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Key Points:7

● Sweep events can penetrate across the sediment-water interface and induce periods8

of significant flow variability across the interface.9

● Coherent turbulent motions cause instantaneous momentum fluxes to greatly exceed10

the mean bed shear stress.11

● By penetrating into the sediment bed, coherent turbulent motions increase the effec-12

tive roughness experienced by the overlying flow.13
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Abstract14

Unique observations of the hydrodynamics across the sediment-water interface (SWI) are15

used to quantify the instantaneous response of the interstitial fluid to the passage of coher-16

ent turbulent motions in the overlying flow. Over a range of permeability Reynolds num-17

bers ReK = √Ku∗/ν (where K is the sediment permeability, u∗ is the shear velocity and18

ν is the fluid viscosity), the passage of these turbulent motions create velocity fluctuations19

and momentum fluxes at the SWI to greatly exceed their mean values. Sweep motions are20

observed to penetrate into the sediment bed and induce instantaneous momentum fluxes21

that can be an order of magnitude larger than the mean bed shear stress. By penetrating22

into the sediment bed, the turbulent motions increase the effective roughness experienced23

by the flow and therefore the flow resistance. The properties of the mean flow alone are24

thus insufficient to describe the interaction of the overlying flow with the sediments.25
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1 Introduction26

In bottom boundary layer flows, coherent turbulent motions (i.e. a fluid region where27

turbulence properties exhibit significant correlation in time and/or space [e.g. Robinson,28

1991]) dominate the transport of mass, energy and momentum in the overlying flow and29

consist of sequences of sweeps, where high momentum fluid moves towards the bed, and30

ejections, where low momentum fluid moves away from the bed [e.g. Roy et al., 2004; De-31

tert et al., 2010; Adrian and Marusic, 2012]. Though the presence of the sediment bed32

strongly diminishes the impact of these turbulent motions on the interface (i.e. due to vis-33

cous damping effects), there is some evidence to suggest that these turbulent motions can34

penetrate below the sediment-water interface (SWI) [Nelson et al., 1995; O’Connor and35

Hondzo, 2008]. When coherent turbulent motions modulate the flow at the SWI, they are36

likely to play a critical role in physical and biochemical processes operating across the37

interface, including particle entrainment, boundary resistance to the flow, contaminant re-38

lease from the sediment bed and organic matter cycling [Grant and Marusic, 2011; Manes39

et al., 2012; Schmeeckle, 2014; Grant et al., 2018].40

The extent to which the turbulent motions in the overlying flow can impact the hy-41

drodynamics at the SWI is strongly dependent on both the intensity of the flow and the42

characteristics of the sediment bed. The permeability Reynolds number ReK = √Ku∗/ν43

(where K is the permeability of the sediment bed, u∗ is the shear velocity and a measure44

of the bed shear stress and ν is the fluid viscosity) is thus expected to be the key parame-45

ter as it defines whether turbulent effects are able to pass across the SWI [Voermans et al.,46

2018]. When ReK ≤ O(0.01) (when the permeability is low or the flow is weak) the sed-47

iment bed behaves as an impermeable boundary, while for ReK ≥ O(1) (when the perme-48

ability or flow strength is high) turbulence begins to dominate the transport of mass and49

momentum across the SWI [Voermans et al., 2017, 2018]. As typical aquatic sediments50

are found within the range of ReK = O(0.001 − 10) [e.g. Wilson et al., 2008; Voermans51

et al., 2017], the interfacial hydrodynamics of many aquatic sediments are thus likely im-52

pacted by the passage of coherent turbulent motions in the overlying flow.53

The impact of coherent turbulent motions on the SWI region remains, however, un-54

certain due to the technical difficulties in measuring the flow close to the sediment bed,55

let alone at the interface itself. In this experimental study, a combination of refractive in-56

dex matching (RIM) and particle tracking velocimetry (PTV) enabled measurements of57
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the mean flow and turbulence simultaneously above and within a stationary sediment bed.58

This enables direct observations of the hydrodynamic response at and below the interface59

to the passage of coherent turbulent motions in the overlying flow. Using conditional sam-60

pling of the most energetic turbulent motion in the overlying flow, we examine the connec-61

tion between these coherent motions and the instantaneous momentum fluxes, streamwise62

and vertical velocity fluctuations at and across the interface.63

2 Methodology64

Experiments were carried out in a 2-m-long and 0.4-m-wide flume at the University65

of Western Australia. Instantaneous flow fields across the SWI were obtained by com-66

bining RIM with PTV (for more details see Voermans et al. [2017]). The working fluid67

was a 59% sodium iodide by mass solution (with a fluid density ρ = 1770 kg/m3 and68

