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ABSTRACT 

Include a brief (<300 words) abstract, by itself, on p.2.  Abstracts may not be published in the 

printed book but will be used in review and editing and may be used in web presentations of the 

book contents. 

Understanding and quantifying the co-evolution of migrating bed topography and flow 

turbulence is crucial for characterizing sediment transport in alluvial rivers. The self-organized 

bed forms at the bottom of these rivers exhibit a complex multi-scale structure which affects and 

is affected by the dynamics of near-bed turbulence and particle transport.  Here we review and 

integrate some recent results related to the space-time characterization of gravel bed elevation, 

near-bed 3D turbulence, and sediment transport fluctuations, using simultaneous data obtained in 

a large-scale laboratory experiment in a 84m long, 2.75m wide flume for a range of discharges. 

We show that migrating bed topography imprints a distinct signature on the power spectral 

density of near-bed velocity fluctuations presenting the possibility of inferring bed form 

characteristics from long time series of turbulence measurements above the bed. A quadrant 

analysis of velocity fluctuations depicts the sweep-ejection nature of flow turbulence and its 

relation to particle transport patterns. We report that the probability density functions (PDFs) of 

the bed elevation increments and the instantaneous Reynolds stress exhibit heavy-tail statistics 

and a strong asymmetry revealing two-way feedbacks between bed form dynamics and near-bed 

turbulence and having implications for particle movement contribution to large fluctuations in 

sediment transport. Deviation of these PDFs from Gaussian form calls for looking beyond the 

distribution of the energy across scales (spectrum) and we present a higher order moments 

analysis using the standard multifractal formalism of turbulence. We show that both the 

roughness parameter and the intermittency parameter of the bed elevation fluctuations increase 
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with increasing discharge. Finally, we propose a simple relation to quantify sediment transport 

rates from bed form averaged instantaneous Reynolds stress.  
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Effect of migrating bed topography on flow turbulence: 

implications for modeling sediment transport 

Arvind Singh and Efi Foufoula-Georgiou 

 

1. INTRODUCTION 

Migrating bed forms exhibit highly complex dynamics and have been shown to vary with flow 

strength, grain size distribution, and local hydraulic, hydrologic and geomorphologic properties 

(Nordin, 1971; Paola and Borgman, 1991; Dinehart, 1989; 1992; Jerolmack and Mohrig, 2005a, 

2005b; van der Mark et al. 2008; McElroy and Mohrig, 2009; Singh et. al. 2009a, 2009b, 2011). 

Quantifying this bed form variability and complexity is important for understanding its 

interaction with flow turbulence and particle-scale dynamics (Nelson et al. 1993; 1995; ASCE 

Task Force, 2002; Venditti et al. 2005; Best, 2005, Jerolmack and Mohrig, 2005c; Venditti, 

2007), for subsurface permeability characterization (Weber, 1980; Best, 2005), stratigraphic 

record interpretation (Leclair, 2002; Bridge, 2003), aquatic habitat restoration (Yarnell, 2000) 

and for developing predictive models of sediment transport (Simons et al. 1965, Engel and Lau, 

1980; McElroy and Mohrig, 2009). Bed forms have also been shown to influence hyporheic 

exchange (Packman et al. 2000a, 2000b, 2004) with implications for modeling water cycle and 

nutrient dynamics in streams. 

 

Many studies have focused on characterizing bed topography both in sand and gravel bed 

environments and relating it to flow attributes. For example, on the basis of flume experiments, 

empirical relationships were first developed, relating the steady state bed form features (i.e., 
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height, length and migration speed) to physical parameters such as flow intensity, flow depth, 

sediment size (see, among others, Allen, 1962; Van Rijn, 1984; Julien and Klaassen, 

1995; Coleman et al., 2006).  More recently, increasingly refined numerical models have been 

developed to investigate the morphodynamic evolution of these bed forms, starting from a plane 

bed configuration and evolving towards an equilibrium state with bed forms of different scales 

continuously merging and splitting (Gabel, 1993; Federici and Seminara, 2003; Giri and 

Shimizu, 2006).   

 

Statistical approaches (e.g., spectral analysis, structure function analysis) have also received 

significant attention, though, mainly in sand bed environments (see, for e.g.,  Nordin and Algert, 

1966; Hino, 1968; Jain and Kennedy, 1974;  Nakagawa and Tsujimoto, 1984; Nikora et al., 

1997; Nikora and Goring, 2001; Aberle et al., 2010; Singh et al. 2011), acknowledging the fact 

that variability is present over many scales, i.e., smaller bed forms riding on larger bed forms. 

The presence of a broad scaling regime (log-log linear spectrum or second-order structure 

functions) in the statistical structure of sand bed elevations both in space and time along with a 

scale-dependent celerity of migrating sand dunes (e.g., Raudkivi and Witte, 1990; Coleman and 

Melville, 1994; Nikora et al. 1997; Best, 2005; Jerolmack and Mohrig, 2005b) has been 

established. In gravel bed rivers, the statistical properties of bed topography have only recently 

been analyzed and mostly on plane beds (Nikora et al. 1998; Marion et al. 2003; Nikora and 

Walsh, 2004; Aberle and Nikora, 2006), apart from a few studies  on gravel bed forms (Dinehart, 

1992; Singh et al. 2009a, 2010, 2011).  
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A parallel body of work has been devoted to understanding the influence of bed forms on flow 

turbulence (McLean and Smith, 1979; Best, 1993; Venditti and Bennett, 2000; Best, 2005; 

