6.  
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Figure 5.6 Annotated photograph of key morphological features from an example of the 

Whakatiwai Stream, New Zealand.  

Patch-scale research using close-range photogrammetry supplemented with larger-scale data 

obtained by novel Structure from Motion (SfM), which does not require calibration, could 

provide this contextualisation. This technique has been applied in the field covering the fluvial 

mesoscale (e.g. > 10 m to kms) (Javernick et al. 2014, Woodget and Austrums 2017, Woodget 

et al. 2015, Woodget et al. 2018), with DEM resolutions ranging from 10 mm – 50 mm (James 

et al. 2017, Javernick et al. 2014). However, a wide range in accuracies (from sub-decimetre 

to over 1 m) have been reported in geomorphic studies using SfM (Cook 2017). Whilst SfM 

has the capabilities to produce data quality comparable to that of Terrestrial Laser Scanning 

(TLS), as found in flume studies (Morgan et al. 2017), in order to achieve sub-centimetre 

precisions field surveys require decreased flying heights, which limits the spatial coverage 

(James et al. 2017). Previous SfM studies to quantify grain size over the reach-scale have 

collected data identifying geomorphic changes of 19 mm, which was less than the median grain 

size (D50 = 31 mm) at a DEM resolution of 0.25 m (Vázquez-Tarrío et al. 2017). More recently, 

precision lower than 1 mm has been obtained on grain sizes ranging from 10 – 180 mm 

(Woodget and Austrums 2017) providing evidence of the developments to the SfM technique. 

Based on these advances, using close-range photogrammetry to obtain detailed sub-millimetre 

grain-scale roughness information and SfM to quantify the larger scale is an exciting prospect 

for emerging research, with a focus of developing geomorphic insights and advancing 

geomorphic science (Entwistle et al. 2018). 

The effect of the aforementioned artificial features can be investigated using SfM. Coarser 

DEM resolutions (e.g. 50 mm) are suited for geomorphic change techniques to assess the effect 
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of river restoration practices (Marteau et al. 2017). However, there are issues with vegetation 

in geomorphic change studies, due to seasonal changes. The effect of vegetation in SfM data 

is dependent on the type and density of vegetation, as points are collected between the top and 

bottom of the vegetation, not just the height of the vegetation (Cook 2017). The inclusion of 

vegetation in TLS data can result in artefacts, which can be removed through visual inspection, 

however it was noted that there was considerable noise associated with backscatter from 

vegetation, which are likely to result in the overestimation of volume changes from DoDs over 

large scales (Brasington et al. 2012). 

In patch-scale gravel-bed research (e.g. using close-range photogrammetry), densely vegetated 

areas of the surface are avoided, however smaller scattered areas of low-level vegetation could 

be present in patches. This results in several difficulties during analysis, including influencing 

DEM quality due to the presence of noise (Figure 5.5a & b) which are not encountered in non-

vegetated laboratory experiments (Bertin and Friedrich 2014). The removal of vegetation from 

the DEM resulted in the removal of higher bed elevations (e.g. less extreme elevations in the 

surface distribution) and less of the surface containing negative bed elevations (Figure 5.5c). 

However, the cropped DEM provided statistically similar roughness statistics compared to the 

DEM with vegetation, suggesting that across this surface even though the patch size was 

smaller, it adequately captured the grain-roughness of the patch. The extent (and type) of 

vegetation across a patch will vary, and in some cases removal of vegetation in this manner 

may be inappropriate and provide differences in the roughness quantified across a patch.  

The consensus that vegetated areas of a surface are to be avoided in roughness investigations 

opens a debate in terms of surface roughness (note; not grain-scale roughness), as vegetation 

contributes to the surface roughness and influences sedimentation patterns. Vegetation is a key 

influence in sedimentation patterns, where fine sediment gathers around the vegetation 

(Blacknell 1982), and the vegetation significantly contributes to the surface roughness, along 

with an influence on flow properties (Hardy 2006, Smith 2014). Therefore the question of 

whether vegetation should be incorporated into fluvial roughness research needs addressing. 

The potential for whether the casting procedure can adequately replicate the vegetation 

occurring in natural gravel patches, or how vegetation influences the replica surface, is an 

interesting avenue for future exploration, as this could generate further natural conditions that 

can be incorporated into experimental research in a laboratory environment.  
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5.5. CONCLUSION 

DEMs of difference (DoDs), captured using high-resolution close-range photogrammetry, are 

presented to quantitatively assess the replicability of gravel-bed surfaces using the casting 

process (with mean vertical errors of 3 – 4 mm). We advocate the use of the casting technique 

to replicate the surface of both laboratory and field environments, despite the observation of 

particle dislodgment (due to pouring the mould). The casting process allows for natural 

surfaces to be analysed in a controlled laboratory environment, which provides a bridge 

between the existing lab-field interface in fluvial morphology. 

Tools to investigate patch-scale processes, such as close-range photogrammetry, need to be 

applied in both lab and field environments, providing an important tool to bridge the existing 

interface. When conducting patch-scale field research in river systems, there is a need to 

consider, and observe, wider-scale morphology (such as the presence of artificial structures, 

vegetation and natural river morphology including meander bends); as these influence both the 

interpretation of processes and data quality, as demonstrated by the effect of vegetation in 

DEMs. These wider-scale morphological features are often omitted from laboratory studies, or 

are difficult to replicate.  

The ability to replicate surfaces encompassing natural conditions and implementing the same 

technique for data analysis, such as with close-range photogrammetry, allows for greater 

feasibility of comparison studies between environments. Further research could include a focus 

on how laboratory findings can be up-scaled to field settings and improvements to existing 

scaling factors, which are deemed inadequate. Up-scaling laboratory findings to field 

environments is an ongoing subject in geomorphic research, and further research should 

mitigate the issue through the incorporation of laboratory, field experiments and numerical 

modelling. 



 

 

 

 



 

 

 

CHAPTER 6   

 

 

 

EFFECT OF SUBMERGENCE ON NEAR-BED FLOW 

PROPERTIES ACROSS A FIXED BED 

 

 

6.1. INTRODUCTION 

Within gravel-bed rivers, the flow properties are a fundamental aspect of the dynamic fluvial 

environment that influence sediment transport, subsequent channel morphology and local 

ecology (Aberle and Nikora 2006, Curran and Waters 2014, Hardy 2006, Keylock 2015, Rice 

et al. 2014, Robert 2011). Understanding these interactions is crucial for river management and 

environmental applications, for example; quantifying the distribution of shear stress provides 

estimations of water levels and the determination of sediment transport (Rowiński and 

Radecki-Pawlik 2015, Voermans et al. 2017).  

Turbulent flows are prevalent all over the physical realm, with investigations into the 

complexity conducted throughout a range of disciplines. Geomorphologists, hydraulic 

engineers and environmental scientists, aim to unravel the complexity of turbulence (Farano et 

al. 2017, Sukhodolov and Rhoads 2001). Turbulent flows in nature can be classified as quasi-

2D (Sukhodolov and Rhoads 2001), with characteristics such as irregularity, diffusivity, 

dissipation and continuum phenomenon. However, the flow is not random, but rather made up 

of consistent, organised structures (Buffin‐Bélanger et al. 2006, Hardy et al. 2016), which exist 

across multiple scales (Cooper et al. 2013, Nikora 2007). Flows are composed of eddies that 

differ in size; from large eddies that are unstable, breaking down and transferring energy (i.e. 

energy cascade), into smaller eddies (known as Kolmogorov scale), until they are destroyed by 

the viscosity of water (Rowiński and Radecki-Pawlik 2015). At the larger scale, 3D flows occur 
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due to secondary circulation currents (Rodríguez and García 2008), which affects the stability 

of river banks for example. 

The flow properties of the main body of flow have been extensively studied and modelled, 

however the knowledge of flow characteristics within the interfacial sublayer (the layer of flow 

around the rough boundary) is limited (Cecchetto et al. 2016, Rice et al. 2014, Voermans et al. 

2017). The near-bed flow is characterised as non-uniform, with strong spatial variability that 

increases below the roughness tops of particles (Aberle et al. 2008, Mignot et al. 2009a, Mignot 

et al. 2009b). Within the near-bed region, the complexity of turbulence has been highlighted, 

however in order to provide accurate flow prediction modelling, improvements to the 

knowledge of near-bed turbulence are required (Khiadani et al. 2012). Limitations in the 

knowledge within this region is partially due to experimental difficulties in measuring the flow 

within this region; such as Acoustic Doppler Velocimeter (ADV) probes not being able to 

measure close to the bed or Particle Image Velocimetry (PIV) and Laser Doppler Anemometry 

(LDA) measurements being obscured by particles (Cooper and Tait 2010, Rice et al. 2014). 

However, although ADV probes are intrusive devices, it has been found that their impact on 

data quality and the effect on local flow is minimal (Cea et al. 2007, Dey et al. 2011, Lu et al. 

2013). Ergo, there is plenty of scope for future research, with a current lack of data comprising 

of high quality topographic measurements and high spatial resolution velocity measurements 

(Cooper and Tait 2008).  

Previous research has found water depth (i.e. submergence) as a crucial control of flow 

structure across a bed (David et al. 2013, Legleiter et al. 2007), largely how particle protrusion 

into the flow is varying, with submergence having an important role in influencing local flow 

fields (Chirol et al. 2015). There have been findings of spatial variations of velocity to be 

dependent on the water depth (Legleiter et al. 2007, Rice et al. 2014) and evidence of changes 

in turbulence intensity, Reynolds stress and quadrant events with submergence (Khan and 

Sharma 2017, Mohajeri et al. 2015, Radice et al. 2013). However, there are contradictions in 

the results within the literature, as some studies identify flow properties independent of 

discharge and relative submergence (Aberle et al. 2008, Cooper et al. 2013). A lack of 

systematic information regarding flows at intermediate relative submergence (Mohajeri et al. 

2015), indicate that there is a further need for the effect of submergence on flow characteristics 

to be addressed in research (Friedrich et al. 2014). 
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In order to conduct detailed flow measurements and gain a more in-depth understanding of the 

interactions in the near-bed region, static surfaces are used. Using a mobile natural surface does 

not allow for the replication of surface layers for repeat measurements (e.g. of differing 

submergences), as particles move under continuous flow above motion threshold (Spiller et al. 

2012), and inhibit the investigation of small-scale processes surrounding particles. Developing 

from initial studies that used artificial bed elements including semi-hemispheres across a 

surface, the casting process can reproduce the exact topography of a natural surface, ensuring 

the bed topography and surface roughness remain consistent throughout a single experiment, 

and subsequent experiments (Spiller et al. 2012). These developments enable a progression of 

the research into the interactions between sediment and flow properties at the near-bed (Buffin‐

Bélanger et al. 2006, Friedrich et al. 2014, Rice et al. 2014, Spiller et al. 2015), which otherwise 

would not be possible.  

The aim of this paper is to characterise the spatial grain-scale interactions (i.e. micro-

hydraulics) in the near-bed region of a fixed gravel-bed river in order to enhance the 

understanding of the hydrodynamics in the near-bed region. The following objectives will be 

addressed: 

1. Apply a novel measurement methodology to measure as close to the bed topography as 

possible, with minimal interference on data quality.  

2. Assess the influence of water depth (i.e. submergence) on the spatial patterns of flow 

properties. 

3. Quantify the spatial structure of flow properties under two submergences.  

6.2. METHODOLOGY 

6.2.1. GENERATING THE FIXED BEDS 

A fixed bed cast was generated by armouring a bed in a 19 m long, 0.45 m wide and 0.5 m 

deep flume in the Water Engineering Laboratory at the University of Auckland. The flume was 

set at a constant slope of 0.005 m. The test section of the flume, which is located 10.4 m 

downstream of the inlet, was filled with sediment ranging from D16A 5mm to D90A 25mm 

(where the subscript “A” indicates the surface sediment size). The sediment was levelled and 

flattened to form a screeded bed of approximately 100 mm thick. The bed was water worked 
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and naturally armoured for 67.5 hours at a constant flow rate (Q = 95 L/s), and water depth of 

0.245 m. 

To make the negative mould of the surface, a liquid two-component silicone rubber was mixed 

for a total of 8 minutes to increase the viscosity of the liquid, before pouring over the armoured 

bed. A total of 10 kg was used for this mould, with the mould being 900 mm long and 350 mm 

wide. After leaving the form to set for 1 hour, the frame can be removed and the silicone mould 

can be peeled off the surface of the bed. This process destroys the bed, as some stones are 

embedded in the silicone and require being removed manually. 

The mould is cleaned and all sediment removed from it, however it is important to not damage 

the mould itself. A blunt tool was used to help this process, along with massaging the mould, 

as suggested in recent work (Spiller et al. 2012). Following this, the mould is placed upwards, 

to be filled. Here, 10 kg of a two-component polyurethane pouring resin was used, with the 

addition 5 kg of filler, which has been suggested to reduce the shrinkage of the cast (Spiller et 

al. 2012). The resin was mixed for a total of 2 minutes before pouring over the silicone form. 

This was left for over 12 hours (due to the filler, the curing time increases) to harden, whilst 

remaining steady and undisturbed. Finally, the silicone mould was peeled off the cast, starting 

in one corner. In some places, there are intricate structures that require attention to not rip the 

mould during removal. Note that the final beds were impermeable, meaning natural porosity is 

not replicated.  

