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Expanding the existing knowledge of the role of roughness on near-bed flow properties is vital to provide deeper
insights into the interactions between the flow, sediment transport, morphology and ecology. This study uses
four fixed beds, from both the laboratory and the field, to characterise the structure of near-bed flow properties.
Dense measurements over a grid of 6 mm spacing were conducted across each cast, using an Acoustic Doppler
Velocimeter. These measurements followed the line of the bed topography, with the sampling location being
2 mm away from the maximum bed elevations. Near-bed flow properties were calculated across the surface; in-
cluding velocity, turbulence intensity, turbulent kinetic energy, Reynolds stress and quadrant analysis. Improved
visualisation of flow properties involves contour plots of the spatial distribution of flow over the DEM of the
gravel bed to facilitate attributions of flow patterns to roughness and topography. Using the standard deviation
of elevations as a proxy for grain roughness of each surface, we observed that a decrease in roughness led to
an increase in the average near-bed velocity. In contrast, an increase in roughness resulted in an increase in
both turbulence intensity and turbulent production (TKE). Analysis of quadrant events dominating across the
surface can provide indications into the potential for erosion and/or deposition across the natural mobile sur-
faces. Finally, second-order structure function analysis is used to quantify the spatial structure of flow properties,
presenting novel isopleth maps of flow properties. For the majority of flow properties across all surfaces, the
range in the spatial extent of flow structures is between 1 and 2.25 × D50A, except for transverse and vertical
velocities, which have a wider range up to 3.5 × D50A.

© 2018 Elsevier B.V. All rights reserved.
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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; Hardy, 2006; Robert, 2011; Curran
and Waters, 2014; Rice et al., 2014; Keylock, 2015). Currently, there is
limited detailed knowledge of flow in the near-bed region of gravel-
bed rivers (Rice et al., 2014; Cecchetto et al., 2016; 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).
), h.friedrich@auckland.ac.nz
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 amalgamating
into larger coherent flow structures (Hardy et al., 2010). The roughness
of the channel bed has a pronounced influence onmultiple flowproper-
ties. 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 (Hardy et al., 2010; Cooper et al., 2013); the genera-
tion, 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 (Buffington and
Montgomery, 1999; Aberle et al., 2008; 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; Rodríguez and García, 2008; Friedrich et al.,
2014). 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
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Ribberink, 2012). Thesemeasures of the bed surface extend from previ-
ously 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 (Wilcock, 1996; Smart et al., 2004). 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 (Milan et al., 2007;
Heritage et al., 2009; Hodge et al., 2009; Brasington et al., 2012; Bertin
and Friedrich, 2014; 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
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 inter-
actions in the near-bed region of four fixed gravel-beds with the follow-
ing 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 ob-
tained in both the laboratory and field environment using second-
order structure function analysis.

2. Methodology

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 mwide 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/m, flow
rateQ=95 L/s and awater depth of 0.245m; for a total of 67.5 h. The dif-
ferences between the two laboratory surfaces derive from the bulk sedi-
ment distribution, which ranged from D16 = 5 mm to D90 = 25 mm
and D16 b 2 mm to D90 = 41 mm for Lab 1 and Lab 2, respectively.

For eachnatural surface, a replica castwas obtainedusing 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 of material to cover an area 850 mm in length and 350 mm
wide. Once set (after 1 h of curing), the silicone rubber was peeled off
the surface of the bed,which destroys the natural surface. Subsequently,
themouldwas cleaned through the removal of encased sediment before
pouring a two-component polyurethane resin into the mould. Follow-
ing a 12 h drying period, the silicone rubber mould was peeled off the
casts with care taken to not rip the mould and destroy intricate struc-
tures that had been replicated.
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 topo-
graphic data (Bertin and Friedrich, 2014; Bertin et al., 2016; Groom
et al., 2018a; Groom et al., 2018b). Here we summarise the main pro-
cess, which includes the use of consumable Nikon D5100 cameras
(16.4 Mpixel, 23.6 × 15.6 mm2 sensor size) in stereo, with Nikkor
20mm lenses. Prior to data collection, calibration was completed to ob-
tain intrinsic (i.e., camera) and extrinsic (i.e., setup) parameters (Zhang,
2000). Images were rectified (with a maximum error b 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 sur-
rounding the edges of the DEM) were identified using the mean eleva-
tion difference parameter (Hodge et al., 2009) with a threshold value of
5 mm. These outliers were replaced using bi-cubic spline interpolation,
before the 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 thenatural stone, therefore the replica surface
also lacked texture. Highly textured surfaces enable accurate
stereomatching (Bertin et al., 2015); therefore, a lack of texture can in-
duce 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 el-
evation data or subsequent flow analysis (Bertin and Friedrich, 2014).