Jerolmack and Mohrig, 2005c; Venditti, 2007). These bedforms exert a significant influence on 

the generation of turbulent flow structures (also known as coherent flow structures) which are 

related to the wakes of bedforms as well as to the jetting of higher velocity between bedforms 

and also show attributes of boundary layer flows (Hardy et al. 2009; Keylock et al. 2012).  It has 

been argued that the flow structures generated over these bed forms have many important 

implications for flow resistance, bed shear stress, and nutrient and sediment transport (e.g., Best, 

2005; Nelson et al. 2005). However, most of these studies focused on either fixed bed forms or 

slow moving bed forms and mainly in sand bed environments. To the best of our knowledge, the 

multiscale statistical structure of migrating gravel bed forms and its influence on flow turbulence 

has not been investigated before, apart from the studies of Dinehart (1999) and Shvidchenko and 

Pender (2001) and more recently Singh et al. (2010, 2012a).   

 

Bed form dynamics certainly influence sediment transport rates.  It has been argued that in the 

presence of bed forms, which create spatially variable bed shear stress fields (Brownlie, 1981; 

Paola et al. 1999), the total transport rate is significantly different, in fact, higher compared to a 

channel with spatially uniform bed shear stress (Wilcock and Kenworthy, 2002). Therefore, to 

account for the effect of bed forms on sediment transport, a surrogate predictor other than 

average bed shear stress is required. For such a purpose, understanding and classifying flow 

turbulence above a moving bed may provide a better insight for further physical understanding of 

turbulence –bed form –sediment interactions leading to more accurate sediment transport models 

and parameterizations (Mclean et al. 1994; Nelson et al. 1995; Best, 2005, Singh et al. 2010).   
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This chapter presents and integrates some recent results in understanding and quantifying the 

interaction of multiscale migrating gravel bed form topography with flow turbulence and the 

implications for modeling sediment transport. We use long time series of simultaneously 

collected velocity fluctuations, bed elevations and sediment transport rates to characterize the 

multiscale variability in both flow and bed structures and relate this variability to sediment 

transport rates.  Note that some of the results discussed herein have been presented in Singh et al. 

(2010, 2011, and 2012a).  

 

The paper is structured as follows. In section 2 a brief review of the experimental setup and data 

collected is given. Section 3 presents physical characteristics along with multiscale statistics of 

gravel bed topography. Section 4 focuses on the statistical characterization of flow turbulence 

whereas interaction of flow turbulence with bed topography is presented in section 5. Section 6 

presents quantification of sediment transport from instantaneous Reynolds stress. Finally, 

concluding remarks are presented in section 7.  

 

2.  EXPERIMENTAL SETUP AND DATA COLLECTED 

In order to investigate the interaction of bed topography with flow turbulence and the 

implications of this interaction for sediment transport, we embarked a few years ago on a large-

scale controlled experiment in the main channel facility at the St. Anthony Falls Laboratory of 

University of Minnesota (see Singh et al., 2012b for the scope of this experiment, termed 

StreamLab). The main channel used in this study is 84 m long, 2.75 m wide and 1.8 m deep 

(only the 55 m long upstream section of the flume was used as the test section) with a maximum 



 9

discharge capacity of 8000 Ls-1. It is a partial-recirculating flume, in that it has the ability to 

recirculate gravel while the water flows through the flume without recirculation. Water for the 

channel is drawn directly from the Mississippi River. The channel bed was composed of a 

mixture of sand and gravel with a broad particle size distribution characterized by d50 =7.7 mm, 

d16 = 2.2 mm and d84 = 21.2 mm.  The mean specific density of sediment of all size fractions was 

~ 2.65. The thickness of the bed at the start of the each run was approximately 0.45 m. 

 

Prior to data collection, a constant water discharge, Q, was fed into the channel to achieve 

dynamic equilibrium in transport and slope adjustment for both water surface and bed. The 

assessment of this dynamic equilibrium state was evaluated by checking the stability of the 60 

min average total sediment flux at the downstream end of the test section. In other words, when 

the average of the previous 60 min of instantaneous sediment flux values computed from the 

weigh pan data stabilized, we determined the channel to be in dynamic equilibrium and 

proceeded with formal data collection and sampling. After attaining equilibrium, experiments 

were run for approximately 20 hrs. Details about the experimental setup and the dynamic 

equilibrium conditions can be found in (Singh et al. 2009a, 2010). 

 

High resolution velocity fluctuations, temporal bed elevation at several locations, and sediment 

transport rates, were measured at the downstream end of the test section. The velocity 

fluctuations were measured using an Acoustic Doppler Velocitimeter (ADV) at an approximate 

distance Dp of 10 cm above the mean bed level with a sampling frequency of 200Hz. Although 

the distance, Dp, changed as a function of discharge we kept the ratio k (where k = Dp / σb, σb = 

std. dev. of bed elevation) constant and ~ 5 (Table 1). For the bed elevation fluctuations 



 10

submersible sonar transducers of 2.5 cm diameter were deployed 0.3 m (on an average) below 

the water surface. The sampling interval of bed elevation measurements was 5 sec with a vertical 

precision of 1 mm. Sediment transport rates were measured using bedload traps located at the 

downstream end of the test section, consisting of 5 weighing pans of equal size that spanned the 

width of the channel. Any bedload sediment transported to the end of the test-section of the 

channel would fall into the weigh pans, which automatically recorded the mass they contained 

every 1.1 sec.  Figure 1a shows the schematic diagram of the setup of ADV, sonars and bedload 

traps (pans) located at the downstream end of the test section. Measurements were taken over a 

range of discharges corresponding to different bed shear stresses for approximately 20 hrs. Here 

we report the analysis of the data collected at discharges of 1500 Ls-1 and 2800 Ls-1 

corresponding to Shields stress of about 0.049 and 0.099 respectively. 