6.2.2. OBTAINING TOPOGRAPHIC DATA  

A pair of consumable Nikon D5100 cameras (16.4 Mpixel, 23.6 × 15.6 mm2 sensor size) with 

Nikkor 20 mm lenses were vertically installed in stereo above the gravel surface to produce 

overlapping images (stereo photographs), which are thus used to obtain Digital Elevation 

Models (DEMs). This procedure was undertaken on both the natural surface (i.e. armoured or 

field) and the subsequent cast once positioned in the flume (Figure 6.1). Calibration was 

completed using the method of Zhang (2000), whereby > 30 stereo photographs of a 

chequerboard are taken, and using Bouguet (2010)’s calibration toolbox in Matlab®, intrinsic 

(i.e. camera) and extrinsic (i.e. setup) calibration parameters are obtained. Images are 

subsequently accurately rectified (with a maximum error < 1 pixel) using the calibration data, 

whereby corresponding pixels between the two overlapping images are on the same scanline 

(i.e. same vertical coordinate). Stereo-matching is completed using Gimel’farb’s (2002) 

symmetric dynamic programming stereo (SDPS) algorithm, which produces point clouds of 
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elevation data and ortho-images. Point clouds were interpolated onto regular grids firstly with 

a spacing of 0.2 mm, before being interpolated onto a 1 mm spacing grid, which reduces bias 

from non-uniform data when calculating surface metrics such as the standard deviation of 

elevations (Hodge et al. 2009a). Outliers were identified using the mean elevation difference 

parameter and replaced using bi-cubic spline interpolation (Hodge et al. 2009a), before DEMs 

were normalised to have a mean bed level of zero and rotated to align in the flow direction. 

Finally, DEMs were firstly detrended bi-linearly, to remove the influence of experimental setup 

misalignments (Bertin and Friedrich 2016), followed by the application of a moving-window 

detrending strategy (Hodge et al. 2009a, Smart et al. 2002). This removed large-scale 

distortions in the surface, which included those larger than the cluster size such as hollows and 

bumps. Following the method of Smart et al. (2002), the trend surface was estimated over a 

grid with point spacing 1.25 × D90A (where D90A is the D90 of the surface material), with the 

elevation of grid points measured by averaging DEM data points within a circle of diameter 

2.5 × D90A centred on the grid point, and removed from the measured DEMs before analysis. 

This way, data analysis could focus on the grain-scale topography; for example the second-

order structure functions of bed elevations, which is used to indicate the flow direction, and 

demonstrate that at small spatial lags the particles are homogenous from circular contours, 

which become elliptical at larger lags due to the presence of larger particles from the armouring 

process (Aberle and Nikora 2006). 

 

Figure 6.1 DEM of surface cast with flow going from bottom left to top right (region of 

interest outlined by the black box, from 520 – 720 mm downstream).  
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6.2.3. FLOW MEASUREMENTS 

The cast was placed into the test section of the flume, with a rough bed both upstream and 

downstream in the flume. Flow in the near-bed region of the fixed bed was measured using an 

Acoustic Doppler Velocimeter (ADV). Although ADV probes are an intrusive measurement 

technique, the effect of the probe has been found to have limited effect on the local flows (Cea 

et al. 2007, Lu et al. 2013). The ADV uses the Doppler frequency shift effect between the 

signals emitted from the probe and reflected signals from fluid particles, and the time between 

the reflections is converted into a velocity (Lu et al. 2013, MacVicar et al. 2007). These have 

3 or 4 beams, which are equally angled and symmetrical, which measure the mean velocity in 

three directions (Khorsandi et al. 2012, Lu et al. 2013). Further, due to measuring 3D velocity, 

ADV measurements can enable the calculation of turbulent kinetic energy and allow for 

quadrant analysis, in order to identify flow events (Rice et al. 2014).  

This study used a Nortek 4 beam Vectrino + down-looking probe (Figure 6.2a & b), which was 

attached to a moving frame over the flume, which allowed for changes in the downstream (x), 

transverse (y) and vertical elevation (z) locations. Millimetre scale rulers were fixed to the 

frame in each direction to enable accurate repositioning of the ADV probe.  

All flow measurements were undertaken under two water depths and flow rates; high flow (Q 

= 95 L/s, H = 0.245 m) and low flow (Q = 45 L/s, H = 0.160 m). Both of these flow depths are 

flows with intermediate relative submergence, similar to those used in the study by Mohajeri 

et al. (2015), albeit are higher in submergence than the values in their work. Measurements 

were conducted over a 200 mm × 70 mm area of the cast (Figure 6.1 and Figure 6.2c), at a 

sampling spacing of 6 mm. This provided a dense grid of measurements, with a total of 408 

measurement locations. The measurement region was selected to be as close to the centreline 

of the cast as possible to reduce potential influence of the flume walls, whilst the size of the 

measurement area was determined by practical limitations due to time constraints of these 

dense measurements. With the goal of measuring the micro-hydraulics it was crucial to cover 

an area incorporating multiple particles, whilst juxtaposing measurements ensured there were 

no gaps of flow measurement within the region.  
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Figure 6.2 Schematic demonstrating the methodology; a) ADV set up over the bed 

topography; b) Photos of the ADV positioned above the cast in the flume; c) 200 mm × 70 

mm measurement area of the cast, with a red line depicting a transect of the topography (each 

circular marker represents a location with 6 mm diameter). An example of this transect is 

shown schematically with the 4 mm sample volume (red box) positioned 2 mm away (green 

arrow) from the maximum bed elevation for a 6 mm × 6 mm block in the DEM, shown by the 

black dashed lines (d).  

Attributed to be a novel methodology for measuring the spatial variations in the near-bed, the 

height of the measurements above the bed was determined by calculating the maximum bed 

elevation (from the DEM) within a 6 × 6 mm block (Figure 6.2d). This is indicative of the 

maximum bed elevation that would be in the sample volume (which has a 6 mm diameter) of 

the ADV probe. A 2 mm buffer is added (to avoid interference from the bed, thus maximising 

the useable data), forming the required elevation location of the sample volume (Figure 6.2d). 

Further, this ensures the measurements are at a constant distance from the bed topography, 

rather than at a predetermined plane that varies in distance from each location (due to the 

presence of depressions or elevated particles). Once the probe was in the desired location, the 

flow was measured at 200 Hz for a total of 120 seconds (i.e. 24,000 samples gathered), with a 

4 mm sample volume height. Thus, unique flow data for a pseudo plane parallel to the bed is 

obtained and presented herewith.  
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Data obtained from an ADV can be subject to a variety of noise that distorts true data, such as 

sampling errors, Doppler noise, effects of side walls, air bubbles or sampling volume errors 

(Khorsandi et al., 2012; MacVicar et al., 2007; Lu et al., 2013). Therefore all data underwent 

rigorous validation and quality assurance, including undergoing pre-processing using the 

Matlab toolbox MITT (Multi-Instrument Turbulence Toolbox), which is an open-sourced 

algorithm (Macvicar et al. 2014). Here the raw data is organised, cleaned and classified. 

Further, to remove the effect of noise, data is despiked using the phase-space threshold 

despiking method (Goring and Nikora 2002, Jesson et al. 2012). Further cleaning is applied 

using a frequency filter, which removes white noise at high frequencies using a third order 

Butterworth filter. Finally, all time series were visually scrutinised and judgement was made 

on the quality.  

As shown in Figure 6.3, for the high flow, all data displayed correlation > 60 %, with only 4 

% of the dataset < 70 %, which is the recommended threshold. The same amount of data was 

below 70 % for low flow, plus an additional single data point displaying 40 % correlation. 

According to the Nortek technical information, lower correlation values (e.g. below 60 %) in 

this region are likely to be acceptable data due to the difficulty of measuring in this region. All 

SNR values were above 20 dB in low flow, and 23 dB in high flow conditions. Measurement 

locations that displayed questionable data, in relation to both correlation and SNR, but also 

power spectra and output roughness statistics, were omitted for further analysis (highlighted in 

red in Figure 6.3); in line with the validation procedure adopted in previous research (Buffin‐

Bélanger et al. 2006). Further, research has found correlation values of 40 % can yield 

consistent average velocities, however Reynolds stress values are more sensitive to correlation 

values (Martin et al. 2002); justifying our decision to scrutinise all flow data and resultant flow 

statistics. For high flow, all data points were deemed adequate for analysis and were used for 

generating the spatial distributions. For low flow conditions, a total of 37 sample locations 

(which equates to 9 % of the total dataset) were omitted (Figure 6.3), and flow properties for 

those locations are linearly interpolated in the representation of the spatial flow properties.  
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Figure 6.3 Correlation and SNR values for both datasets, with red circles highlighting the 

data removed from the low flow dataset for analysis.  

6.2.4. FLOW PROPERTIES ANALYSIS 

One of the most common uses of data is the time-averaged (or mean) streamwise velocity (Rice 

et al. 2014). A suite of flow statistics are calculated from the temporally averaged flow data. 

The dimensionless turbulence intensity is calculated as the root mean square of the fluctuation 

in velocity components, shown in Eqn. 6.1 (Hardy et al. 2010, Khiadani et al. 2012). 

𝑇𝐼𝑢 =

√(𝑢′)2̅̅ ̅̅ ̅̅ ̅

�̅�
 

𝑇𝐼𝑣 =

√(𝑣′)2̅̅ ̅̅ ̅̅

�̅�
 

𝑇𝐼𝑤 =

√(𝑤′)2̅̅ ̅̅ ̅̅ ̅

�̅�
 

[6.1] 

 

where TIu is streamwise turbulence intensity, TIv is transverse turbulence intensity and TIw is 

vertical turbulence intensity. With u´, v´, w´ the fluctuating streamwise, transverse and vertical 

velocity components respectively and �̅�, �̅�, �̅� the mean streamwise, transverse and vertical 

velocity components respectively.  
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Another turbulence characteristic calculated is turbulent kinetic energy (TKE), displayed in 

Eqn. 6.2, which is a measure of the turbulence intensity, using the mean of the three 

components of velocity (Buffin‐Bélanger et al. 2006, Lacey and Roy 2008, Rice et al. 2014). 

Specifically, TKE is the energy from the flow that is transferred to turbulent energy, and the 

value of TKE may be negative when the Reynolds shear stress and mean shear rate have 

opposite signs (Khiadani et al. 2012). 

                            𝑇𝐾𝐸 =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅)                            [6.2] 

with u´, v´, w´ the fluctuating streamwise, transverse and vertical velocity components 

respectively. 

Further, the calculation of Reynolds stress can be completed using either a single velocity 

component or two different velocity components. These statistics describe the intensity of 

exchanges of turbulence, and are calculated in Eqn. 6.3.  

𝜏𝑖𝑗
′ = −𝜌 

𝑢′𝑢′̅̅ ̅̅ ̅ 𝑢′𝑣′̅̅ ̅̅ ̅ 𝑢′𝑤′̅̅ ̅̅ ̅̅  
𝑢′𝑣′̅̅ ̅̅ ̅ 𝑣′𝑣′̅̅ ̅̅ ̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅  

𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅ 𝑤′𝑤′̅̅ ̅̅ ̅̅  

                          [6.3] 

with, 𝜌 = 1000 𝑘𝑔/𝑚3 and with u´, v´, w´ the fluctuating streamwise, transverse and vertical 

velocity components respectively. 

Quadrant analysis was undertaken in order to identify bursting events within the near-bed 

region, which assist in the understanding of the physics of Reynolds shear stress and TKE 

production (Wallace 2016). The contribution of Reynolds stress (u´w´) is calculated and split 

into four quadrants (i.e. bursting events). Quadrant 1 (Q1) indicates outward interactions, 

Quadrant 2 (Q2) indicate ejections, Quadrant 3 (Q3) indicates inward interactions and 

Quadrant 4 (Q4) indicates sweep events (Nelson et al. 1995, Wallace 2016) Analysis was 

completed using a threshold hole size of 2, in order to identify higher magnitude burst events 

(Cecchetto et al. 2016, Hopkinson and Walburn 2016).  

6.2.5. DATA ANALYSIS 

6.2.5.1. SPATIAL PATTERNS OF FLOW PROPERTIES  

Contour plots of flow properties are presented over the underlying DEM of the bed topography 

in order to attribute bed topography to flow characteristics. The spatial figures are presented in 

a non-dimensional manner to ensure that direct comparisons between the two water depths can 
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be completed adequately, as presented in Legleiter et al. (2007). Here, the flow statistics were 

scaled by the average shear velocity (
*U ghS ) for each depth (where g  is gravitational 

acceleration, h  is the reach-averaged depth and S  is the slope of the channel bed).  

6.2.5.2. STRUCTURE FUNCTION ANALYSIS  

We use geostatistical analysis to enrich observations of spatial patterns of flow properties and 

empirically visualise the spatial structure of the flow field (David et al. 2013). Structure 

functions (DG2), which are calculated using Eqn. 6.5, are used in this study to measure the 

changes in flow properties at differing spatial lags in both the streamwise and transverse 

directions.  
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where, z represents the flow property at location (x,y), Δx = nδx and Δy = mδy; δx and δy are 

the sampling intervals in the streamwise and transverse directions respectively; n=1,2,3,…N 

and m=1,2,3,…M. N and M are the number of measurement points in the same two directions.  

To quantify these spatial patterns, we present the 1D structure functions, in order to assess the 

semivariance of the flow properties, as per previous research (David et al. 2013, Legleiter et 

al. 2007). In gravel-bed research the structure functions of bed elevations display three regions; 

with a uniform slope at small lags (scaling region), decrease in slope in the transition region 

and a saturation region where the slope is zero (Nikora et al. 1998). The presentation of 

semivariance is used to evaluate the spatial dependence of flow properties as a function of the 

distance between observations (David et al. 2013). As the lag increases, the flow properties 

become less strongly correlated, resulting in an increase in the semivariance values, until at a 

certain lag the statistics are no longer correlated (saturation in semivariance). The range (e.g. 

lag distance to saturation) can provide information regarding the spatial scale over which the 

variation in flow properties occurs (David et al. 2013). We also present the structure functions 

of the bed elevations for comparative purposes.  