ν = 1.35 × 10−6 m2/s), which had a refractive index of n = 1.4750 and was equal to that69

of the borosilicate glass spheres used as model for sediments. Three different diameters70

were used for the flat, stable and monodisperse granular bed, namely d = 6, 10 and 2571

mm, with corresponding permeability K = 0.04, 0.11 and 0.69 mm2, respectively, and72

were estimated using the Carman−Kozeny model. The flow was seeded with silver coated73

PMMA particles (with a diameter of 32-40 µm for d = 6 and 10 mm, and 91-100 µm74

for d = 25 mm), and were continuously illuminated by a laser sheet (with a width of ei-75

ther 1 mm for d = 6 and 10 mm, or 3 mm for d = 25 mm). Due to the refractive index76

matching, the reflected light of the tracer particles was undistorted by the presence of the77

sediment bed and the local positions of the particles were accurately captured by a cam-78

era imaging the light sheet both above and below the SWI. The frames were recorded at79

a rate of 23 frames per second, covering a region of 35 × 70 mm (for d = 6 and 10 mm)80

or 90 × 180 mm (for d = 25 mm). The captured images were post-processed in the PTV-81

software Streams [Nokes, 2016] to obtain 2D-velocity fields, where u and w are the ve-82

locity components in the longitudinal (x) and wall-normal directions (z), respectively. In83

this study, the SWI at z = 0 is defined as the vertical position of the inflection point in the84

vertical porosity profile θ.85

The measured flow properties (ξ) were decomposed in time ξ = ξ + ξ′ and in space86

ξ = ⟨ξ⟩ + ξ̃, where the overbar indicates time-averaging and brackets indicate spatial aver-87

aging over the fluid domain; ξ′ and ξ̃ are the temporal and spatial varying components of88

ξ, respectively (for more details see Nikora et al. [2007]). The double-averaged fluid shear89
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stress τ is then given by τ(z) = ρν∂(θ⟨u⟩)/∂z − ρθ⟨u′w′⟩ − ρθ⟨ũw̃⟩ [Nikora et al., 2001].90

In this study, the shear velocity is defined as u∗ =
√
τmax/ρ (as in Voermans et al. [2017]),91

where τmax is the maximum fluid shear stress observed at the vertical position z = z∗. The92

flow velocities of the experiments were in the range Uδ = 31 − 160 mm/s (measured at93

the top of the turbulent boundary layer z = δ), giving ReK of 0.47 − 6.3, Re∗ = δu∗/ν of94

82 − 536 and Reδ = δUδ/ν of 1192 − 7567. The Reynolds numbers (i.e., Re∗ and Reδ) of95

the flows studied are small compared to the those typically observed in aquatic systems.96

However, as coherent turbulent motions dominate the hydrodynamics near the sediment97

bed in both high and low Reynolds number flows [e.g. Kim et al., 1987; Adrian and Maru-98

sic, 2012], the small Reynolds numbers in this study are not considered to be a limitation99

in assessing the hydrodynamic response of the interface to the passage of coherent tur-100

bulent motions in the overlying flow. Nevertheless, the smallest ReK -case as originally101

presented in Voermans et al. [2017] is not included in this study.102

2.1 Conditional sampling procedure103

The dominant turbulent structures in the overlying flow are identified by means of104

quadrant analysis, where the Reynolds stress (u′w′) is decomposed into four quadrants105

(outward interactions u′ > 0, w′ > 0; ejections u′ < 0, w′ > 0; inward interactions u′ < 0,106

w
′ < 0 and sweeps u′ > 0, w′ < 0). The Reynolds stress component was first smoothed107

by a moving averaging window with a length of t+ ≈ 15 (where the superscript ‘+’ denotes108

normalization with the viscous timescale ν/u2
∗) to remove spikes. The time scale of the109

moving averaging window is similar to that used by Blackwelder and Kaplan [1976]. A110

smoothed variable is indicated by a subscript ‘m’. Large sweep and ejection events were111

identified by the criterion:112

(u′w′)m < −H∣u′w′∣
and (u′w′)m is a local minimum

(1)113

where H = 2 is a threshold value, as in Subramanian et al. [1982]. As the large turbulent114

motions observed near the sediment bed are three-dimensional coherent structures and can115

vary in shape and size, conditional averaging over either the identified ejection or sweep116

events can give a distorted image of the actual turbulent structure (e.g. Subramanian et al.117