3. BED TOPOGRAPHY CHARACTERIZATION 

3.1 Physical characteristics of bed topography 

Figure 1b shows the bed forms formed in the main channel at the discharge of 2800 Ls-1. At the 

low discharge (1500 Ls-1) the bed forms were mainly two-dimensional bedload sheets and were 

transitioning to three-dimensional dunes at higher discharges (2800 Ls-1). The temporal 

variability of bed elevation as recorded by a sonar transducer (sonar 3) at a resolution of 5 sec is 

shown in Figure 2a whereas Figure 2b shows the simultaneously sampled (5 min averaged) 

sediment transport rates for the discharge of 2800 Ls-1. Bed form characteristics were extracted 

from the time series of bed elevation (using methodologies described in Singh et al., 2011, 

2012a) and their statistics (mean and standard deviation of bed form height) are shown in Table 1 

for both discharges of 1500 Ls-1 and 2800 Ls-1. From Table 1 it can be seen that the mean bed 

form height increases with increasing discharge (3.38 cm and 8.23 cm, respectively for 1500 Ls-1 
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and 2800 Ls-1) and so does their standard deviation (0.98 cm and 2.79 cm, respectively), keeping 

however the coefficient of variation approximately constant and equal to 0.3.  

3.2 Multiscale statistics of bed topography 

Bed elevation and its evolution are found to exhibit variability across a range of scales from the 

grain size scale to the bed form scale. A common way to characterize this variability is via 

computing the power spectral density (hereafter PSD) or wavelet spectrum. Both spectra 

measure the distribution of energy (variance) as a function of scale. In the absence of significant 

non-stationarities calling for localized analysis via wavelets, these spectra are comparable 

although the wavelet spectrum is smoother (as it integrates over frequency bands, see the 

detailed discussion and comparison in Singh et al. 2011). 

 

Figure 3 shows the PSD of the bed elevation series for the discharges of 1500 Ls-1 (bottom 

spectrum) and 2800 Ls-1 (top spectrum). From Figure 3 it can be seen that the PSD follows a 

power law-decay with a slope of ~1.87 and ~ 2.18  for the discharges of 1500 Ls-1 and 2800 Ls-1, 

respectively, suggesting the presence of statistical scaling in the bed elevation series. At the same 

time, as the slope increases with increasing discharge, the time-scale corresponding to the largest 

bed form decreases, indicating, as expected, the faster bedform movement at higher discharge.  

For example, the time-scale of the largest bed form for the discharge of 1500 Ls-1 is 55 min 

whereas for the discharge of 2800 Ls-1 it is 25 min.   

 

The PSD of a signal, and therefore the variance of its increments as a function of scale, 

characterizes how the second order moment changes with scale/frequency and as such it fully 

characterizes only a Gaussian PDF of increments over scales. Figure 4a, shows the PDFs of the 
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bed elevation increments ( )()()( thtthth  , where t  is the resolution of the 

measurement, i.e., 5 sec) for the discharges of 1500 Ls-1 and 2800 Ls-1. The positive increments 

of the bed elevation series ( )(th > 0) correspond to depositional events (i.e., an increase of 

elevation at the point of measurement during an interval t ) and negative values ( )(th < 0) to 

erosional events. As can be seen from Figure 4a the PDFs of bed elevation increments show 

significant deviation from the Gaussian distribution and also a pronounced asymmetry. A formal 

way to quantify this asymmetry is by computing the asymmetry index    33 / hhAs  . For 

the discharge of 1500 Ls-1 As was found to be  0.25 and for 2800 Ls-1 0.54, suggesting that the 

asymmetry in the PDF of bed elevation increments increases with increasing discharge. Another 

way of characterizing this asymmetry is via higher order distributional plots as reported in Singh 

et al., (2012a). 

 

Along with asymmetry, the PDF of the bed elevation increments shows a concave up shape for 

the positive tails, depicting a heavy-tail behavior.  This heavy-tail behavior, along with the 

deviation from Gaussian distribution, can be strongly appreciated from quantile-quantile plots 

(Figure 4b), where the dotted lines represent the Gaussian distribution. A formal 

parameterization of these heavy-tail distributions can be found in (Singh et al., 2012a).     

 

Deviation from a Gaussian distribution calls for the examination of higher order statistical 

moments of bed elevation increments. For this, a higher-order structure function analysis, which 

quantifies the manner in which higher order statistical moments of the local fluctuations in the 

bed elevation series change with scale, was performed. In particular, a statistical analysis was 
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performed on the differences (or increments) of the bed elevation time series )(th at different 

scales a, denoted by ),( ath , and defined as: 

    )()(),( thathath                                   (1) 

where t is the time and a is the scale. The qth order statistical moment estimates of the absolute 

values of the increments at scale a, M(q,a), are defined as: 

    
N

q
ath

N
aqM

1

),(
1

),(                                 (2) 

where N is the number of data points of the series at scale a. As an extension to second order 

(spectral) scaling, higher order statistical scaling or scale-invariance requires M(q,a) to be a 

power law function of the scale a, that is: 

    )(~),( qaaqM                                         (3) 

where τ(q) is called the scaling exponent function. A linear dependence of τ(q) on the order of 

the moment q is the signature of simple scaling and the proportionality coefficient H is the so-

called Hurst exponent. Note that H relates to the spectral slope   as 12  H  (Singh et al., 

2011) implying that a single exponent H completely characterizes how all the statistical moments 

(and therefore the whole PDF) change with scale.  