Further, we present the 2D structure functions of flow properties as contour (or isopleth) maps, 

which are commonly used in roughness analysis for gravel-bed rivers to identify isotropy or 

anisotropy of the random field (Aberle and Nikora 2006, Curran and Waters 2014, Hodge et 

al. 2009a, Mao et al. 2011). Small values of the structure function represent regions of similar 

flow statistics (e.g. correlated values), whilst larger values are indicative of regions of the area 
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that are not correlated. In gravel-bed research of bed elevations, small values and circular 

contours (i.e. isotropy) at small spatial lags is due to being on the same grain; whilst at larger 

spatial lags, the elliptical nature of contours is indicative of the particle geometry and flow  

orientation (Aberle and Nikora 2006, Hodge et al. 2009a). 

6.3. RESULTS 

Table 6.1 summarises the full suite of flow statistics for the two water depths, both for absolute 

values and non-dimensional values scaled by the shear velocity. In line with existing research 

(Rice et al. 2014), we present the median values of the double-averaged velocities obtained 

across the measurement area.  

Under low flow conditions, the streamwise and transverse velocities are lower than under the 

high flow. However, although the absolute vertical velocity appears the same across the two 

different water depths, non-dimensionally the low flow conditions has higher vertical velocity. 

Differences in turbulence and stresses are observed for varying submergence, with higher TKE 

and Reynolds stresses in the high flow, albeit higher turbulence intensities in the low flow. The 

percentage of time spent in each quadrant indicates that under the high flow condition, there 

were more Q1 and Q3 events (inwards and outwards interactions) than under low flow 

conditions. However, in both water depths there was a dominance of sweeps and ejections (Q4 

and Q2), with the highest amount of sweeps in the low flow condition. The spatial patterns of 

all flow properties will provide greater indications to the differences between water depths; 

however for subsequent presentation of results, we focus on presenting only one streamwise 

turbulence intensity (TIu) and one Reynolds stress (Ru´w´), rather than all that are presented in 

Table 6.1. 

Statistical testing using Mann-Whitney tests found that all statistics were significantly different 

(P < 0.05), except transverse turbulence intensity (TIv) and one Reynolds stress (Ru´v´). 

Further, the dominance of all events in quadrant analysis were found to be significantly 

different, apart from Q2 events (ejections) which were found to be not statistically different 

between the water depths.  
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Table 6.1 Summary flow statistics.  

 High Low 

D16A (mm) 5 

 

 

D50A (mm) 16 

D90A (mm) 25 

 

Slope (m) 0.005 

 

Roughness height 

(m) 

0.023 

0.023 

Water depth (m) 0.245 0.160 

Depth/roughness 

height (relative 

submergence) 

10.6 6.9 

Discharge (L/s) 95 45 

Depth averaged 

velocity (m/s) 

0.862 0.625 

Reynolds number 101,101 73,304 

Shear velocity (U*) 0.109 0.089 

Froude number 0.56 0.50 

 

 Absolute 

values 

Non-

dimensional 

Absolute 

values 

Non-

dimensional 

u50 (m/s) 0.58 5.32 0.40 4.49 

v50 (m/s) 0.06 0.55 0.01 0.11 

w50 (m/s) -0.02 -0.18 -0.02 -0.22 

TKE50 (Jm-3) 0.03 0.28 0.02 0.22 

TIu50 0.31 2.84 0.34 3.82 

TIv50 2.77 25.41 6.24 70.11 

TIw50 -1.99 -18.26 -2.18 -24.49 

     

Ru´u´50 -31.03 -286.68 -18.14 -203.82 

Ru´v´50 1.44 13.21 0.98 11.01 

Ru´w´50 4.35 39.91 2.28 25.62 

Rv´v´50 -25.73 -236.06 -14.23 -159.89 

Rv´w´50 -0.51 -4.68 -0.39 -4.38 

Rw´w´50 -4.30 -39.45 -1.97 -22.13 

 

Q150 (%) 18.2 17.8 

Q250 (%) 32.1 32.2 

Q350 (%) 17.7 17.3 

Q450 (%) 31.8 32.7 
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6.3.1. VELOCITY DISTRIBUTIONS 

There is a distinct pattern of higher streamwise velocity across the tops of roughness elements, 

under high flow conditions (Figure 6.4a) and lower velocity is in the depression region between 

particles. Although the spatial pattern of the streamwise velocity follows the bed topography 

under high conditions, this is not the case for low flow conditions, where the depression region 

between particles (580 – 640 mm downstream) is not filled with lower velocity, but indeed 

higher velocity than the surrounding area (Figure 6.4b).  

These spatial patterns are also reflected in the transverse velocity under high flow (Figure 6.4c), 

with negative velocity in the depressions. Again, for low flow conditions there is less of a 

spatial pattern with the bed topography, with negative velocity dominating from 600 mm 

downstream (Figure 6.4d). 

For the two water depths, the spatial pattern of vertical velocity is different (Figure 6.4e & f), 

however the magnitude of velocity is consistent. Particularly during high flow, the areas of 

depressions after elevated particles show negative vertical velocity (Figure 6.4e), indicative of 

flow recirculation, compared to a predominantly negative velocity stretching across the 

measurement area in low flow conditions (Figure 6.4f). 

 

Figure 6.4 Streamwise (top), transverse (middle) and vertical (bottom) velocity distributions 

for high flow (left column) and low flow (right column). To enable comparisons between 

submergences, all flow properties are non-dimensional, after scaling by the average shear 

velocity for each water depth. Flow is from left to right.  
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6.3.2. TURBULENCE AND REYNOLDS STRESS DISTRIBUTIONS 

Areas of low or negative velocity under high flow conditions (Figure 6.4a, c & e), correspond 

to areas of increased streamwise turbulence intensity (Figure 6.5a) and TKE (Figure 6.5c). 

Under low flow conditions there is a degree of relation between the turbulence intensity being 

highest in the depressions of particles, but there are also higher turbulence intensity zones 

above some particles (Figure 6.5b).  

 

Figure 6.5 Streamwise turbulence intensity (top), TKE (middle) and Reynolds stress ( u´w´) 

(bottom) distributions for high flow (left column) and low flow (right column). To enable 

comparisons between submergences, all flow properties are non-dimensional, after scaling 

by the shear velocity for each water depth. Flow is from left to right.  

Under high flow conditions, TKE is highest near the bed and downstream of roughness 

structures, which in Figure 6.5c is in the depression following the elevated area of particles 

upstream and localised areas of high TKE downstream of the protruding particle at 680 mm 

downstream. There is less of a spatial pattern under low flow conditions (Figure 6.5d), aside 

from a region of high TKE behind a roughness element, which is a zone of higher TKE under 

high flow (Figure 6.5c).  

For both high and low flow, the pattern of TKE and Reynolds stress are similar (Figure 6.5c – 

f), with the highest values being in the depression zone between the elevated particles upstream 

and the protruding particle downstream (Figure 6.5e & f) and a more patchy spatial pattern in 
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low flow conditions (Figure 6.5f). However, an increase in water depth (and therefore 

discharge) did demonstrate an increase in the Reynolds stress, as shown in Table 6.1. 

6.3.3. QUADRANT ANALYSIS 

Under high flow conditions, there is a dominance of Q2 (ejection) events (Figure 6.6). However 

there is no clear spatial pattern of ejections occurring downstream of roughness elements, 

rather, they are occurring over the tops of roughness elements, as well as in the depressions 

between particles. Under low flow conditions, there is a dominance of Q4 (sweep) events with 

the presence of dominating Q1 and Q3 events at the top of the measurement section 

downstream (Figure 6.6).  

 

Figure 6.6 Quadrant maps under high flow (top) and low flow (bottom).  

6.3.4. SPATIAL STRUCTURE OF FLOW PROPERTIES 

Figure 6.7 presents novel contour maps of the key flow properties as presented throughout, for 

both the high flow and low flow; along with the contour map of the bed elevations in the 

measurement area. For bed elevations within the measurement area (Figure 6.7), we 

demonstrate elliptical contours to spatial lags of 36 mm (which is equivalent to 2.25 × D50A), 
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before contours become irregular. The elliptical contours are skewed in a diagonal manner, 

suggesting the particles are not aligned in the streamwise direction but are orientated between 

the streamwise and transverse direction.  

Similarities of this skewness are demonstrated in a number of flow properties (Figure 6.7) at 

both high and low flow (e.g. TKE and Reynolds stress for high flow, streamwise velocity for 

low flow; transverse velocity and turbulence intensity for both flows; and). Under high flow, 

properties including streamwise velocity, turbulence intensity and TKE (which demonstrates 

homogeneity at small lags), all have elliptical contours to 36 mm (the same as the bed 

elevations), whilst vertical velocity and Reynolds stress have longer elliptical contours to 56 

mm (3.5 × D50A) (Figure 6.7).  

The same patterns are not observed under low flow properties, aside from streamwise velocity 

and turbulence intensity, which demonstrate correlations through elliptical contours to 36 mm. 

However, several flow properties under low flow (vertical velocity, TKE and Reynolds stress) 

demonstrate homogeneity at smaller lags, which is similar to under high flow, then becomes 

elliptical in the transverse direction, with irregularities in the contours forming at 16 mm, which 

is a unique pattern (Figure 6.7).  
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Figure 6.7 Second-order structure function contour maps of bed elevations and flow 

properties, for each water depth.  
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The streamwise 1D structure functions demonstrate greater coherent spatial structure under 

high flow conditions, with streamwise velocity and turbulence intensity saturating at 70 mm, 

which is where the bed elevations saturate, albeit at a lower variance (Figure 6.8). For low flow 

conditions, the variance is higher (and fluctuating) until 50 mm (~ 3 × D50A), where it becomes 

lower in variance than the high flow conditions, except in streamwise velocity and turbulence 

intensity (Figure 6.8).  

Finally, the transverse structure functions demonstrate evidence of little (or no) spatial 

coherence in high flow streamwise velocity, vertical velocity and Reynolds stress; and low 

flow streamwise velocity and turbulence intensity. For other flow properties, at low flow there 

is a break in slope at 6 mm (Figure 6.8).  

 

Figure 6.8 Streamwise and transverse directional semivariograms for each flow property for 

each flow depth. The black dashed line is the semivariogram for the bed elevations for 

reference. 
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6.4. DISCUSSION 

6.4.1. VELOCITY DISTRIBUTIONS 

The distinct pattern of higher streamwise velocity across the tops of roughness elements, under 

high flow conditions (Figure 6.4a), reflects similar findings in previous research. Flow is 

observed to accelerate over the top and around a particle leading to clustering of high velocity 

at large particles (Buffin‐Bélanger et al. 2006, Hardy et al. 2010, Maddahi et al. 2016, Rice et 

al. 2014). Due to expansion of the flow, flow decelerates and begins to separate in the wake of 

clasts (Buffin‐Bélanger et al. 2006, Hardy et al. 2010, Maddahi et al. 2016, Rice et al. 2014), 

which is reflected in Figure 6.4, particularly under high flow conditions where the lower 

velocity is in the depression region between particles. 

Research has found the spatial distribution of streamwise velocity to be largely dependent on 

the bed microtopography (Mohajeri et al. 2015, Rice et al. 2014), which is the case for patterns 

in this study under high flow conditions (Figure 6.4a), however as the water depth is reduced 

there is less of a pattern associated with the bed topography (Figure 6.4b). Our results for low 

flow conditions support previous research of little coherence of the streamwise velocity and 

bed topography (Cooper and Tait 2008), and instead spatial variations in velocity are dependent 

on the water depth (Legleiter et al. 2007). This was confirmed statistically, as the two water 

depths have statistically different flow properties despite having the identical bed topography 

(Table 6.1).  

Flow separation and recirculation are identifiable in the negative vertical velocity, behind 

individual clasts (Hardy et al. 2010) however the magnitude of velocity is consistent, 

suggesting vertical velocity is not independent of submergence as previous suggested 

(Mohajeri et al. 2015). 

6.4.2. TURBULENCE AND REYNOLDS STRESS DISTRIBUTIONS  

High turbulence intensity downstream of particles (Figure 6.5a), is due to a shear layer forming 

over the particle before the flow separates (Hardy et al. 2010, Reidenbach et al. 2010). The 

turbulence intensity has been found to be the greatest at the lowest depths from the free surface 

(Azevedo et al. 2017), which would be in the depressions, as observed in Figure 5. Our findings 

(Figure 6.5a, b and Table 6.1) support previous research finding an increase in turbulence 

intensity with a decrease in submergence (Mohajeri et al. 2015), particularly observed in 

transverse turbulence intensity (Table 6.1). 



 

117 

 

High TKE behind particles results from the convergence and upwelling of flow in zones of 

flow recirculation (McLelland 2013) and can provide the energy to enable sediment 

entrainment in these areas (Hardy et al. 2016). The results from this study show for both high 

and low flow, the pattern of TKE and Reynolds stress are similar (Figure 6.5c – f). This 

supports previous observations of Reynolds stress (u´w´) being responsible for sediment-water 

interactions and contributing towards the production of TKE, with high shear stress resulting 

in higher TKE (Frias and Abad 2013, Grass 1971, Sarkar and Dey 2015).  