Detrendingwas 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 strat-
egy to remove bed undulations larger than the cluster size (Smart
et al., 2002; Hodge et al., 2009; Bertin et al., 2017).

To provide information on the sediment of each surface, the sedi-
ment 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, 2012;
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 calcu-
lating the standard deviation of elevations (σz) from the obtained topo-
graphic data within the DEM (Eq. 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 pa-
rameter inflow-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:

σ z
2 ¼ 1

N0
XN0

i¼1

Zi− Zih ið Þ2 ð1Þ

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
eachmeasurement region (i.e., 200mm×70mm; not full cast area) are
displayed in Fig. 1. The DEMs provide a clear indication of differences in



Fig. 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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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 ele-
vations 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 (Fig. 1). This negative skewness is indic-
ative of depressions across the surface. Field 2 has the largest fraction of
the surface at themean bed height and a long positive tail, whilst Field 1
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displays a longer negative tail of the distribution curve. These character-
istics indicate that Field 2 has particles that protrude significantly into
the flow, whilst Field 1 has depressions across the surface. Surface
slope and aspect plots (Fig. 1) provide information regarding the orien-
tation of the grains, where the aspect is the direction of the maximum
slope in the DEM cell (Hodge et al., 2009). For all surfaces the distribu-
tion of aspects are symmetrical, with limited evidence of imbrication
from a predominance of upstream aspects (Hodge et al., 2009). Instead,
the field surfaces demonstrate more downstream aspects (flow in Fig. 1
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 in Sections 3.2
and 4.2.
2.3. Flow measurements

All casts were placed in the test section of the flume that the labora-
tory 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 flowmeasurements were undertaken at Q=95 L/s with a water
depth of 0.245m (Table 1). Theflume tailgatewas set to attain near uni-
form 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.

Parameters for flowmeasurements included a sampling duration of
120 s, a sample volume height of 4 mm and a sampling frequency of
200 Hz (i.e., total of 24,000 samples gathered for each measuring loca-
tion). 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 sampled at spacing between 50 and 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 (6mm) used, this study can pro-
vide insights into the microstructure of turbulence across the
microtopography of both laboratory and field surfaces.

This provided a dense grid of 408measurement locations. As the bed
topographywas quantified in the DEM, we used an accurate, novel pro-
cedure to measure the flow in the near-bed region. Measurement loca-
tions 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 volumewas not interferingwith the bed topography. There-
fore themeasurements followed the line of the bed topography at a con-
stant distance from the surface.
Table 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
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 frequen-
cies. 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 re-
moved for subsequent analysis, as all data had SNR values exceeding
23 dB and the majority of correlation values exceeded 60% (Fig. 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).

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 shown (Hardy et al.,
2010; Khiadani et al., 2012):

TIu ¼
ffiffiffiffiffiffiffiffiffiffi
u0ð Þ2

q

u

TIv ¼
ffiffiffiffiffiffiffiffiffiffi
v0ð Þ2

q

v

TIw ¼
ffiffiffiffiffiffiffiffiffiffiffi
w0ð Þ2

q

w

ð2Þ

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 u, v, w, respectively.