 

In most natural phenomena (e.g., atmospheric turbulence, precipitation series, streamflows, cloud 

structures, soil hydraulic conductivity, etc.) the nature of scaling is more complex and more than 

one parameter is needed to characterize the nonlinear dependence of τ(q) on q. The standard 

multifractal formalism of turbulence (Parisi and Frisch, 1985) asserts that two parameters c1 and 

c2, under the assumption of a quadratic approximation of 2/)( 2
21 qcqcq  , deriving from a 

log-normal cascade phenomenology, characterizes the change of the non-Gaussian PDF over 
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scales and thus the dependence of higher order structure functions on scale. The parameter c1 is a 

measure of the average “roughness'” of the series whereas the parameter c2, the intermittency 

parameter, gives a measure of the inhomogeneous arrangement of the local abrupt fluctuations in 

the series. The reader is referred to Singh et al. 2011 (and also Venugopal et al., 2006) for more 

details on the theoretical foundations, interpretations and the details of this analysis.  

 

Figures 5a and 5b show the computed τ(q) curves from the slopes of the log-log plots of the 

moments M(q,a) (not shown here for brevity) within the scaling range for the bed elevations at 

the discharges of 1500 Ls-1 and 2800 Ls-1, respectively. (Note that the scaling range, i.e., the 

range of scales where the structure functions show log-log linearity, is of the order of 0.5-8 min 

for 1500 Ls-1 discharge and 0.5-7 min for 2800 Ls-1 discharge; see Singh et al. 2012a for details 

about structure functions scaling range). It can be seen from Figures 5a and 5b that the τ(q) has a 

nonlinear dependence on q, which is an indication of the presence of multi-fractality.  A 

summary of the computed multifractal parameters c1 and c2 along with the scaling ranges for 

both the discharges of 1500 Ls-1 and 2800 Ls-1 can be seen in Table 2. It is interesting to note 

that both the roughness coefficient c1 and the intermittency coefficient c2 increase with 

increasing discharge.  

 

Several observations can be made from the multifractal properties of the bed elevation series 

shown in Table 2. First, the increase of c1 (roughness parameter) with increasing discharge 

suggests that bed elevation fluctuations are smoother overall at higher discharge than a lower 

discharge. Second, the increase of c2 with increasing discharge suggests a faster rate of change of 

the PDFs shape across a range of scales and a more inhomogeneous arrangement of the various 
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strength singularities, or abrupt bed elevation fluctuations, over time at higher discharge than at 

lower discharge. In the case of a mono-fractal (c2 = 0) the shape of the PDF of the increments 

does not change with scale. However, the above analysis does not explicitly incorporate the 

asymmetric nature of the PDFs in scaling parameterization and this topic needs further study. 

 

4. FLOW VELOCITIES ABOVE MIGRATING BED FORMS 

4.1 Streamwise and vertical velocity spectra: implications for grain sorting 

Velocity fluctuations over homogeneous surfaces or plane bed topography have been previously 

analyzed in terms of their PSD, scaling properties, intermittency and characteristic shape of their 

PDF at different scales (Kolmogorov, 1961; Perry et al. 1986; Nezu and Nakagawa, 1993; Katul 

et al. 1995; Malecot et al. 2000; Porté-Agel et al. 2000). In the PSD of velocity fluctuations, 

three different ranges of scales have been identified. The first scaling range is observed at the 

low frequencies also known as the ‘production range’ and is found at scales larger than 

approximately 2πz (where z is the distance to the surface) and smaller than the integral scale of 

the turbulence (on the order of the depth of flow in a channel). This range is characterized by a 

−1 spectral slope (Kader and Yaglom, 1991; Katul et al., 1995). The second scaling range is 

observed at the intermediate frequencies and is often referred to as the ‘inertial subrange’. This 

range is characterized by a −5/3 spectral slope (Kolmogorov, 1961) and is associated with eddy 

scales smaller than approximately 2πz. The third scaling subrange is the viscous subrange 

observed at smaller scales than the surface roughness size where spectra decay much faster than 

in the inertial subrange (Nezu and Nakagawa, 1993; Nikora and Goring, 2000). In addition to the 

power-law scaling ranges in the PSD of velocity fluctuations, the PDFs of velocity fluctuations 
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have been shown to roughly evolve from a stretched exponential shape near the Kolmogorov 

scale to a Gaussian shape near the integral scale (e.g., Malecot et al. 2000).   