Further, the Reynolds stress patterns under high flow conditions are similar to those of low 

streamwise velocity (Figure 6.4a). Broadly for the two flow conditions Reynolds stress had 

associations with the bed topography, which support the finding of the spatial distribution of 

stress being resultant from the bed topography (Spiller et al. 2015). However, an increase in 

water depth did demonstrate an increase in the Reynolds stress, as shown in Table 6.1 and 

supportive of previous findings (Radice et al. 2013). 

6.4.3. QUADRANT ANALYSIS  

Quadrant analysis calculates the percentage of time spent in each quadrant in order to identify 

the events that contribute to Reynolds stress (Wallace 2016). The Q1 events are rare, but these 

contribute towards negative Reynolds stress, in comparison to Q4 events, which are frequent 

and contribute towards positive Reynolds stress (Nelson et al. 1995). Overall, it is the 

contribution of Q2 (ejections) and Q4 (sweeps) events that dominate the production of 

Reynolds stress across a measurement area (Dey and Das 2012, Rice et al. 2014, Sarkar and 

Dey 2010), which is conducive with the results shown in Figure 6.6 for both high flow and low 

flow.  

Under high flows, a dominance of Q2 (ejection) events occur (Figure 6.6), which have 

previously been observed to occur downstream of roughness elements due to interactions with 

vortices that are lifted from the bed during ejections (Cicca and Onorato 2016). Under low 

flow, a dominance of Q4 (sweep) events, contribute to an increase in the bed shear stress and 

are important in the dislodgement of particles for bedload transport (Blanckaert et al. 2013, 

Nelson et al. 1995, Shih et al. 2017). These two quadrant events are responsible for erosion, 

whilst dominating Q1 and Q3 events are responsible for sediment deposition (Khan and 

Sharma 2017).  
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Understanding the spatial distribution of quadrant events, as in Figure 6.6, using a quadrant 

map allows for the prediction of areas of the bed that are susceptible to erosion and deposition. 

In the high flow case, the whole bed is erodible due to the flow sequences occurring, however 

under low flow conditions, in the localised area downstream, there could be deposition 

occurring on the natural bed.  

Previous research found that the contribution of sweep and ejection events decreases with an 

increase in the depth of flow (Khan and Sharma 2017), however we found that although the 

contribution of sweep events reduced with an increase in water depth; the contribution of 

ejection events increased (Figure 6.6). Further, we find the low flow is dominated by sweep 

events (Figure 6.6), which is in contrast to findings of sediment transport resulting from 

ejection events as discharge decreases (Radice et al. 2013). 

6.4.4. SPATIAL STRUCTURE OF FLOW PROPERTIES 

Figure 6.7 suggests that under high flow conditions, the scale of flow structure is systematic 

with the bed topography in our chosen measurement region, agreeing with the spatial patterns 

of flow observed in Figures 6.4 – 6.7. The same patterns in structure functions are not observed 

under low flow properties, aside from streamwise velocity and turbulence intensity, which 

demonstrate correlations through elliptical contours to 36 mm, indicative that these flow 

properties are systematic with the scale of bed topography.  

Overall, Figure 6.7 highlights distinct differences between the spatial structure of flow 

properties, despite the same underlying bed topography, suggesting submergence (i.e. water 

depth) has a control on the structure of flow across a bed. This is particularly evident in vertical 

velocity, TKE and Reynolds stress; whereby at low flow there is more homogeneity at smaller 

spatial lags, compared to elliptical contours in the streamwise direction under higher water 

depths.  

In 1D structure functions (Figure 6.8), there is higher variance under low flow conditions up 

to 50 mm (~ 3 × D50A), followed by lower variance than under high flow. This suggests that up 

to spatial lags of 50 mm in the streamwise direction, the spatial structure of flow properties 

including transverse velocity, vertical velocity, TKE and Reynolds stress is dominated by the 

roughness of the surface (Legleiter et al. 2007). Beyond this spatial lag the effect on the flow 

field is no longer determined by the roughness of the bed. The higher semivariance in vertical 
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velocity at low flow is attributed to small-scale processes occurring, such as flow separation 

and eddy shedding, resulting from the bed topography (Legleiter et al. 2007).  

Less spatial correlation in the transverse direction has been observed previously, which is 

attributed to a limited number of measurement locations in this direction (David et al. 2013). 

Due to the streamwise semivariograms saturating at 70 mm (Figure 6.8), this could suggest 

that our transverse measurement area of 70 mm is too small to obtain reliable transverse results, 

indicating that to determine the transverse spatial structure, there is a need to extend the 

measurement region to a larger transverse distance.  

To summarise, Figure 6.8 illustrates that despite the same underlying bed topography, the flow 

properties for each water depth demonstrate differences in the spatial structure; highlighting 

the flow is not uniform and flow depth is an important control on flow structure (David et al. 

2013, Legleiter et al. 2007). Although our results agree with Legleiter et al. (2007) regarding 

the fundamental control of flow stage, we do not find a decrease in total variance with an 

increase in discharge; rather the opposite, where semivariance increased with higher flow depth 

(Figure 6.8).  

Overall, our findings suggest that under different water depths, the spatial pattern of flow 

properties changes, with the flow properties under increased water depth displaying systematic 

patterns with the microtopography of the bed (Figures 6.4 – 6.7). This supports research 

highlighting the importance of the influence of submergence (Rice et al. 2014) however it 

contradicts previous findings of no influence of submergence on the spatial variation of vertical 

flow and Reynolds stress (Cooper et al. 2013).  

Further, our findings contradict the idea that at any flow depth the velocity was systematic with 

the microtopography (Casas et al. 2010). The bed topography or distribution of roughness 

elements has been found to result in different velocity profiles (Franca et al. 2008), effect the 

spatial variation of vertical turbulence flux (Mohajeri et al. 2016) and dominate the production 

of near-bed turbulence (Mignot et al. 2009a). Cooper et al. (2013) concluded that the bed 

geometry had a stronger control on the vertical flow variance than relative submergence. These 

inconsistencies in results suggest a need for greater understanding of the flow characteristics 

resultant from grain-scale interactions (Rice et al. 2014) and the opportunity for using replica 

natural surfaces in a controlled laboratory environment facilitates the isolation of the role of 

microtopography or the distribution of roughness elements.  
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It has recently been observed that impermeable replica surfaces, similar to those in this study, 

have fundamental differences in the near-bed hydrodynamics compared to their natural 

permeable beds (Cooper et al. 2017). Flow properties, such as turbulence, were observed to be 

more intense over the impermeable bed. Therefore, although replica surfaces provide the 

opportunity for dense measurements, as per this study, which can isolate the role of topography 

or submergence on flow properties in the near-bed region; it is vital to consider other aspects 

of the bed, such as permeability, when using numerical models to estimate pressure gradients, 

flow modelling or flow resistance (Cooper et al. 2017).  

6.5. CONCLUSION 

This study used a fixed gravel bed, generated from the casting process, to allow for detailed 

flow velocity measurements at a dense sampling interval of 6 mm. Uniquely, an ADV probe 

followed the bed topography, ensuring measurements to be collected in the near-bed region, 2 

mm away from the maximum bed elevation within the sample volume. This novel 

measurement process was facilitated by having obtained a DEM of the bed topography.  

The same area of the bed is sampled using two flow depths, which we refer to as high flow and 

low flow. For the high flow condition, spatial patterns of flow properties were systematic with 

the bed topography, whilst under low flow conditions the spatial patterns lack coherence with 

the bed topography, aside from Reynolds stress, which did demonstrate an association with the 

bed topography under both flow conditions. Presenting quadrant maps as demonstrated in this 

study can assist in the prediction of erosional and depositional sequences in the mobile bed, 

despite limited spatial patterns across the two flow depths.  

Our works supports that submergence plays a crucial role in the structure of flow properties 

across a river bed. This was strengthened using structure function analysis, which enables a 

more detailed understanding of hydraulic patterns with changes in water depth. Contour maps 

indicate systematic flow structure with bed topography under high flow conditions; with 

distinct differences in the spatial structure of flow properties under the two water depths. 

Further, one-dimensional structure functions emphasise these differences between water 

depths; with our findings displaying higher streamwise semivariance in low flow conditions in 

multiple flow properties, including vertical velocity, indicative of up to lags of 50 mm the flow 

structure is determined by the roughness (e.g. topography) of the surface and the presence of 

small-scale process such as flow separation.  



 

121 

 

More work is needed to evaluate how ADV measurements bias the observed results, yet in 

light of the challenging interlayer measurement environment, and limits to employ other 

instruments in this area, we believe our novel method and new flow data to contribute to 

advancing fluvial grain-scale research. The influence of bed topography in isolation warrants 

further research, with research extending to multiple casts of differing bed topography.
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CHAPTER 7   

 

 

 

SPATIAL STRUCTURE OF NEAR-BED FLOW PROPERTIES 

AT THE GRAIN SCALE 

 

 

Related journal article:  

Groom, J., and Friedrich, H. (2019) Spatial structure of near-bed flow properties at the grain 

scale. Geomorphology 327: 14 – 27. doi: https://doi.org/10.1016/j.geomorph.2018.10.013  

 

7.1. INTRODUCTION 

In dynamic gravel-bed river systems, there are feedbacks between flow properties, sediment 

transport, channel morphology, and local ecology (Aberle and Nikora 2006, Curran and Waters 

2014, Hardy 2006, Keylock 2015, Rice et al. 2014, Robert 2011). Currently, there is limited 

detailed knowledge of flow in the near-bed region of gravel-bed rivers (Cecchetto et al. 2016, 

Rice et al. 2014, Voermans et al. 2017), largely due to experimental difficulties and lack of 

measurement devices that adequately capture the flow. The near-bed region of beds can be 

separated into five zones of flow. Three of these, the subsurface layer through permeable beds, 

the interfacial sublayer, and the form-induced sublayer, constitute the roughness layer (Nikora 

et al. 2001). The roughness layer is the region of interest for studies to enhance knowledge of 

near-bed flow properties. Further zones of flow include the logarithmic layer and the outer 

layer, which extend up the water column away from the bed topography to the water surface 

(Nikora et al. 2001).  

Research has found a key control on flow properties is the bed microtopography (or roughness), 

due to local-scale flow structures propagating upwards through the water column and 

https://doi.org/10.1016/j.geomorph.2018.10.013
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amalgamating into larger coherent flow structures (Hardy et al. 2010). The roughness of the 

channel bed has a pronounced influence on multiple flow properties. These include the spatial 

variability of streamwise velocity (Casas et al. 2010, Friedrich et al. 2014, Mohajeri et al. 2015, 

Rice et al. 2014, Spiller et al. 2015); vertical velocity, as a result of flow separation and 

reattachment (Cooper et al. 2013, Hardy et al. 2010); the generation, size and morphology of 

turbulent structures (Cooper and Tait 2010, Hardy et al. 2010, Reidenbach et al. 2010, 

Rowiński and Radecki-Pawlik 2015); the strength of vortices (Rodríguez and García 2008); 

and the spatial distribution of stresses (Aberle et al. 2008, Buffington and Montgomery 1999, 

Cooper 2012, Cooper et al. 2013). 

Although these observations have been made, there are calls for a greater understanding of the 

effect of quantitative roughness measures on the turbulence characteristics in the near-bed 

region (Buffin‐Bélanger et al. 2006, Friedrich et al. 2014, Rodríguez and García 2008). 

Quantitative roughness measures (e.g. the standard deviation of elevations) are increasingly 

used in the literature to quantify the bed topography, for use in hydraulic models, 

morphological models and flow resistance equations (Aberle and Smart 2003, Tuijnder and 

Ribberink 2012). These measures of the bed surface extend from previously used roughness 

coefficients, which are fraught with subjectivity (Powell 2014), and roughness heights 

estimated from percentiles of grain size or velocity profiles, which induce errors into 

calculations of flow resistance (Smart et al. 2004, Wilcock 1996). The facilitation of obtaining 

quantitative roughness measures comes from developments to technologies that can capture 

high-resolution (e.g. sub-centimetre - sub-millimetre) topographic data; including laser 

scanning, structure-from-motion and close-range photogrammetry (Bertin and Friedrich 2014, 

Brasington et al. 2012, Heritage et al. 2009, Hodge et al. 2009a, Milan et al. 2007, Vázquez-

Tarrío et al. 2017). An enhanced understanding of the association between flow properties and 

roughness metrics will assist in improving flow resistance calculations and models, which will 

prove beneficial to river management applications.  

To further assist in enhancing the understanding of flow properties, researchers have developed 

a technique to replicate the surface topography of natural surfaces with a casting process 

(Buffin-Bélanger et al. 2003, Spiller et al. 2012). These surfaces are deemed to be 

representative of the natural surface topography, but cannot replicate all aspects of the bed, 

such as porosity (Spiller et al. 2015). Fixed beds allow the detailed study of flow without the 

movement of particles (Spiller et al. 2012); which enables controlling parameters to be 
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identified and provides realistic observations; in comparison to the use of artificial objects (e.g. 

semi-hemispheres, cylinders, pyramids). 

The aim of this paper is to characterise the spatial grain-scale interactions in the near-bed region 

of four fixed gravel-beds with the following objectives:  

1. To visualise the spatial distribution of micro-hydraulics across a bed through the novel 

presentation of high-resolution topographic data available in the form of DEMs, in conjunction 

with flow data.   

2. Infer the influence of roughness on flow properties using a single roughness parameter 

quantified from the grain-scale topography.  

3. To quantify the spatial structure of flow properties in surfaces obtained in both the laboratory 

and field environment using second-order structure function analysis. 

7.2. METHODOLOGY 

7.2.1. GENERATING THE FIXED BEDS 

Throughout this study four differing bed surfaces are analysed; two generated in the laboratory 

flume (herein referred to as Lab 1 and Lab 2) and two collected from an exposed gravel bar 

(see Groom et al. (2018a) for further details of study site) in the Whakatiwai Stream, New 

Zealand (herein referred to as Field 1 and Field 2).  