[1982]). Therefore, the foregoing identification method is extended to identify the shear118

layer that separates the high and low momentum region (sweep and ejection, respectively)119

and can be seen as the ‘central feature’ of the large turbulent motion. The center is iden-120
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tified by the positive zero-crossing of the turbulent streamwise component which identifies121

the local transition from an ejection to a sweep event:122

(u′m) = 0

and
d(u′m)

dt
> 0

(2)123

For every sweep event, the centre is identified by the first positive zero-crossing of (u′)m124

prior to the sweep event, while for every ejection event the centre is identified after the125

ejection event (see Figure S1). Conditional averaging is then performed over the identified126

centers of both the sweep and ejection events, where the conditional average of an instan-127

taneous quantity ξ is determined by:128

ξc(∆t) = 1

n

n

∑
i=1

ξ(td +∆t) (3)129

where ξc is the conditionally-averaged quantity of property ξ, td are the detected instants130

of events, ∆t is the time relative to td, and n is the total number of identified events [e.g.131

Antonia et al., 1990]. Note that the conditional averaging is performed over the non-smoothed132

instantaneous quantities. The conditional averaging technique based on the Reynolds stress133

component (1) is favoured over other techniques as it ensures that the largest sweep and134

ejection events are included in the conditioning analysis (e.g. Bogard and Tiederman [1986]).135

3 Results and Discussion136

The impact of turbulent motions in the overlying flow on the instantaneous flow150

properties across the permeable SWI is illustrated by the pre-multiplied energy spectra of151

the streamwise velocity fluctuations f φuu/u2
∗ (where f = 1/T is the frequency, T is the pe-152

riod and φuu is the spectral density of the streamwise velocity fluctuations). Energetic tur-153

bulent scales are observed above the interface, focused around the spectral-peak vertically154

positioned at z+s and with a period T+s (see Figure 1 for two example cases, ReK = 0.78155

and ReK = 3.9). The properties of the spectra peak vary across the range of experiments,156

with the range of vertical positions being z+s = 14 − 105 and periods of T+s = 26 − 142 (Ta-157

ble S1). The time scale Ts that corresponds to the range of most energetic turbulence time158

scales observed at and below the SWI, and demonstrates that the large turbulent motions159

in the overlying flow control the turbulent hydrodynamic features across the SWI and into160

the interstitial fluid. The depth of flow penetration below the SWI is observed to increase161

with increasing ReK [Voermans et al., 2017].162
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Figure 1. Pre-multiplied energy spectrum of the streamwise velocity fluctuations ( f φuu/u
2
∗) for (a)

ReK = 0.78 and (b) ReK = 3.9. Period (T+) and vertical position (z+) are normalized by viscous scales.

The spectral-peak is located at the vertical position z+s where the time scale T+s is the time scale of the most

energetic turbulent motion.
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To identify the response of the interfacial hydrodynamics to the passage of these en-166

ergetic turbulent motions in the overlying flow (characterized by the time scale Ts), the167

conditional sampling procedure is performed at the vertical position z = zs. Two examples168

of the two-dimensional spatial structure of the conditionally-averaged turbulence velocity169

field are shown in Figure 2 (for ReK = 0.78 and ReK = 3.9), where the position at which170

the central features of the turbulent motions are identified is marked by a black dot. The171

turbulent motion corresponds to a high momentum region overlapping a low momentum172

region and is consistent with that of a large sweep and ejection event, respectively. For173

ReK = 0.78, the observed shear layer separating these regions is inclined at an angle of ap-174

proximately 20°, comparable to those typically observed in the turbulent boundary layer175

[e.g. Adrian et al., 2000; Detert et al., 2010]. For ReK = 3.9 the inclination angle is ob-176

served to be much higher at about 40°, although such larger angles are not completely177

uncommon and have, for instance, been seen in flows over gravel beds [Buffin-Bélanger178

et al., 2000].179

Conditionally-averaged vertical profiles of the streamwise velocity and the turbulent180

momentum flux at two different longitudinal positions are shown in Figure 3 (a small and181

sheltered pore in red and a larger pore in gray-scale for the case of ReK = 3.9). The spa-182

tial heterogeneity of the SWI impacts a thin region across the SWI (i.e. O(d)), where the183
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Figure 2. Conditionally-averaged turbulence velocity fields for (a) ReK = 0.78 and (b) ReK = 3.9, based on

the conditional sampling performed at the position identified by the black circle. The mean flow is from left to

right and gray patches correspond to the magnitude of the high momentum region (u′c/u∗ > 0). Profiles of the

streamwise velocity and the turbulent momentum flux during the sweep and ejection event at x/d = −0.55 and

x/d = 0.85 in (b) are given in Figure 3.
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Figure 3. Conditionally-averaged vertical profiles of (a) the streamwise velocity (uc/u∗) and (b) the turbu-

lent momentum flux ((u′w′)c/u
2
∗) during sweep and ejection events at the horizontal positions x/d = 0.55