 

In the case of an inhomogeneous surface such as, for example, flow velocities above a bed form 

dominated bed, the statistics of the velocity field are affected by these roughness elements and 

their spatial distribution along the channel reach (Robert et al. 1992; Robert et al. 1993; Roy et 

al. 2004; Lamarre and Roy, 2005). This effect can be seen from Figures 6a and 6b, where the 

PSD of the streamwise velocity fluctuations for the discharges of 1500 Ls-1 and 2800 Ls-1 are 

shown. From these figures, two clear power-law scaling ranges can be observed, separated by a 

spectral gap. For relatively small scales (high frequencies), for example, in the case of 1500 Ls-1, 

in the range of 0.1 sec to 1.5 sec, the slope of the PSD is -5/3, which corresponds to the 

Kolmogorov spectrum of turbulence.  It is associated with turbulent eddy motions of sizes 

smaller than the distance from the velocity sensor to the gravel bed. A second scaling range 

which we refer to here as the ‘dynamic scaling range’ is observed for scales between 50 sec and 

65 min, for which the slope of the PSD is ∼−1.05 (Figure 6a). The range of the observed spectral 

gap is from 8 sec to 50 sec (see Figure 6a). The scales from the high‐frequency end of the 

spectral gap, which also coincides with the integral scale of the turbulence, to the low‐frequency 

end of the inertial subrange shows a spectral slope of ∼−1. 

 

For the discharge of 2800 Ls-1, the dynamic scaling range in the PSD of velocity fluctuations is 

shifted towards higher frequencies and is from 35 sec to 28 min with a spectral slope  ~ -1.15 

(Figure 6b). This shift of the dynamic scaling range at higher discharge towards higher 

frequencies suggests, as expected, that the bed forms at higher flow (2800 Ls-1) are moving faster 
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than the bed forms at the lower flow (1500 Ls-1). The spectral gap in the case of 2800 Ls-1 is 

from 6 sec to 35 sec. It is interesting to note that at the 2800 Ls-1 discharge, the dynamic scaling 

range is much smoother than the dynamic scaling range at 1500 Ls-1 discharge. We hypothesize 

that this is due to the presence of smaller bed forms riding on the longer wavelength (smaller 

relief) bed load sheets present at the lower discharge.  Also note that the largest time-scale 

present in the PSD of velocity fluctuations (65 min and 28 min for 1500 Ls-1 and 2800 Ls-1, 

respectively) is similar to the largest time-scale present in the PSD of bed elevation fluctuations 

(55 min and 25 min, respectively), suggesting that bed elevation imprints a distinct signature 

onto the velocity fluctuations. From the above results, it can be concluded that some of the 

characteristics of bed forms can be inferred from flow structures sampled close to the bed, 

although the field application of this method would require a long time series of river flow 

velocities. More detailed discussion of the different scaling regimes of the PSD of velocity 

fluctuations in the streamwise direction can be found in Singh et al. (2010). 

In comparison to the PSD of the streamwise velocity fluctuations, the PSD of vertical velocity 

fluctuations show that the evolving bed forms imprint a distinct signature on vertical velocities 

although with different characteristics than those of the streamwise component. Figures 7a and 

7b compare the spectra of streamwise and vertical velocity components for the discharges of 

1500 Ls-1 and 2800 Ls-1, respectively. The following observations are made. First, the dynamic 

scaling range is much smaller in the vertical vs. streamwise components (50 sec to 15 min and 25 

sec to 40 min for the 1500 Ls-1 and 2800 Ls-1 discharges, respectively; see Table 3 for summary). 

Second, the spectral slopes in these regimes are significantly higher compared to their 

streamwise velocity counterparts (-1.18 and -1.67, respectively for 1500 Ls-1 and 2800 Ls-1 

discharges). This indicates that transfer of energy across scales in the vertical direction is much 
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faster compared to the streamwise direction. Third, the anisotropy (streamwise vs. vertical 

component statistics) increases as discharge increases. This is evidenced by the relative change 

of spectral slopes in Figure 7. This is partially explained by the increasing heterogeneity in the 

bed topography at higher discharges (see Table 1 and Table 2), suggesting a strong feedback 

between the complex bed topography and anisotropic flow above. (Note that in the case of 

isotropic turbulence the slope of the PSD of the velocity fluctuations remains the same regardless 

of the direction of measurement).  

 

The anisotropic flow, influenced by bed forms, leads to grain sorting within the bed form 

(Shvidchenko and Pender, 2001; Best, 2005). This effect can be seen from Figure 8a and 8b 

which show that the grain size distribution (hereafter GSD) obtained from surface sampling of 

the bed is much coarser in the bed form trough than the GSD obtained from bed form crest. In 

fact, the difference between crest and trough GSD increases with higher discharge. For example, 

d50 for the crest of the bed forms for the discharges of 1500 Ls-1 and 2800 Ls-1 are 8.65 mm and 

9.9 mm, whereas d50 for the trough of the bed forms are 14.76 mm and 19.88 mm. Note that 

these GSDs are obtained from the ensemble average of two surface samples for both crest and 

trough using an approach similar to that of Klingeman surface GSD sampling (see Singh et al. 

2012c for details about surface GSD sampling). 

4.2 Instantaneous Reynolds Stress 

Having studied the multiscale structure of streamwise and vertical velocity components, we turn 

our attention to the instantaneous Reynolds stress, which is more relevant for particle 

entrainment and characterizing variability in sediment transport rates. These instantaneous 

Reynolds stresses, ρwu'w’, were computed as the product of mean-removed velocity fluctuations 
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in the longitudinal u' (Figure 2c) and vertical directions w' (Figure 2d). Here, ρw is the density of 

the water, assumed to be 1000 kgm-3. Figure 9 shows the PDFs of the normalized instantaneous 

Reynolds stress for the discharges of 1500 Ls-1 and 2800 Ls-1. The normalization was performed 

by dividing by (ρs -ρw)gd50, where ρs is the specific density of sediment (2650 kgm-3), g is the 

acceleration due to gravity and d50 is the median particle size diameter. Note that we used the 

term 'instantaneous Reynolds stress' for the product of ρu'w' and is not to be confused with 'local 

Reynolds stress' or 'Reynolds stress' which is the average of instantaneous Reynolds stress ρu'w', 

i.e.., < ρu'w' >. 