Turbulent kinetic energy (TKE) is a measure of the turbulence inten-
sity, 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 ¼ 1
2

u02 þ v02 þw02
� �

ð3Þ

To describe the intensity of turbulent exchanges, the Reynolds
stresses (τij′) were calculated for a variety of velocity components:

τ0ij ¼ −ρ
u0u0 u0v0 u0w0
u0v0 v0v0 v0w0
u0w0 v0w0 w0w0

2
4

3
5 ð4Þ

where ρ = 1000 kg/m3.
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 ejec-
tions, 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 two
was used in order to identify higher magnitude burst events



Fig. 2. Correlation and SNR values for each dataset. All measurement locations for each cast are presented with differing symbols.
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(Sulaiman et al., 2013; Cecchetto et al., 2016; Hopkinson and Walburn,
2016).

2.5. Analytical methods

2.5.1. Spatial patterns in flow properties
Novel visualisation of flow properties was accomplished by overlay-

ing 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 jux-
taposingmeasuring locations, there is minimum interpolation between
points. This facilitates direct attributions of spatial patterns to individual
roughness elements or topography, rather than using scatter distribu-
tions, 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 attempts of interpolated visualisation
over the DEMhave beenmade, thesewere relative to themedian values
(Rice et al., 2014) compared to the absolute values presented herein.

2.5.2. Spatial structure of flow properties
To quantify the spatial structure of the flow field, geostatistical anal-

ysis was undertaken on each flow property through the calculation of
second-order structure functions (different from semivariograms by a
factor of two), which measure changes in flow properties at differing
spatial lags in both the streamwise and transverse directions:

DG2 Δx;Δyð Þ ¼ 1
N−nð Þ M−mð Þ

XN−n

i¼0

XM−m

j¼0

z xi þ nδx; yj þmδy
� ����

���−z xi; yj

� �n o2

ð5Þ

where z represents the flow property at location (x,y), Δx = nδx, Δy=
mδy, δx and δy are the sampling intervals in the streamwise and trans-
verse directions, respectively, n = 1,2,3, …N, m = 1,2,3, …M, and N
andM are the number of measurement points in the x and y 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; Hodge et al., 2009; Mao et al., 2011; Curran
and Waters, 2014). 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 betweenmeasurements; as the lag increases, the flow prop-
erties are less correlated until the saturation in semivariance, which in-
dicates 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).
3. Results

3.1. Spatial patterns in flow properties

Overlaying the spatial distribution offlowproperties on the topogra-
phy 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, Fig. 3), with high velocity across the top of
elevated particles and low velocity in depressions between, or behind,
protruding clasts. These patterns of high velocity across roughness ele-
ments and low velocity in depressions are replicated in the transverse
velocity (Fig. 3) for Lab 1 and Field 2. However, Lab 2 and Field 1 dem-
onstrate 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 protruding
clast at 320 mm downstream, and negative vertical velocity in is
observed in the depressions following regions of elevated particles.
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Table 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 b2 b2 b2
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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All casts demonstrate a pattern of turbulence intensity and turbulent
kinetic energy (TKE) in relation to the bed topography (Fig. 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 Reyn-
olds stress in Field 2.

The presentation of quadrant maps over the DEM demonstrates
across all casts except Lab 1, that there is a dominance of sweep (Q4)
events (Fig. 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.

3.2. Linking roughness to flow properties

Table 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 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). Fig. 1 demonstrated that Lab 2
had a skewed probability distribution of elevations, indicating there
were frequent depressions on the surfaces, attributed to the large eleva-
tion 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.

3.3. Spatial structure of flow properties

Contour plots of bed elevations for each cast (Fig. 6) show elliptical
patterns in the contour lines, with both lab surfaces demonstrating par-
ticles broadly aligned in the streamwise direction, albeit with Lab 1
demonstrating a slight skewness in orientation. Field 1 displays align-
ment 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 con-
tours across the transverse lags.
Fig. 5. Quadrant map reflecting dominant quadrant event
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 (Fig. 6). Ellipses exist to
lags of 36 mm (2.25 × D50A) before irregularities occur at larger lags ex-
ceeding 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 trans-
verse 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 (Fig. 6).

In Field 1, there are elliptical contours that are skewed in the same
orientation as the bed elevations (Fig. 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.
across Lab 1 (a), Lab 2 (b), Field 1 (c) and Field 2 (d).
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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 ve-
locity 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.