Both laboratory casts (Lab 1 and Lab 2) were obtained from armoured surfaces, generated in a 

19 m long, 0.45 m wide and 0.5 m deep flume in the Hydraulic Engineering Laboratory at the 

University of Auckland. These surfaces were armoured under a flume slope of 0.005 m/., flow 

rate Q = 95 L/s and a water depth of 0.245 m; for a total of 67.5 hours. The differences between 

the two laboratory surfaces derive from the bulk sediment distribution, which ranged from D16 

5mm to D90 25mm and D16 < 2mm to D90 41mm, for Lab 1 and Lab 2 respectively.  

For each natural surface, a replica cast was obtained using the casting process outlined in 

previous literature (Buffin-Bélanger et al. 2003, Spiller et al. 2012), therefore only a brief 

summary of the procedure is presented here. A negative silicone mould was created, using a 

total of 10 kg material to cover an area 850 mm in length and 350 mm wide. Once set (after 

one hour of curing), the silicone rubber was peeled off the surface of the bed, which destroys 

the natural surface. Subsequently, the mould was cleaned through the removal of encased 
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sediment, before pouring a two-component polyurethane resin into the mould. Following a 12 

hour drying period, the silicone rubber mould was peeled off the casts; with care taken to not 

rip the mould and destroy intricate structures that had been replicated.  

7.2.2. OBTAINING TOPOGRAPHIC DATA AND ROUGHNESS QUANTIFICATION 

Digital Elevation Models (DEMs) were obtained for all surfaces (both natural and replica casts) 

through the method of stereo-photogrammetry; a procedure that is well documented for use in 

both laboratory and field environments to obtain high-resolution topographic data (Bertin and 

Friedrich 2014, Bertin et al. 2016, Groom et al. 2018a, Groom et al. 2018b). Here we 

summarise the main process, which includes the use of consumable Nikon D5100 cameras 

(16.4 Mpixel, 23.6 × 15.6 mm2 sensor size) in stereo, with Nikkor 20 mm lenses. Prior to data 

collection, calibration was completed to obtain intrinsic (i.e. camera) and extrinsic (i.e. setup) 

parameters (Zhang 2000). Images were rectified (with a maximum error < 1 pixel) and stereo-

matched using a symmetric dynamic programming stereo (SDPS) algorithm (Gimel'farb 2002) 

to generate point clouds of elevation data. Point clouds (with a regular grid spacing of 0.2 mm) 

were interpolated onto 1 mm grid spacing (i.e. DEM generation) for subsequent analysis. 

Elevation outliers across the surface (i.e. not surrounding the edges of the DEM) were 

identified using the mean elevation difference parameter (Hodge et al. 2009a), with a threshold 

value of 5 mm. These outliers were replaced using bi-cubic spline interpolation, before DEMs 

were normalised (using the mean value of elevations across the surface), to have a mean bed 

level of zero and rotated to align in the flow direction. 

Some errors, in the form of streaks, are apparent in the subsequent presentation of the DEM 

for Field 1, located on a large stone at 460 mm – 510 mm downstream. These errors were 

caused by the very smooth surface texture of the natural stone, therefore the replica surface 

also lacked texture. Highly textured surfaces enable accurate stereomatching (Bertin et al. 

2015); therefore a lack of texture can induce errors due to the uniformity of the surface. 

Although the errors are visible on the DEM, they did not contribute to any inaccuracies in the 

elevation data or subsequent flow analysis (Bertin and Friedrich 2014).  

Detrending was completed on all DEMs to accurately calculate grain-scale roughness metrics. 

First, bi-linear detrending was undertaken to remove the influence of the experimental setup or 

bed slope (Bertin and Friedrich 2016), followed by a moving-window detrending strategy to 

remove bed undulations larger than the cluster size (Bertin et al. 2017, Hodge et al. 2009a, 

Smart et al. 2002).  
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To provide information on the sediment of each surface, the sediment size was established for 

the natural surface. This was completed using a single vertical photograph, which allows for 

the detection of over 400 grains, in the image-analysis tool Basegrain®. Using line-sampling 

the tool automatically separates grains in the digital image and measures the intermediate axis 

(Detert and Weitbrecht 2012b, Stähly et al. 2017). The subscript “A” indicates the surface 

sediment size, rather than the bulk sediment size.  

Further quantification of the surface (e.g. roughness) involved calculating the standard 

deviation of elevations (σz) from the obtained topographic data within the DEM (Eqn. 7.1). The 

standard deviation of elevations provides indications of the surface variability, represents a 

vertical roughness scale of the bed, and is used as a grain-roughness parameter in flow-

resistance equations (Aberle and Smart 2003, Noss and Lorke 2016). This metric will be 

subsequently used as a proxy for roughness to determine the influence of roughness on flow 

properties.  
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where z represents the bed elevation at location (x,y) in a DEM, N´ is the total number of DEM 

points and   represents the mean value of bed elevations across the DEM.  

An overview of bed characteristics and presentation of the DEMs for each measurement region 

(i.e. 200 mm × 70 mm; not full cast area) are displayed in Figure 7.1. The DEMs provide a 

clear indication of differences in grain size, the spacing between roughness elements and the 

topography in which the flow measurements will follow. For the whole bed cast area (i.e. 850 

mm × 350 mm), the probability distributions of bed elevations demonstrate Lab 1 and Field 1 

have normal distributions compared to Lab 2 and Field 2, which have the curve skewed to the 

left of the mean surface height (Figure 7.1). This negative skewness is indicative of depressions 

across the surface. Field 2 has the largest fraction of the surface at the mean bed height and a 

long positive tail, while Field 1 displays a longer negative tail of the distribution curve. These 

characteristics indicate that Field 2 has particles that protrude significantly into the flow, while 

Field 1 has depressions across the surface. Surface slope and aspect plots (Figure 7.1) provide 

information regarding the orientation of the grains, where the aspect is the direction of the 

maximum slope in the DEM cell (Hodge et al. 2009a). For all surfaces the distribution of 

aspects are symmetrical, with limited evidence of imbrication from a predominance of 
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upstream aspects (Hodge et al. 2009a). Instead, the field surfaces demonstrate more 

downstream aspects (flow is from left to right). The presentation of additional roughness 

metrics including the standard deviation of elevations, range in elevations and grain size are 

presented and discussed subsequently throughout the study.   

 

Figure 7.1 Bed characteristics for the four surfaces; demonstrating (left) the probability 

distribution function of bed elevations, (middle) the surface slope and aspect  (aspect angle is 

from 0 to 360˚ and slope angle is from 0 to 90˚ , with high density of points shaded black and 

low density of points shaded white), and (right) DEM of each measurement region.  
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7.2.3. FLOW MEASUREMENTS 

All casts were placed in the test section of the flume that the laboratory beds were formed in 

(19 m long, 0.45 m wide non-recirculating tilting). The test section is located 10.4 m 

downstream from the flow inlet with a single-particle-thick rough bed, made out of fixed 

gravel, both upstream and downstream of the test section.  

All flow measurements were undertaken at Q = 95 L/s with a water depth of 0.245 m (Table 

7.1). The flume tailgate was set to attain near uniform flow conditions, confirmed by comparing 

the water depth along the length of the flume in relation to flume slope. Flow was measured 

using a Nortek 4 beam Vectrino + down-looking Acoustic Doppler Velocimeter (ADV), which 

measures the velocity in three directions, allowing for the calculation of turbulent 

characteristics (Khorsandi et al. 2012, Lu et al. 2013). The probe was attached to a moving 

frame over the flume, which allowed for millimetre-scale changes in the downstream (X), 

transverse (Y) and vertical (Z) locations.  

Table 7.1 Hydraulic conditions for flow measurements.  

 Lab 1 Lab 2 Field 1 Field 2 

Slope (m) 0.005 

Water depth (m) 0.245 

Roughness height (m) 0.023 0.030 0.027 0.029 

Depth:roughness height 

ratio 

10.6 8.2 9.1 8.4 

Discharge (L/s) 95 

Depth averaged velocity 

(m/s) 

0.86 

Reynolds number (Re) 101,101 

Froude number 0.56 

Shear velocity (U*) 0.109 

 

Parameters for flow measurements included a sampling duration of 120 seconds, a sample 

volume height of 4 mm height and a sampling frequency of 200 Hz (i.e. total of 24,000 samples 

gathered for each measuring location). Measurements were conducted over a 200 mm × 70 mm 

area of each cast, at a sampling spacing of 6 mm. Previous studies using ADV measurements 
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sampled at spacing between 50 – 100 mm (Buffin‐Bélanger et al. 2006, Rice et al. 2014), which 

were deemed to be too coarse to identify systematic spatial dependences, and future research 

needed a finer resolution of sampling (Buffin‐Bélanger et al. 2006). As a result of the fine 

sampling resolution (6 mm) used, this study can provide insights into the microstructure of 

turbulence across the microtopography of both laboratory and field surfaces.  

This provided a dense grid of 408 measurement locations. As the bed topography was 

quantified in the DEM, we used an accurate, novel procedure to measure the flow in the near-

bed region. Measurement locations were calculated by first determining the maximum 

elevation of the bed (from the DEM) within a 6 mm × 6 mm block (i.e. the sample volume of 

the ADV) and subsequently adding a 2 mm buffer to ensure the sample volume was not 

interfering with the bed topography. Therefore the measurements followed the line of the bed 

topography at a constant distance from the surface.  

All data underwent post-processing and quality validation using the Matlab® toolbox MITT 

(Multi-Instrument Turbulence Toolbox), which is an open-sourced algorithm (Macvicar et al. 

2014). Noise was removed from the data, and interpolated, through the phase-space threshold 

despiking method (Goring and Nikora 2002), and filtered using a third order Butterworth filter 

to remove white noise at high frequencies. Finally, time series data, power spectra and output 

flow statistics were visually scrutinised following the validation procedure adopted in previous 

research (Buffin‐Bélanger et al. 2006). No data was removed for subsequent analysis, as all 

data had SNR values exceeding 23 dB and the majority of correlation values exceeded 60 % 

(Figure 7.2). For the near-bed region it is accepted that ADV correlation values may be lower 

than the usual correlation threshold of 70 % for ‘good data’. With the Nortek information 

stating values below 60 % are acceptable. Research has found that correlation values of 40 % 

can yield consistent average velocities, however, the Reynolds stress values were found to be 

more sensitive to correlation values (Martin et al. 2002).  
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Figure 7.2 Correlation and SNR values for each dataset. All measurement locations for each 

cast are presented with differing symbols. 

7.2.4. CALCULATION OF FLOW PROPERTIES  

A suite of flow statistics were calculated from the temporal velocity data for each measurement 

location (i.e. temporally averaged over the 120 s time sample), including the turbulence 

intensity (in three directions), turbulent kinetic energy (TKE) and Reynolds stresses. 

Turbulence intensity (dimensionless) was calculated as the root mean square of the fluctuating 

velocity components (u´, v´, w´) shown in Eqn. 7.2. (Hardy et al. 2010, Khiadani et al. 2012). 

 

 

 

 

 

 

where TIu is the streamwise turbulence intensity, TIv is the transverse turbulence intensity and 

TIw is the vertical turbulence intensity. The fluctuating streamwise, transverse, and vertical 

velocity components are u´, v´, w´ respectively, and the mean streamwise, transverse, and 

vertical velocity components are �̅�, �̅�, �̅� respectively.  
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Turbulent kinetic energy (TKE) is a measure of the turbulence intensity (Eqn. 7.3), using the 

mean of the three components of velocity (Buffin‐Bélanger et al. 2006, Lacey and Roy 2008, 

Rice et al. 2014), and provides information regarding the energy from the flow that becomes 

turbulent (Khiadani et al. 2012). 

     𝑇𝐾𝐸 =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅)                               [7.3] 

with u´, v´, w´ the fluctuating streamwise, transverse and vertical velocity components 

respectively. 

To describe the intensity of turbulent exchanges, the Reynolds stresses were calculated for a 

variety of velocity components (Eqn. 7.4).  

     𝜏𝑖𝑗
′ = −𝜌 [

𝑢′𝑢′̅̅ ̅̅ ̅ 𝑢′𝑣′̅̅ ̅̅ ̅ 𝑢′𝑤′̅̅ ̅̅ ̅̅  
𝑢′𝑣′̅̅ ̅̅ ̅ 𝑣′𝑣′̅̅ ̅̅ ̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅  
𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅ 𝑤′𝑤′̅̅ ̅̅ ̅̅  

]                     [7.4] 

with, 𝜌 = 1000 𝑘𝑔/𝑚3 and with u´, v´, w´ the fluctuating streamwise, transverse and vertical 

velocity components respectively. 

Finally, after the calculation of Reynolds stress, quadrant analysis was used to identify bursting 

phenomena in the near-bed region (Wallace 2016). The contribution of Reynolds stress (u´w´) 

is categorised into four bursting events (i.e. quadrants). Quadrant 1 (Q1) indicates outward 

interactions, Quadrant 2 (Q2) indicates ejections, Quadrant 3 (Q3) indicates inward interactions 

and Quadrant 4 (Q4) indicates sweep events (Nelson et al. 1995, Sulaiman et al. 2013, Wallace 

2016). For this analysis, a threshold hole size of 2 was used, in order to identify higher 

magnitude burst events (Cecchetto et al. 2016, Hopkinson and Walburn 2016).  