 

From Figure 9, it is observed that as the discharge increases the magnitude of the instantaneous 

Reynolds stress values increases with a strong asymmetry towards larger positive values, i.e., as 

the Q increases u’w’>0 increases faster than u’w’<0. To examine this further, it is instructive to 

look at the joint PDF of u’ and w’ by plotting these velocity fluctuation components in the so-

called quadrant plot, as done in the next section. 

  

5. TURBULENCE PATTERNS MODULATED BY BED FORMS  

The highly asymmetric PDFs of the instantaneous Reynolds stress indicate the presence of very 

large amplitude of positive fluctuations in instantaneous Reynolds stress. These high fluctuations 

could arise due to very large fluctuations in u’ and/or w’. The contribution of each velocity 

component (u and w) to the turbulent flow field can be quantified by plotting the joint probability 

distribution of the longitudinal u' and vertical w' velocity fluctuations.  These plots are also 

referred to as quadrant plots (Lu and Willmarth, 1973; Bennett and Best, 1995; Nelson et al., 

1995; Buffin-Belanger et al., 2000; Best , 2005; Hardy et al., 2009;2010) .   
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Four regions of distinct fluid motion characteristics with respect to the mean flow are 

differentiated in quadrant plots. Quadrant 1 (QD1) represents outward interaction, where u'>0 and 

w'>0; Quadrant II (QD2) represents ejection, where u'<0 and w'>0; Quadrant III (QD3) represents 

inward interaction, where u'<0 and w'<0; and Quadrant IV (QD4) represents sweep motion, where 

u'>0 and w'<0 (Nelson et al. 1995; Buffin-Bélanger et al. 2000; Best, 2005; Hardy et al. 2009, 

2010, Singh et al. 2012a). Ejection and sweeps contribute positively to the instantaneous 

Reynolds stress, whereas outward interaction and inward interaction contribute negatively. 

Positive values in the vertical direction (w’>0) indicate flow which is upward and away from the 

bed. Also, in QD2, large-scale vorticities arise both along the shear layer and at the flow 

reattachment (Bennett and Best, 1995; Best, 2005).   

 

Nelson et al. 1995 suggested that quadrant analysis can be used to partition the total Reynolds 

stress (ρu'w') between different components and assess the importance of each of these for 

sediment transport. In particular, Nelson et al. 1995 argued that sweeps are extremely common, 

contribute positively to the instantaneous Reynolds stress, and collectively move the majority of 

sediment. However, they also mentioned that outward interactions are relatively rare, contribute 

negatively to instantaneous Reynolds stress, and individually move as much sediment as sweeps 

and much more than ejections and inward interactions. 

 
Figure 10a and 10b shows the joint probability distribution of u’ with w’ for the discharges of 

1500 Ls-1 and 2800 Ls-1, respectively. It can be seen from these Figures that although the mass of 

the distribution is more concentrated in QD4, the scatter of the joint distribution of velocity 

fluctuations is higher in QD2 and increases with increasing discharge. To characterize the 
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observed scatter in the quadrant plots, ellipses (fitted using least squares) were fitted to the 

scatter plot. These ellipses show the asymmetric growth of the quadrants as a function of 

discharge (Figure 10c). It is interesting to note that the scatter plot of the joint distribution of 

velocity fluctuations in QD2 increases with increasing discharge, leading to anisotropic growth of 

the ellipse as a function of discharge. (The relative contribution of the instantaneous Reynolds 

stress to each quadrant can be seen in Figure 10a and 10b for the discharges of 1500 Ls-1 and 

2800 Ls-1, respectively). The higher scatter in the velocity fluctuations in QD2 is due to the 

presence of prominent topography (higher bed forms), which increases as the bed form height 

increases as these higher bed forms create more space for ejection events.  

6. SEDIMENT TRANSPORT MODELING 

Sediment transport prediction over bed forms is highly complex and depends on estimation of 

the shear stress over the bed (Smith and McLean, 1977, McLean et al. 1999, Best, 2005). Both 

experimental and field studies have suggested that the existing methods are inappropriate for 

modeling sediment transport over bed form fields (Nelson et al. 1993; McLean et al.1994; 

Nelson et al. 1995; Best , 2005) since most of these formulas were obtained over a flat or plane 

bed (see Wong and Parker, 2006 and references therein). In recent years, it has been argued that 

the turbulent flow field over bed forms is critical in determining instantaneous bed shear stress 

(Nelson et al. 1993; McLean et al.1994; Nelson et al. 1995; Best , 2005).  However, 

characterizing sediment transport from observations at a single point is challenging due to the 

spatial/temporal heterogeneities on the bed topography (Boyer et al. 2006). In the case of steady 

uniform flow (e.g., plane bed), turbulence can be fully characterized by the local bed shear stress 

(Nelson et al. 1995; Schmeeckle and Nelson, 2003).  However, in the case of nonuniform flow 

(e.g., bed with bedforms) the total shear stress is divided into skin friction and form drag (see 
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Wiberg and Nelson, 1992; Best, 2005). In such flows, modeling sediment transport generally 

requires more information than just the local bed shear stress (Nelson et al. 1995; Sumer et al. 