Table 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 themajority of flow properties, the range
in the length of flow structures is between 1 and 2.25 × D50A, except
for transverse and vertical velocities, which have a wider range up to
3.5 × D50A.

For the four surfaces in this study (Fig. 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 (Fig. 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 3). Transverse velocity demonstrates little saturation in values,
with Field 1 displaying lowvariance 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, respec-
tively, albeit withfluctuating variance. Until lags of 20mm(just exceed-
ing 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.

For turbulence intensity, TKE and Reynolds stress (Fig. 7), the
streamwise semivariograms display similar patternswith the scaling re-
gion for all surfaces with lags up to 20 mm (reaching semivariance
values between 0.6 and 0.8), before all surfaces remain in the transi-
tional 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.

4. Discussion

4.1. Spatial patterns in flow properties

Presenting the flow over the bed topography in this manner pro-
vides deeper insights into the spatial patterns occurring in affiliation
with the grain-scale topography. Overall, these patterns (Fig. 3) are re-
flective 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
Table 3
Spatial length of correlated flow properties in absolute value and non-dimensional by the med

Lab 1 Lab 2

mm ×D50A mm ×D50A

Streamwise velocity 36 2.25 24 1.4
Transverse velocity 20 1.25 56 3.3
Vertical velocity 56 3.5 60 3.5
Turbulence intensity 36 2.25 16 1
TKE 36 2.25 36 2.1
Reynolds stress 36 2.25 16 1
accordancewith previous research,which has found that the spatial dis-
tribution 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 coher-
ence between the streamwise velocity and bed topography (Cooper
and Tait, 2008). It is worth noting we do not observe the high velocity
streaks across themeasurement region that have previously been iden-
tified, possibly because our transverse measurement distance was ap-
proximately three times smaller than that of other work (Cooper and
Tait, 2008). Spatial patterns of streamwise turbulence intensity across
all casts (Fig. 4) are concurrent with research that finds higher turbu-
lence 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, Fig. 3) with negative velocity occurring in the
depressions behind clasts (Hardy et al., 2010).

Zones of high TKE occur due toflow recirculation and ejection events
are replaced by an inrush of high velocity (i.e., sweeps) towards the bed
(Sulaiman et al., 2013; Hardy et al., 2016). The production of TKE can
initiate sediment entrainment (Hardy et al., 2016), suggesting the
zones of high TKE observed in Fig. 4 are liable to sediment entrainment
on the mobile bed. These zones of small-scale turbulent structures coa-
lesce 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 as-
sociated 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 (Fig. 4).

Quadrant maps (Fig. 5) displaying the majority of either sweep and
ejection events (N60% of time for each cast, Table 2) support previous
research that found a dominance of these events, with ejections occur-
ring more frequently and sweeps occurring in higher magnitudes (Rice
et al., 2014; Cecchetto et al., 2016). Ejection events have been observed
downstream of roughness elements due to the interaction with clock-
wise vortical structures, with ejections lifting the vortices away from
the bed (Cicca and Onorato, 2016). These interactions (Q1 and Q3) are
found to occur less frequently and contribute negatively to bed shear
stress in comparison to sweep and ejection events that dominate sedi-
ment movement (Nelson et al., 1995). Therefore, the analysis of burst-
ing events through the presentation of quadrant maps can provide
indications of potential sediment entrainment, however, the origins of
these bursts are still unclear (Farano et al., 2017) and warrants further
research.
4.2. Linking roughness properties to flow properties

Recently, instead of using grain size as a proxy for roughness, quan-
titativemeasures of surface roughness have included the standard devi-
ation 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 rough-
ness 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
ian grain size.

Field 1 Field 2 Range

mm ×D50A mm ×D50A ×D50A

20 1.1 24 1.5 1.1–2.25
56 3.1 36 2.25 1.25–3.3
30 1.6 25 1.5 1.5–3.5
24 1.3 16 1 1–2.25
24 1.3 24 1.5 1.3–2.25
24 1.3 24 1.5 1–2.25



Fig. 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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(e.g., roughness parameters) that can adequately reflect the differences
in flow properties (Rice et al., 2014).