7.2.5. ANALYTICAL METHODS  

7.2.5.1. SPATIAL PATTERNS IN FLOW PROPERTIES 

Novel visualisation of flow properties was accomplished by overlaying a contour plot of the 

spatial distribution of the time-averaged flow properties onto the DEM of the gravel bed. Due 

to the dense grid of juxtaposing measuring locations, there is minimum interpolation between 

points. This facilitates direct attributions of spatial patterns to individual roughness elements 

or topography, rather than using scatter distributions, with or without the underlying bed 

(Buffin‐Bélanger et al. 2006, Legleiter et al. 2007, Rice et al. 2014), or the use of contour plots, 

albeit with inferences of the underlying topography (Cooper and Tait 2008). Whilst previous 
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attempts of interpolated visualisation over the DEM have been made, these were relative to the 

median values (Rice et al. 2014) compared to the absolute values presented herein.  

7.2.5.2. SPATIAL STRUCTURE OF FLOW PROPERTIES  

To quantify the spatial structure of the flow field, geostatistical analysis was undertaken on 

each flow property, through the calculation of second-order structure functions (different from 

semivariograms by a factor of two) (Eqn. 7.5), which measure changes in flow properties at 

differing spatial lags in both the streamwise and transverse directions.  
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where, z represents the flow property at location (x,y), Δx = nδx and Δy = mδy; δx and δy are 

the sampling intervals in the streamwise and transverse directions respectively; n=1,2,3,…N 

and m=1,2,3,…M. N and M are the number of measurement points in the same two directions.  

In gravel-bed research, 2D contour maps are presented to provide indications of the isotropy 

or anisotropy of a surface, with the contour maps of bed elevations providing an indication of 

particle alignment (Aberle and Nikora 2006, Curran and Waters 2014, Hodge et al. 2009a, Mao 

et al. 2011). To quantitatively assess the spatial correlation of flow structures, novel 

presentation of contour maps of the structure functions of flow properties are analysed to 

identify the length and spatial arrangement of these flow properties.  

When plotted in 1D, structure functions in gravel-bed research display three regions: a uniform 

slope at small lags (scaling region), then a decrease in the slope in the transition region, before 

no change in slope (i.e. slope is zero), which is the saturation region (Nikora et al. 1998). In 

this manner, one-dimensional structure functions are used to evaluate the spatial dependence 

of flow properties as a function of distance between measurements; as the lag increases, the 

flow properties are less correlated until the saturation in semivariance, which indicates there is 

no further correlation (David et al. 2013). This analysis, particularly evaluating the range (e.g. 

lag distance to reach saturation) provides indications of the spatial scale of the flow properties 

(David et al. 2013). 
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7.3. RESULTS 

7.3.1. SPATIAL PATTERNS IN FLOW PROPERTIES 

Overlaying the spatial distribution of flow properties on the topography allows for visualisation 

of the spatial patterns in accordance to individual grain-scale topography.  

Streamwise velocity shows a distinct pattern of flow properties being coherent with the bed 

topography for all casts (left column, Figure 7.3), with high velocity across the top of elevated 

particles and low velocity in depressions between, or behind, protruding clasts.  

 

Figure 7.3 Spatial patterns of three mean velocities for each cast; Lab 1 (top), Lab 2 (second 

top), Field 1 (third row) and Field 2 (bottom). Flow is from left to right and all colourbar 

units are m/s. Streamwise velocity positive values indicate flow in the downstream direction. 

Transverse velocity positive values are in line with movement towards a decreasing 

transverse distance (i.e. left in the flume). Vertical velocity positive values indicate upwards 

flow and negative values indicate downwards flow.  

These patterns of high velocity across roughness elements and low velocity in depressions are 

replicated in the transverse velocity (Figure 7.3) for Lab 1 and Field 2. However, Lab 2 and 

Field 1 demonstrate localised pockets of high transverse velocity downstream of roughness 

elements (at 320 mm in Lab 2 and 420 mm downstream in Field 1). Generally, vertical velocity 

is highest above elevated particles, except Lab 2 which has high vertical velocity behind the 
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protruding clast at 320 mm downstream, and negative vertical velocity in is observed in the 

depressions following regions of elevated particles. 

All casts demonstrate a pattern of turbulence intensity and turbulent kinetic energy (TKE) in 

relation to the bed topography (Figure 7.4), with areas of higher turbulence in depression zones 

in the lee of protruding clasts. Similar patterns exist in Reynolds stress, with higher (positive) 

Reynolds stress in the lee side of either individual roughness elements or areas of elevated 

particles, with localised pockets of negative Reynolds stress in Field 2. 

 

Figure 7.4 Streamwise turbulence intensity (dimensionless), TKE (Jm -3) and Reynolds stress 

(u´w´) for each cast; Lab 1 (top), Lab 2 (second top), Field 1 (third row) and Field 2 (bottom). 

Flow is from left to right.  

The presentation of quadrant maps over the DEM demonstrate across all casts except Lab 1, 

that there is a dominance of sweep (Q4) events (Figure 7.5), whilst Lab 1 has a dominance of 

ejection (Q2) events over the measurement area. There are isolated Q1 and Q3 events in Lab 2 

and Field 2, however generally there is little spatial pattern of quadrant events with bed 

topography. 
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Figure 7.5 Quadrant map reflecting dominant quadrant event across Lab 1 (a), Lab 2 

(b), Field 1 (c) and Field 2 (d). 

7.3.2. LINKING ROUGHNESS TO FLOW PROPERTIES 

Table 7.2 indicates that all casts have similar D50A grain sizes, with Lab 2 and Field 1 having 

the largest size of the coarsest fraction of the surface (D90A). For all surfaces, the standard 

deviation of elevations was between 4.14 mm (Lab 1) and 6.00 mm (Lab 2). It can be inferred 

from Table 7.2 that Lab 2 is the surface with the greatest roughness, due to the highest standard 

deviation of elevations and range in elevations (rather than the largest sediment size). Figure 1 

demonstrated that Lab 2 had a skewed probability distribution of elevations, indicating there 

were frequent depressions on the surfaces, attributed to the large elevation range. Field 1, which 

has the largest D90A, has the second smallest standard deviation of elevations (5.13 mm), 

providing an example of how grain size may not be an appropriate roughness parameter. 

Quadrant analysis shows that there is a similar amount of time in each quadrant across all casts, 

with Field 1 having the most Q1 events, Lab 1 having the most Q2 events, Lab 2 having the 

most Q3 events and Field 2 having the most Q4 events. 
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Table 7.2 Summary statistics for all surfaces, including sediment size, topographic 

information, flow properties and quadrant analysis.  

 Lab 1  Lab 2 Field 1 Field 2 

D16A (mm) 5 <2 <2 <2 

D50A (mm) 16 17 18 16 

D90A (mm) 25 41 58 32 

Standard deviation of 

elevations (mm) 

4.13 6.00 5.13 5.75 

Range in elevations 

(mm)  

23.55 30.18 27.40 29.08 

     

u50 (m/s) 0.58 0.40 0.54 0.39 

v50 (m/s) 0.06 0.05 0.02 0.06 

w50 (m/s) -0.02 0.00 0.00 0.01 

TKE50 (Jm-3) 0.03 0.04 0.03 0.03 

TIu50 0.31 0.48 0.30 0.45 

TIv50 2.77 2.61 4.38 2.31 

TIw50 -1.99 -1.02 3.49 1.30 

     

Ru´u´50 -31.03 -38.00 -25.80 -26.94 

Ru´v´50 1.44 2.11 0.40 -1.09 

Ru´w´50 4.35 5.08 3.81 4.04 

Rv´v´50 -25.73 -40.45 -21.51 -24.86 

Rv´w´50 -0.51 -0.58 -0.56 -0.81 

Rw´w´50 -4.30 -6.11 -4.23 -4.09 

     

Q150 (%) 18.2 18.5 18.6 18.4 

Q250 (%) 32.1 31.2 31.4 31.4 

Q350 (%) 17.7 17.9 17.8 17.6 

Q450 (%) 31.8 32.2 32.0 32.4 
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7.3.3. SPATIAL STRUCTURE OF FLOW PROPERTIES 

Contour plots of bed elevations for each cast (Figure 7.6), show elliptical patterns in the contour 

lines, with both lab surfaces demonstrating particles broadly aligned in the streamwise 

direction, albeit with Lab 1 demonstrating a slight skewness in orientation. Field 1 displays 

alignment in the streamwise direction, but with a stronger skewness in the transverse direction 

than Lab 1. Finally, Field 2 displays a unique pattern of particles orientated in the transverse 

direction, with elliptical contours across the transverse lags.  

Assessing these plots for flow properties allows for the identification of the spatial arrangement 

of near-bed flow. Lab 1 demonstrates the same skewed elliptical patterns observed in the bed 

elevations, in all flow properties apart from transverse velocity (Figure 7.6). Ellipses exist to 

lags of 36 mm (2.25 × D50A), before irregularities occur at larger lags exceeding 56 mm (3.5 × 

D50A). Lab 2 demonstrates more homogenous (i.e. isotropic) flow properties (e.g. streamwise 

velocity, turbulence intensity and Reynolds stress) at small lags of approximately 20 mm (~ 1 

× D50A), which is in accordance to the homogeneity displayed in the bed elevations. This 

surface overall displays fewer elliptical patterns than Lab 1, apart from transverse and vertical 

velocity that demonstrate ellipses to approximately 60 mm (3.5 × D50A). Interestingly, the 

transverse velocity for all beds, except Lab 1, demonstrate a similar pattern of strong ellipses 

in the streamwise direction, which is a unique pattern compared to all other flow properties 

(Figure 7.6).  

In Field 1, there are elliptical contours that are skewed in the same orientation as the bed 

elevations (Figure 7.6), for all flow properties except transverse velocity and TKE. In both field 

surfaces, TKE demonstrates homogeneity at smaller lags, before irregularities occur at 12 – 24 

mm lags. 

Field 2 displays ellipses completely in the transverse direction (exceeding lags of 30 mm (~ 2 

× D50A) in the transverse direction), which is a unique pattern compared to the other casts. 

Streamwise velocity and turbulence intensity demonstrate the same elliptical patterns (broadly 

the Reynolds stress does too, but less elliptical in nature) in the transverse direction. In contrast, 

vertical velocity has an elliptical pattern in the streamwise direction up to lags of 25 mm (1.5 

× D50A), similar to the pattern observed in the transverse velocity. 
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Figure 7.6 Contour maps of two-dimensional structure functions for bed elevations of the 

measurement region, and the flow properties presented throughout; for each cast.  

Table 7.3 presents the extent of the spatial autocorrelation of flow properties for each cast, with 

a summary range to assess for uniformity in the spatial flow regime. For the majority of flow 

properties the range in the length of flow structures is between 1 – 2.25 × D50A, except for 

transverse and vertical velocities, which have a wider range up to 3.5 × D50A.  
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Table 7.3 Spatial length of correlated flow properties in absolute value and non -dimensional 

by the median grain size.  

 Lab 1 Lab 2 Field 1 Field 2 Range 

 mm × D50A mm × D50A mm × D50A mm × D50A × D50A 

Streamwise 

velocity 

36  

 

2.25 24 1.4 20 1.1 24 1.5 1.1 – 2.25 

Transverse 

velocity 

20 1.25 56  3.3 56 3.1 36 2.25 1.25 – 3.3 

Vertical 

velocity 

56 3.5 60  3.5  30 1.6 25  1.5 1.5 – 3.5 

Turbulence 

intensity 

36 2.25 16 1 24 1.3 16 1 1 – 2.25 

TKE 36 2.25 36 2.1 24 1.3 24 1.5 1.3 – 2.25 

Reynolds 

stress 

36 2.25 16 1 24 1.3 24 1.5 1 – 2.25 

For the four surfaces in this study (Figure 7.7, one-dimensional structure functions), only Lab 

1 reaches saturation in bed elevations at 70 mm (4.3 × D50A) for the streamwise 

semivariograms. Field 2 displays the highest variance of all surfaces, with no evidence of 

saturation. In the transverse semivariogram, Field 2 displays the lowest variance and no surface 

reaches saturation of bed elevations.  

In the streamwise semivariograms of streamwise velocity, Lab 1 is the only surface that reaches 

the saturation region, at 70 mm lag, which is the same as the bed elevations (Figure 7.7). All 

surfaces, except Lab 1, demonstrate a steep slope of the scaling region up to ~ 30 mm, before 

they reach the transition region, with fluctuating variance; suggesting for the three casts a 

uniformity in the scale at which these small-scale flow properties are correlated (individual 

scales presented in Table 7.3). Transverse velocity demonstrates little saturation in values, with 

Field 1 displaying low variance compared to the other surfaces and beyond 50 mm lags, Lab 1 

has higher variance than others. Both Field 1 and Field 2 appear to reach saturation at 20 mm 

and 40 mm respectively, albeit with fluctuating variance. Until lags of 20 mm (just exceeding 

the equivalent of the D50A value in all surfaces), the slope and variance of vertical velocity is 

similar for all surfaces before reaching the transition zone, in the streamwise semivariograms. 
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For turbulence intensity, TKE and Reynolds stress (Figure 7.7), the streamwise 

semivariograms display similar patterns, with the scaling region for all surfaces with lags up 

to 20 mm (reaching semivariance values between 0.6 – 0.8), before all surfaces remain in the 

transitional region, with no evidence of saturation in any surface, for any flow property. The 

transverse semivariogram for Reynolds stress uniquely displays all surfaces, except Lab 1, with 

the same slope and semivariance values up to lags of approximately 5 mm. 