2003). 

 

Figure 11 shows the dimensionless transport rate 
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instantaneous Reynolds stress averaged over the bed form time-scales, R is sediment specific 

gravity, and g is the acceleration due to gravity. These bed form averaged quantities were 

obtained by performing a filtering of the sediment transport rate series (Figure 2b) and the 

instantaneous Reynolds stress series via a moving average window of size equal to the average 

bed form time scale (more details about the bed form averaging can be found in Singh et al. 

2012a). Also, it is noticed from Figure 11 that the variability, one standard deviation above and 

below the mean, for both the sediment transport rates and the averaged instantaneous Reynolds 

stress increases with increasing discharge. 

 

From Figure 11 it can be seen that the trend closely matches that of the Meyer-Peter and Müller, 

(1948) relation as modified by Wong and Parker, (2006), suggesting that the bed form averaged 

instantaneous Reynolds stress provides an effective form-drag correction. However, to match the 

transport function to the observations, it is necessary to use a critical Shields Number τc* = 0.03, 

i.e., adapting the relation 5.1
'' )03.0*(97.3*  wusq   (see dotted line in Figure 11), which is 

considerably smaller than the value of 0.047 found by Meyer-Peter and Müller to match the 

plane-bed transport of well-sorted gravels. A value of the order of τc* = 0.03 was also found by 
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Wilcock, (1998) for the total transport of widely sorted sandy gravel mixtures, although general 

guidelines for the appropriate value of τc* for the total transport rates of sandy gravel mixtures 

are not available. A more detailed description of the relation between instantaneous Reynolds 

stress and the sediment transport rates with one more experimental data set is given in Singh et 

al., (2012a).  

 

7. SUMMARY AND CONCLUDING REMARKS 

In this paper, we used simultaneously sampled high resolution temporal data of gravel bed 

elevation, velocity fluctuations and sediment transport rates to understand and quantify the 

interaction of flow and bed forms above the sediment-water interface. The experiments were 

conducted in a large experimental channel at the St. Anthony Falls Laboratory, University of 

Minnesota. The main results of this study can be stated as follows. 

 

1.  A deviation from Gaussian distribution (presence of thick tails or large probability of 

extreme values) and a strong asymmetry in the probability density functions (PDFs) of 

the bed elevation increments and instantaneous Reynolds stresses were observed.  

2.  The higher order statistical moments analysis of bed elevations increments demonstrates 

the presence of a nonlinear relation between the scaling exponent and the order of 

moment (multifractal scaling) which we parameterized here with two parameters:  the 

roughness and the intermittency parameter. Both the roughness parameter and the 

intermittency parameter were found to increase with increasing discharge. 

3.  The signature of bedform evolution on the near-bed velocity fluctuations was confirmed 

via the presence of two distinct power-law scaling regimes separated by a spectral gap in 
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the PSD (power spectral density) of streamwise velocity fluctuations.  It was suggested 

that the bed structures can be inferred from flow structures sampled close to the bed, 

although the field application of this method would require a long time series of river 

flow velocities. 

4.  From the PSD of velocity fluctuations in the longitudinal and vertical direction, it was 

demonstrated that with an increase in the multiscale variability of the bed topography, the 

anisotropy in the flow field increases, suggesting complex interaction between the bed 

topography and near-bed turbulence.  

5.   The influence of evolving bed topography (i.e., at higher discharges higher bed forms) 

can be seen on the joint probability distribution of streamwise and vertical velocity 

fluctuations (quadrant plots). Namely, as discharge increases the elongation of the shape 

of the PDF towards larger magnitude of u’w’<0 (i.e., positive instantaneous Reynolds 

stresses) increases due to the increased variability of bed form sizes and the faster transfer 

of energy from larger to smaller scale bed structures (as seen by the larger spectral slope 

of bed elevation fluctuations for larger discharges).  

6.  A simple relation to quantify sediment transport rates using bed form averaged 

instantaneous Reynolds stress is proposed. It is suggested that the bed form averaged 

instantaneous Reynolds stress can serve as a form-drag surrogate parameter which results 

in a Meyer-Peter-Müller type of sediment transport equation although with an “adjusted” 

critical Shields number significantly lower than the commonly used value in plane-bed 

transport. Further data would be needed to validate the applicability and generality of 

such a sediment transport equation over bed forms. 
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Table 1: Hydraulic conditions and bed elevation characteristics  

Q 
(Ls-1) 

D(m) 
v 

(m/sec) 
Sw  

hR 

(m) 
 τ*b  

Dp 
(cm) 

σb 
(cm) 

k 
<hbf> 

(cm) 
std(hbf) 

(cm) 

 
CV(hbf)

1500 0.43 1.27 0.0019 0.33 0.049 9.26 1.58 5.8 3.38 0.98 0.29 

2800 0.64 1.59 0.0029 0.44 0.099 19.17 3.86 5.0 8.23 2.79 0.34 

 
Q = water discharge for the run 
D  = average depth of flow in test section 
v   = average flow velocity  
hR = hydraulic radius  
Sw = water surface slope 
τ*b = dimensionless Shields stress (computed using hydraulic radius) 
Dp  = distance of the velocity probe from mean bed level 
σb  = std. dev. of bed elevation 
k  = ratio between Dp and σb  
<hbf> = mean bedform height obtained from the ensemble of bedform heights extracted from different probe locations.    
std(hbf) = standard deviation of bedform heights obtained from the ensemble of bedform heights extracted from different 
probe locations. 
CV = Coefficient of variation of bed form heights 
  