Lab 1 and Field 1 (i.e., the surfaces with the smallest standard devi-
ations of elevations) are the two surfaces that demonstrate the highest
median streamwise velocity (Table 2), which supports existing findings
of an increased downstream near-bed velocity with decreased rough-
ness 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 2), ex-
cept fromField 1 (which can be deemed the second least rough surface),
which has a lower value. Therefore, although this is not the surfacewith
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 el-
evations as proxies for grain-scale roughness (Table 2), the ‘roughest’
bed (Lab 2) does display the highest values for TKE and streamwise tur-
bulence intensity. Therefore, our work supports previous findings and
makes a step towards clarity into the effect of bed variation on 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 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 afore-
mentioned parameters as an indication of roughness, this is the surface
with the lowest roughness (Table 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 2).

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.

4.3. Spatial structure of flow properties

Observed similarities between the patterns demonstrated in bed el-
evations and parameters including streamwise velocity, turbulence in-
tensity and Reynolds stress (Fig. 6) suggest that the spatial structure
of these parameters is 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 spa-
tial scales of flow structure. These findings are highlighted in Table 3
whereby the transverse and vertical velocities have a larger spatial ex-
tent of autocorrelation (up to 3.5 × D50A) compared to other flow prop-
erties (up to 2.25 × D50A). In one-dimensional plots (Fig. 7), similarities
in the semivariance of streamwise velocity with a scaling region of
~30 mm demonstrates a uniformity in the flow structure across differ-
ent surfaces. Further, similarities in the vertical velocity across all sur-
faces 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).

Across surfaces, both turbulence intensity and TKE demonstrate ho-
mogeneity at smaller lags (Fig. 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 (Fig. 4). However, the spatial struc-
ture 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 (Fig. 6 and
Table 3) and semivariance within the scaling region (Fig. 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 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
(Fig. 7). This concurs with previous research (Legleiter et al., 2007;
David et al., 2013), 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 relation-
ship between the flow properties and bed topography in the transverse
direction.

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 thewater column and contribute to secondary circulation,
which can induce bank erosion. We have provided dense sampling of
flowmeasurements 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 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 un-
derstanding of the attributions of grain-scale topography on flow prop-
erties. Previous work showed that differences in the microtopography
of the surface do not necessarily produce differences in the flowproper-
ties 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 unanimousfindings 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 investi-
gated further (Powell, 2014; Rice et al., 2014).

Interactions in the near-bed zone are complex, and although we an-
alysefixed surfaces fromboth the laboratory and thefield,we cannot at-
tribute these findings to all naturally occurring surfaces. Further
progress is needed in understanding the fluidmechanics of these turbu-
lent flows and their subsequent influence on benthic fauna and sedi-
ment transport (Powell, 2014; Rice et al., 2014). The applicability of
our findings to other surfaces, and in flow models, is limited, largely
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due to using impermeable beds. Hydraulic models predict flow proper-
ties 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 un-
derstanding of flow in the near-bed region.

5. Conclusions

This study has used four fixed beds, two surfaces originating from
the laboratory, and two surfaces originating from the field, to character-
ise the flow structure of flow properties in the near-bed region. These
surfaces differed in their surface sediment size, from b2mm to the larg-
est 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 spa-
tial patterns of flow properties and turbulence characteristics with an
underlying DEM provides evidence of the coherence of grain-scale to-
pography 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),whichwas
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, highlight-
ing 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 themajority of flowproperties,
the range in the scale of flow structures was between 1 and 2.25 × D50A,

except for transverse and vertical velocities,which had awider range up
to 3.5 × D50A. In one-dimensional structure functions, few flow proper-
ties reached the saturation region where the semivariance no longer
changed. Similarities existed between the semivariance within the scal-
ing region for three casts in the streamwise and vertical velocity and all
casts in TKE and Reynolds stress, at lags up to 20mm (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 under-
stand the near-bed processes.
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