   

Figure 7.7 Semivariograms in the streamwise and transverse direction for bed elevations of 

the measurement region (top), and the flow properties presented throughout; for each cast: a) 

streamwise velocity; b) transverse velocity; c) vertical velocity; d) turbulence intensity; e) 

TKE and f) Reynolds stress.  
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7.4 DISCUSSION 

7.4.1. SPATIAL PATTERNS IN FLOW PROPERTIES 

Presenting the flow over the bed topography in this manner provides deeper insights into the 

spatial patterns occurring in affiliation with the grain-scale topography. Overall, these patterns 

(Figure 7.3) are reflective of the streamwise flow accelerating over roughness elements, before 

flow separation (i.e. negative velocity) occurs in the wake of these clasts (Hardy et al. 2010, 

Rice et al. 2014). These patterns are in accordance with previous research, which has found 

that the spatial distribution of streamwise velocity was largely dependent on the 

microtopography of the surface (Casas et al. 2010, Rice et al. 2014) and suggests a 

contradiction to earlier research findings of little coherence between the streamwise velocity 

and bed topography (Cooper and Tait 2008). It is worth noting we do not observe the high 

velocity streaks across the measurement region that have previously been identified, possibly 

because our transverse measurement distance was approximately three times smaller than that 

of other work (Cooper and Tait 2008). Spatial patterns of streamwise turbulence intensity 

across all casts (Figure 7.4) are concurrent with research that finds higher turbulence intensity 

in the wake of roughness elements due to shear from the protrusion of clasts and flow 

separation zones (Hardy et al. 2010, Maddahi et al. 2016). Flow separation is also identifiable 

in the vertical velocity (right column, Figure 7.3), with negative velocity occurring in the 

depressions behind clasts (Hardy et al. 2010). 

Zones of high TKE occur due to flow recirculation and ejection events are replaced by an 

inrush of high velocity (i.e. sweeps) towards the bed (Hardy et al. 2016, Sulaiman et al. 2013). 

The production of TKE can initiate sediment entrainment (Hardy et al. 2016), suggesting the 

zones of high TKE observed in Figure 7.4 are liable to sediment entrainment on the mobile 

bed. These zones of small-scale turbulent structures coalesce with those originating from the 

areas around surrounding clasts, into large macroturbulent flow structures, which have the 

capacity for bank erosion (Hardy et al. 2010). Areas of high Reynolds stress are associated 

with the production of turbulence (Frias and Abad 2013), and this agrees with the spatial 

patterns of turbulence, as zones of high TKE are present in the zones of high Reynolds stress 

(Figure 7.4). 

Quadrant maps (Figure 7.5) displaying the majority of either sweep and ejection events (> 60 

% of time for each cast, Table 7.2) support previous research that found a dominance of these 
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events, with ejections occurring more frequently, and sweeps occurring in higher magnitudes 

(Cecchetto et al. 2016, Rice et al. 2014). Ejection events have been observed downstream of 

roughness elements due to the interaction with clockwise vortical structures, with ejections 

lifting the vortices away from the bed (Cicca and Onorato 2016). These interactions (Q1 & Q3) 

are found to occur less frequently and contribute negatively to bed shear stress in comparison 

to sweep and ejection events which dominate sediment movement (Nelson et al. 1995). 

Therefore, the analysis of bursting events through the presentation of quadrant maps can 

provide indications into potential sediment entrainment, however the origins of these bursts are 

still unclear (Farano et al. 2017) and warrants further research.  

7.4.2. LINKING ROUGHNESS TO FLOW PROPERTIES 

Recently, instead of using grain size as a proxy for roughness, quantitative measures of surface 

roughness have included the standard deviation of elevations (Casas et al. 2010, Coleman et 

al. 2011). However, as with grain size, if the standard deviation of elevations is used as a 

roughness parameter, there can be changes in standard deviation of elevation that do not equate 

to changes in the flow characteristics. This opens the door for further research to provide 

measures of the surface structure (e.g. roughness parameters), that can adequately reflect the 

differences in flow properites (Rice et al. 2014).  

Lab 1 and Field 1 (i.e. the surfaces with the smallest standard deviations of elevations) are the 

two surfaces that demonstrate the highest median streamwise velocity (Table 7.2), which 

supports existing findings of an increased downstream near-bed velocity with decreased 

roughness, contributed by lower effective clast heights and increased spacing between 

topographic protrusions  (Hardy et al. 2010, Rice et al. 2014). All casts have similar median 

transverse velocity values (Table 7.2), except from Field 1 (which can be deemed the second 

least rough surface), which has a lower value. Therefore although this is not the surface with 

the lowest roughness (which is Lab 1), our findings generally support an increase in the median 

transverse velocity with an increase in roughness. 

The turbulent flow structure across a bed is found to be dependent on roughness (Hopkinson 

and Walburn 2016), with an increased roughness resulting in enhanced turbulence mixing 

(Reidenbach et al. 2010). When using the standard deviation of elevations and range in 

elevations as proxies for grain-scale roughness (Table 7.2), the ‘roughest’ bed (Lab 2) does 

display the highest values for TKE and streamwise turbulence intensity. Therefore our work 

supports previous findings and makes a step towards clarity into the effect of bed variation on 
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local turbulent coherent flow structures. Further, literature has observed rougher surfaces with 

an increase in the bed shear stress (Grass 1971) and in our work, the bed with the greatest 

roughness (Lab 2) demonstrates the highest Reynolds stress (Table 7.2). However a decrease 

in the near-bed shear stress resulting from a decrease in the bed roughness (Hardy et al. 2010) 

is not observed in this work, as Lab 1 has the second highest Reynolds stress, when, if using 

the aforementioned parameters as an indication of roughness, this is the surface with the lowest 

roughness (Table 7.2). 

Research found that those surfaces with greater elevation ranges have lower proportions of 

ejections and sweep events (Rice et al. 2014). However, our results did not find that these 

surfaces (Lab 2 and Field 2) had lower proportions of ejections and sweeps. Although Lab 2 

had the lowest proportion of ejection (Q2) events for all surfaces, it does not have a lower 

proportion of sweep events (Q4). Indeed, Lab 2 and Field 2 (which have the largest elevation 

ranges) had the highest proportion of sweep events compared to the other two surfaces (Table 

II).  

Overall we found a decrease in roughness resulted in an increase in the near-bed average 

streamwise velocity, and an increase in roughness resulted in increased turbulence 

characteristics and Reynolds stress.  

7.4.3. SPATIAL STRUCTURE OF FLOW PROPERTIES 

Observed similarities between the patterns demonstrated in bed elevations and parameters 

including streamwise velocity, turbulence intensity and Reynolds stress (Figure 7.6) suggest 

the spatial structure of these parameters are coherent with the grain-scale topography. A lack 

of coherence between the spatial structure of bed elevations and certain flow properties (e.g. 

transverse velocity and vertical velocity) suggest there are further complexities that have a 

control over the spatial scales of flow structure. These findings are highlighted in Table 7.3 

whereby the transverse and vertical velocities have a larger spatial extent of autocorrelation 

(up to 3.5× D50A) compared to other flow properties (up to 2.25 × D50A). In one-dimensional 

plots (Figure 7.7) similarities in the semivariance of streamwise velocity with a scaling region 

of ~ 30 mm demonstrates a uniformity in the flow structure across different surfaces. Further, 

similarities in the vertical velocity across all surfaces up to lags of 20 mm is conducive with 

small-scale processes such as flow separation and eddy shedding occurring as a result of the 

bed topography (Legleiter et al. 2007). 



 

145 

 

Across surfaces, both turbulence intensity and TKE demonstrate homogeneity at smaller lags 

(Figure 7.6), before irregularities occur at larger lags, indicating that the turbulent structure is 

isotropic at small scales, which is in line with localised regions of higher turbulence intensity 

and TKE behind individual particles (Figure 7.4). However, the spatial structure of the 

turbulence characteristics are less defined than the velocity components, confirming previous 

research (Legleiter et al. 2007).  

Evidence of similarities between the spatial structure (Figure 7.6 and Table 7.3) and 

semivariance within the scaling region (Figure 7.7) for three casts (i.e. with the exception of 

Lab 1) in the streamwise and vertical velocity, and all casts in TKE and Reynolds stress, exist 

at lags up to 20 mm (which equates with approximately the D50A value of each cast). This 

provides evidence of a uniform spatial correlation in flow properties across surfaces of 

differing microtopography and roughness; however, Table 7.3 demonstrates that the flow 

structure can exceed this scale for the different beds, with transverse and vertical velocity 

having a larger spatial extent than the other flow properties. 

Overall, there is little, or no, spatial coherence in flow structures in the transverse 

semivariograms for the majority of flow properties (Figure 7.7). This is concurs with previous 

research (David et al. 2013, Legleiter et al. 2007), and could suggest that a larger measurement 

area is needed in order to demonstrate any saturation in the flow properties. However, there is 

little evidence of saturation in the streamwise semivariograms, so it is plausible that there is 

little systematic relationship between the flow properties and bed topography in the transverse 

direction.  

7.4.4. IMPLICATIONS  

This work has the potential to advance the current knowledge of the complex phenomena 

occurring between the sediment-water interface. Understanding the spatial patterns and 

structure of flow properties across a bed has fundamental implications for geomorphic 

processes and local ecology (Buffin‐Bélanger et al. 2006). For example, small-scale flow 

structures coalesce into macroturbulent flow structures that propagate up the water column and 

contribute to secondary circulation, which can induce bank erosion. We have provided dense 

sampling of flow measurements, that we anticipate to identify the systematic spatial 

dependencies of flow structures at fine scales, which previously could not be identified due to 

the coarse measurement resolution (Buffin‐Bélanger et al. 2006). Further research into macro-

scale hydraulics could assess the spatial arrangement and flow structures in the same manner 
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to determine if there is a universal flow regime across a variety of geomorphic settings and 

larger roughness scales. 

Novel visualisation of near-bed micro-hydraulics enhances our understanding of the 

attributions of grain-scale topography on flow properties. Previous work showed that 

differences in the microtopography of the surface do not necessarily produce differences in the 

flow properties in the near-bed region (Rice et al. 2014); suggesting that there is no simple 

relation between the two. This uncertainty is further emphasised by a lack of unanimous 

findings in the current literature on the influence of the bed microtopography on flow 

properties. As a result, current interpretations of patches with differing textures having different 

hydraulic patterns may be wrong, leading to incorrect interpretations of ecological habitats and 

sediment transport (Rice et al. 2014). This provides strong justification for further investigation 

of these properties in natural river systems, as per our study of different surfaces; however a 

wider range of surfaces is still needed. Research of other aspects of the bed such as the spatial 

density of roughness elements, distribution of particle elevations, particle arrangement and 

particle roundness, which are an important control on flow resistance, need to be investigated 

further (Powell 2014, Rice et al. 2014).  

Interactions in the near-bed zone are complex, and although we analyse fixed surfaces from 

both the laboratory and the field, we cannot attribute these findings to all naturally occurring 

surfaces. Further progress is needed in understanding the fluid mechanics of these turbulent 

flows and their subsequent influence on benthic fauna and sediment transport (Powell 2014, 

Rice et al. 2014). The applicability of our findings to other surfaces, and in flow models, is 

limited, largely due to using impermeable beds. Hydraulic models predict flow properties over 

impermeable beds, however fundamental differences in the hydrodynamics of impermeable 

beds and their natural permeable beds have been observed; with observations of increased 

turbulence across impermeable beds (Cooper et al. 2017). Further, research has found that an 

increase in permeability results in an increased vertical turbulence intensity and a decreased 

streamwise turbulence intensity (Voermans et al. 2017), therefore our research cannot provide 

insights into the relation between turbulence characteristics and permeability. This is 

fundamental in flow resistance models, whereby beds with different permeability (but the same 

grain size or roughness metrics) currently are calculated to have the same flow resistance 

(Cooper et al. 2017). Ultimately, there is further need to investigate the surface and sub-surface 

flow interactions in order to enhance the scientific understanding of flow in the near-bed 

region.  
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7.5. CONCLUSION 

This study has used four fixed beds, two surfaces originating from the laboratory, and two 

surfaces originating from the field, to characterise the flow structure of flow properties in the 

near-bed region. These surfaces differed in their surface sediment size, from <2 mm to the 

largest D90A value of 58 mm. Dense measurements over a grid with 6 mm spacing were 

conducted across an area of each cast, using an ADV probe 2 mm above the bed topography. 

Our novel visualisation of spatial patterns of flow properties and turbulence characteristics with 

an underlying DEM provides evidence of the coherence of grain-scale topography and flow 

patterns.  

Using the standard deviation of elevations as a proxy for grain-roughness for each surface, we 

observed an increase in the average near-bed velocity with a decrease in roughness. In contrast, 

an increase in both turbulence intensity and turbulent production (TKE), which was the highest 

in Lab 2 (the surface with the highest standard deviation of elevations, and therefore considered 

the ‘roughest’) was observed with an increase in roughness. Spatial patterns in Reynolds stress 

across the casts were inconsistent, and we did not find a decrease in Reynolds stress with a 

decrease in bed roughness, as found in previous studies. Spatial patterns in quadrant events 

were limited, however, all four casts demonstrated a majority of sweep and ejection events, 

highlighting that the natural surfaces of these beds are erodible. Depositional events (Q1 and 

Q3) in two casts (Lab 2 and Field 2), were isolated, which could be inferred as localised areas 

of deposition on the natural bed.  