Table 2: Multiscale statistics of temporal bed elevations 

Q (Ls-1) 
Spectral 

slope 
Spectral scaling 

range 

Multi-fractal 
parameters 

 
Multifractal 
scaling range 

c1 c2 
1500 1.87 15 sec – 55 min 0.48 0.09 0.5 – 8 min 
2800 2.18 20 sec – 25 min 0.55 0.13       0.5 –7 min 
 

Table 3: Statistics of velocity fluctuations  

Q (Ls-1) 

PSD: Streamwise velocity (u) PSD: Vertical velocity (w) 

Dynamic 
scaling range 

slope 
Scaling regime 

Dynamic 
scaling 

range slope 
Scaling regime 

1500 -1.05 50 sec – 65 min -1.38 50 s – 15 min 
2800 -1.18 35 sec – 28 min -1.67 25 s – 4 min 
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Figure 2 Time series of the bed elevation (a), sediment transport rates (b), velocity fluctuations in the longitudinal 

direction (c) and velocity fluctuations in the vertical direction (d) for the discharge of 2800 Ls‐1. 
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 Figure 3 Power spectral density of temporal bed elevation for the discharge of 1500 Ls‐1 (bottom spectrum: broken line) 

and 2800 Ls‐1 (top spectrum: solid line). Note that the time‐scale of the largest bed form is higher for the lower 

discharge. Also note that the spectrum at higher discharge (2800 Ls‐1) is displaced by two orders of magnitude vertically. 

      

Figure 4 Comparison of the pdfs (left) and q‐q plots (right) of bed elevation increments for the discharges of 1500 Ls‐1 

and 2800 Ls‐1. The dash lines in the q‐q plots represent the Gaussian pdfs.   
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Figure 5 Scaling exponents τ(q) estimated from the log‐log linear regressions within the scaling regions of statistical 

moments of order q for discharges of 1500 Ls‐1 (a) and 2800 Ls‐1 (b). Notice the deviation of τ(q)  from the straight line, 

establishing the presence of multifractality. 

   

Figure 6 Power spectral densities of velocity fluctuations in the streamwise direction for the discharge of 1500 Ls‐1 (a) 

and 2800 Ls‐1 (b). In the velocity spectra, scaling at small scales is due to turbulence (slope = ‐5/3) and at larger scales is 

affected by the migrating bed topography (slope ≈ ‐ 1.05 for 1500 Ls‐1   and slope ≈ ‐ 1.15 for 2800 Ls‐1). 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.5

1

1.5

2

2.5

3

3.5

4
1500 Ls-1

(
q

)

q

c
1
=0.48,c

2
=0.09

a)

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.5

1

1.5

2

2.5

3

3.5

4
2800 Ls-1

(
q

)

q

c
1
=0.55,c

2
=0.13b)

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
-1

10
0

10
1

10
2

10
3

10
4

10
5


x
 (sec-1)

S
( 

x)

1500 Ls-1

Slope = -5/3

Spectral gap

Slope = -1

a) 

Slope  = -1.05

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
-1

10
0

10
1

10
2

10
3

10
4

10
5


x
 (sec-1)

S
( 

x)
2800 Ls-1

Slope = -5/3

Spectral gap

Slope = -1

Slope = -1.15

b) 



   

Figure 7 Comparison of power spectral density of velocity fluctuations in the streamwise direction ( )( xS  :solid line/top 

PSD) and in the vertical direction ( )( zS  : broken line/bottom PSD) for the discharge of 1500 Ls‐1 (a) and 2800 Ls‐1 (b). 

Note the significant difference between the slope of  )( xS   and  )( zS  , and  its increase with increasing discharge 

indicating higher anisotropy at higher discharge.   
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Figure 8 Grain size distribution (GSD) obtained from the surface patches (30 cm X 30cm in size) on the crest and the 

trough of the bed form for the discharges of 1500 Ls‐1 (a) and 2800 Ls‐1 (b).  Note that these GSDs are the ensemble 

average of two random samples for both crest and trough.  

0

10

20

30

40

50

60

70

80

90

100

1 10 100

P
e
rc
e
n
t 
Fi
n
e
r 
Th

an

Grain Size (mm)

a) 1500 Ls‐1
Crest

Trough

0

10

20

30

40

50

60

70

80

90

100

1 10 100

P
e
rc
e
n
t 
Fi
n
e
r 
Th

an

Grain Size (mm)

b) 2800 Ls‐1
Crest

Trough



 

Figure 9 Semilog pdfs of normalized instantaneous Reynolds stress for the discharges of 1500 Ls‐1 and 2800 Ls‐1. 

 

         

Figure 10 Scatter plot of u' (streamwise velocity fluctuations) with w' (vertical velocity fluctuations) for the discharges of 

1500 Ls‐1 (a) , 2800 Ls‐1 (b) and the asymmetric growth of the quadrants captured by the best fitted ellipse as a function 

of discharge (c). Notice that, although the mass is more concentrated in quadrant 4, the scatter of the joint distribution 

of velocity fluctuations in quadrant 2 becomes more prominent as the discharge increases leading to anisotropic growth 

of the ellipse as a function of discharge. 
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