Geostatistical, second-order structure function, analysis quantified the spatial arrangement and 

scale of flow structures, for flow properties including streamwise velocity, streamwise 

turbulence intensity and Reynolds stress (except Field 2). For the majority of flow properties 

the range in the scale of flow structures was between 1 – 2.25 × D50A, except for transverse and 

vertical velocities, which had a wider range up to 3.5 × D50A. In one-dimensional structure 

functions, few flow properties reached the saturation region, where the semivariance no longer 

changed. Similarities existed between the semivariance within the scaling region for three casts 

in the streamwise and vertical velocity and all casts in TKE and Reynolds stress, at lags up to 

20 mm (which equates to approximately the D50A value of each cast). Little spatial coherence 

of flow structures were observed in the transverse direction. We conclude that a uniformity in 

the spatial structure of flow properties existed across the surfaces, however, more research is 

needed to further understand the near-bed processes.
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CHAPTER 8   

 

 

 

CONCLUDING REMARKS 

 

 

Due to each chapter containing individual conclusions and recommendations, this chapter 

summarises the main conclusions of this thesis, highlights important implications of the 

research and makes overall recommendations for future research. 

8.1. ROUGHNESS PARAMETERISATION 

8.1.1. CONTRIBUTIONS 

The first section of this research (Chapters 2 – 4) assisted in developing the knowledge of grain-

scale roughness parameterisation. Progress was made on the evaluation of analytical 

procedures required to obtain optimal grain-roughness parameterisation. A wide suite of 

roughness parameters was investigated, including those that are commonly used in fluvial 

research (e.g. standard deviation of elevations) in addition to those that have been applied in a 

limited number of hydraulic research studies (e.g. slope and aspect and inclination index).  

Three analytical considerations were evaluated across a dataset obtained from both the 

laboratory and the field; DEM size, grid spacing and surface detrending method, alongside 

quantifying the spatial variability in roughness parameters. All roughness parameters displayed 

consistent reductions in spatial variability with an increase in DEM (i.e. patch) size, leading to 

two important observations. Firstly, spatial variability in roughness parameters is indicative of 

one roughness parameter being insufficient to holistically represent the surface roughness, 

therefore a combination of roughness parameters is required in research. The standard 

deviation of elevations and horizontal roughness lengths provide the most consistent variance 
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across changes to DEM size, suggesting these are the most appropriate roughness parameters 

to provide robust measures of roughness. Secondly, evidence of multiple scales of roughness 

is apparent, and this determines the required analytical considerations, dependent on the scale 

of interest for the application (e.g. grain roughness or bedform roughness studies).  

Using the analytical procedure developed during this research (Chapters 2 & 3), a 

recommendation of DEM sizes exceeding 16 × D50A, grid spacing of 1 mm or below and the 

application of a moving-window detrending method, is suggested to obtain suitable grain-

roughness statistics for patch-scale fluvial research.  

Further, following recommendations from existing work to use merged small-scale DEMs to 

assess bar variability (Bertin 2016), this research quantified bar-scale sorting in a field 

environment (Chapter 4), through analysing the spatial variations of roughness parameters 

(including lateral variations, which are rarely investigated) across a gravel bar. A decrease in 

roughness statistics, except skewness, with distance down bar and an increase in roughness 

statistics with distance from the water edge were observed. These patterns of roughness 

statistics were subsequently used to infer sedimentation patterns, which provide evidence of 

sediment deposition at the bar tail and water edge (through the process of lateral accretion), 

with coarse sediment at the bar head and near the banks. Finally, extending from solely 

assessing the relationship between grain size and standard deviation of elevations, the 

relationships between a suite of roughness parameters and grain size are presented, with all, 

bar one (skewness), demonstrating strong correlations (R2 = 0.71 – 0.85). 

8.1.2. IMPLICATIONS AND FURTHER RESEARCH 

Roughness plays a fundamental role in the interactions between sediment and flow, and 

roughness parameterisation is of increasing relevance in fluvial research. This work highlights 

the importance of not solely using one roughness parameter in research, due to the spatial 

variability of roughness parameters evident within DEMs. Evidence of spatial variability across 

DEMs has also been presented in recent research on an extensive dataset (Bertin et al. 2017). 

Further, findings of spatial variability existing across a range of roughness scales (from the 

grain-scale to floodplains) provides evidence of a continuum of roughness scales and therefore 

using spatial variability to detect transitions between these roughness scales should be explored 

further. This includes analysis of grid spacing on a larger scale, to investigate if the findings 
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from this study hold true on larger scales, including those studies investigating fluvial bedform 

roughness and floodplain roughness.  

In studies of fluvial roughness there have been suggestions of an adequate patch size for 

analysis, however there are uncertainties to whether the suggestions are in relation to the bulk 

sediment or the surface sediment, which can differ due to the armouring of coarse sediment 

across a surface. The recommendations of DEM size in this work (in relation to the median 

surface grain size) are a step towards achieving consistency throughout the research. Future 

studies using consistent DEM size and grid spacing for grain-roughness parameterisation 

(Chapter 2) will facilitate straightforward comparisons between studies.  

Further consistency is needed in the detrending method used to obtain grain-roughness 

parameters. Previous work mentions detrending as a necessary step in analysis, without 

evidence of the significance of the procedure, which is provided in this study (Chapter 3). To 

ensure future research compares the same scales of roughness, it is imperative that the same 

detrending method is applied to the data for those studies quantifying grain-roughness. 

However, in certain applications (e.g. linking flow processes to the bed topography) it is 

important not to remove significant trends (e.g. effect of bedforms) from the data, as these 

trends influence the interpretation of processes. Therefore the application of the output 

roughness statistics is a vital consideration, whether that be to reflect (or parameterise) the 

surface topography, or for use in explaining the dynamic interactions at the sediment-water 

interface.   

Understanding sedimentation patterns in the field, and ways to quantify these, are important 

for guiding management strategies in river systems across the globe, not just the case study 

presented (Chapter 4). Evidence of intra-bar variations in roughness parameters further 

provides implications for choosing sampling locations in the field to measure roughness. One 

area of the bar does not represent the surface roughness across the whole bar, and therefore a 

standardised sampling approach (which extends from the commonly used approach of bar head 

sampling for example) is required for field studies. Further, these findings of roughness 

variations can be used in future to validate model predictions with real field data, and assist in 

the calibration of existing morphodynamic models and flow resistance equations, all of which 

improve accurate flow resistance calculation.  

Determining relationships between grain size and roughness parameters is timely, as no 

universal relationship has been found across the literature and there are suggestions that grain 
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size cannot be used as a proxy for roughness. Further research into the relationship between 

grain size and roughness parameters should extend to more data across surfaces of different 

sediment textures, and include a range of roughness parameters (i.e. not solely standard 

deviation of elevations). Additionally, a tentative correlation is made in the literature of the 

relationship between grain size and surface elevation (Rice and Church 2010). Further work 

should extend this analysis and assess the relationship of various roughness parameters and 

elevation. Finally, suggested research that work towards the improvement of obtaining 

appropriate roughness parameters for flow resistance and morphodynamic models include, 

assessing roughness parameters at larger scales (e.g. bedform scale); assessing inter-bar 

patterns in multiple rivers; and assessing temporal changes in roughness statistics (to assist in 

detecting morphological changes). 

8.2. BRINGING THE RIVER TO THE LABORATORY 

The successful replication of both laboratory and field surfaces using the casting procedure 

(Chapter 5), advocates the use of this technique to bring natural surfaces into the laboratory for 

detailed analysis. Individual particle dislodgement occurred, attributed to the pouring process 

of the silicone mould and the loose packing of the gravel. Future research adopting the casting 

technique is encouraged to assess the quality of surface replication, as limited DEMs of 

difference (DoD) exist across the literature. Further, evidence of shrinking around the edges 

should be quantified and reduced through improvements to the casting technique.  

The casting technique facilitates work to address the existing lab-field interface in fluvial 

research and is a cheaper option than 3D printing of surfaces. The generation of a large network 

of natural surfaces can be used in a range of experiments and applications, by multiple 

researchers. In conjunction with numerical modelling, this diminishes the gap between 

experimental and numerical work in fluvial science. Further, techniques such as close-range 

photogrammetry, which can be implemented in both environments, provide tools to allow 

comparison studies between the environments. Developments to the scaling between the two 

environments are needed in further research.   

Conducting patch-scale field research requires the consideration of wider-scale morphology 

(both natural and man-made), including the effect of vegetation, as demonstrated in this 

research. It is vital to consider that laboratory experiments neglect these morphological 

influences. Further research into the influence of vegetation (which is often removed from data) 
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on surface roughness is needed, as vegetation plays a crucial role in the sedimentation patterns 

in fluvial systems, contributing to the overall roughness of a surface. The feasibility of using 

the casting technique to replicate the surface vegetation is an avenue of research that would 

benefit from exploration.  

8.3. NEAR-BED FLOW INTERACTIONS 

8.3.1. CONTRIBUTIONS 

The final section of this research (Chapters 6 & 7) focused on quantifying the spatial grain-

scale interactions in the near-bed region, which is relevant for monitoring the hydraulic and 

ecological processes in gravel-bed rivers. To address this, two investigations were conducted 

on fixed beds generated using the casting technique; the effect of submergence (i.e. water 

depth), and to assess the spatial structure of flow properties across beds with differing 

microtopography. For both investigations, a dense sampling grid of 6 mm was used, 

measurements taken 2 mm away from the bed, and a unique measurement technique followed 

the line of the bed topography (obtained from a DEM).  

Firstly, under high submergence (H = 0.245 m), flow properties (e.g. velocities, turbulence 

intensity, turbulent kinetic energy and Reynolds stress) were found to be systematic with the 

bed topography. However under low submergence (H = 0.160 m) the spatial patterns in flow 

properties were not coherent with the bed topography (Chapter 6). Statistical differences 

between the two water depths, despite identical topography, demonstrate that submergence 

plays a role in the structure of flow properties. Spatial patterns of flow properties support 

existing research of higher streamwise velocity over the top of particles, low velocity in the 

depressions, and vertical velocity providing evidence of flow separation and recirculation 

behind individual particles. Further, observations of higher turbulence downstream of particles 

were clear, with higher turbulence intensity values under low submergence.  

Secondly, the spatial structure of flow properties across fixed surfaces from the laboratory and 

the field, covering a range of sediment sizes were quantified (Chapter 7). Using the standard 

deviation of elevations as a proxy for roughness, it was observed that there was an increase in 

the average near-bed velocity with a decrease in roughness, whilst an increase in roughness 

displayed an increase in turbulence characteristics.  



 

154 

 

Further, the novel presentation of isopleth maps to show the second-order structure functions 

of flow properties quantify the spatial structure of flow properties. For the majority of flow 

properties, across all surfaces, the range in the spatial extent of flow structures is between 1 – 

2.25 × D50A, except for transverse and vertical velocities, which have a wider range up to 3.5 × 

D50A. Understanding these small-scale processes is important, as these coalesce into 

macroturbulent structures, contributing to secondary circulation in river systems, which, as an 

example, can induce bank erosion. 

Both studies presented novel quadrant maps, which could be applied to assist the prediction of 

erosional and depositional sediment patterns. Across both investigations, there were no clear 

spatial patterns in quadrant events occurring. However there was a clear majority of sweep and 

ejection events, which are attributed to both erosional (ejection) and depositional (sweep) 

sedimentation patterns.  

8.3.2. FURTHER RESEARCH 

The existing body of research displays a lack of unanimity about the dependence of flow 

properties on submergence and bed topography. This research has found uniformity in the 

spatial structure of flow properties across surfaces with varying topography; however a 

reduction in submergence (i.e. water depth) displayed differences in flow structures and a lack 

of coherence with the bed topography. Therefore, it is recommended that future research 

extends experimental conditions to include surfaces with a range of microtopography, texture 

and sediment size. Further, it is important to consider other aspects of the bed including spatial 

density of roughness elements, distribution of particle elevations, particle arrangement and 

particle roundness; all of which control the flow resistance in a natural channel. Secondly, a 

wider range of water depths and discharges should be analysed to provide further evidence of 

the role of submergence in determining flow structures.  

Measuring the resultant flow properties from bed topography is a complex process, however 

with recent technological developments pivotal advances are being made to enhancing the 

knowledge of these interactions. Subsequent application of techniques such as Particle Imagery 

Velocimetry (PIV), as either two-dimensional (Cooper and Tait 2008, Hardy et al. 2010) or 

three-dimensional (stereoscopic) could provide deeper insights in the spatial patterns of the 

flow field in the near-bed region (Mohajeri et al. 2015, Spiller et al. 2012). The non-intrusive 

nature and the instantaneous multi point measurements are advantages over the ADV 

measurement technique used in this research. Further techniques such as Volumetric 3-
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component Velocimetry (V3V), Planar Laser-Induced Fluorescence (PLIF) and Particle 

Tracking Velocimetry (PTV) can also be applied to visualise the flow field across the near-bed 

(Navaratnam et al. 2016, Reidenbach et al. 2010).  

Recent investigations into the near-bed hydrodynamics have highlighted the importance of the 

permeability of beds, whereby, currently beds with differing permeability (but the same grain 

size or roughness) are calculated to have the same flow resistance (Cooper et al. 2017), despite 

porous beds displaying higher flow resistance than their non-permeable replicas (Navaratnam 

et al. 2018). Overall, this research cannot provide insights into the relationship between 

turbulence characteristics and permeability due to the impermeable replica surfaces, and thus 

further research is necessary to investigate the effect of porosity on sub-surface flow 

interactions (Navaratnam et al. 2018).  

Finally, this research investigated surface topography replicated from both the laboratory and 

the field, however these findings cannot be attributed to all surfaces occurring in natural 

systems. Subsequently, extended research is warranted to further increase the understanding of 

turbulent flows and the dynamic processes occurring in the near-bed region, including the 

subsequent influence on ecological habitats and sediment transport. 
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