(red-scale) and x/d = 0.85 (grey-scale) for ReK = 3.9 as shown in Figure 2b. Time averaged profiles at these

positions are given in red and black. The horizontal dashed lines correspond to the position of the SWI.
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148

149

streamwise velocity is consistently enhanced during the sweep event and consistently re-184

duced during the ejection event (Figure 3a). While the impact of the ejection and sweep185

events on the hydrodynamics at z = 0 can be weak for some pores (e.g. see the red curves186

in Figure 3b), the instantaneous sweep events are responsible for momentum fluxes across187

the SWI that are a factor of 8 larger than the time averaged turbulent momentum fluxes188

(e.g. see the light grey curve in Figure 3b).189

The temporal variability of the hydrodynamics at zs is obtained by spatially aver-190

aging the conditionally-averaged time series of the flow properties at each point in the191

horizontal plane positioned at zs. The resulting time series of the streamwise and verti-192

cal velocity fluctuations at zs (Figure 4a,c) are consistent with the spatial structure of the193

turbulent motion observed in Figure 2, corresponding to a low momentum fluid region194

with upward flow (t < 0) and high momentum fluid region with downward flow (t > 0). As195

the normalized instantaneous streamwise velocity remains nearly independent of ReK , it196

suggests that the large turbulent motion in the overlying flow remains structurally similar197

irrespective of the sediment permeability. The observed increase of the relative vertical198

velocity fluctuations with ReK is consistent with the weakening of the wall-blocking effect199

[e.g. Perot et al., 1995; Voermans et al., 2017]. The time series of the instantaneous tur-200
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Figure 4. Conditionally-averaged time series of the streamwise velocity fluctuations, vertical velocity fluc-

tuations and turbulent momentum fluxes above the SWI (a, c and e, respectively) and at the SWI (b, d and f),

for all experimental cases (ReK = 0.47 to ReK = 6.3 is from black to light grey, respectively).
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bulent momentum flux at zs demonstrates the correlation between the regions of low and201

high momentum to ejection and sweep events, respectively. Note that the time scale asso-202

ciated with the temporal coherence of the flow properties in Figures 4a,c,e is comparable203

to the spectral peak period Ts, which suggests that the conditional averaging technique in-204

deed captures the most energetic turbulent motion in the overlying flow.205

The turbulent structures identified at zs can be used to determine the interfacial re-206

sponse to the passage of these large turbulent motions. The time series of the streamwise207

and vertical velocity fluctuations at the SWI (Figure 4b,d) correlate strongly to the pas-208

sage of the ejection event (decreasing streamwise velocity and upward flow) and the sweep209

event (enhanced streamwise velocity and downward flow). No apparent trend can, how-210

ever, be observed between the magnitude of the streamwise velocity fluctuations and ei-211

ther ReK or Re∗. The intensity of the vertical velocity fluctuations at the SWI increases212

with increasing ReK . While the sweep events are able to penetrate to the SWI (Figure 4f),213

ejection events do not reach the interface as the instantaneous turbulent momentum flux214

returns to the background Reynolds stress for t < 0. As the enhanced interfacial flow prop-215

erties during the passage of the sweep event are sustained over durations comparable to216

the period of most energetic turbulent motion in the flow, this suggests that sweep events217

originating in the overlying flow dominate the temporal variability of the interfacial hydro-218

dynamics.219

As both the instantaneous streamwise velocity and the turbulent momentum flux are227

largest during the passage of the sweep events, it is expected that these turbulent motions228

in the overlying flow cause significant variability of the total fluid stresses on the sediment229

bed, and hence the climatology of the SWI. The temporal and spatial variability of the to-230

tal fluid stress on the sediments is estimated by the sum of the instantaneous viscous and231

turbulent momentum flux contributions. Consistent with our definition of the shear veloc-232

ity u∗, the instantaneous momentum flux M is then taken at the vertical position z = z∗233

(i.e. the height above the bed at which the spatially averaged fluid shear stress is maxi-234

mum), and is typically positioned below zs where z∗/zs ≈ 0.85 ± 0.25. M is then given235

by:236

M(z∗, t) ≈ ρν ∂(θu)
∂z

− ρθu′w′ (4)237

In Figure 5a, the probability density functions (PDFs) of the normalized instantaneous mo-238

mentum flux M/τb (where τb = ρu2
∗ is the bed shear stress) for all experimental cases are239
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Figure 5. (a) Probability density functions (PDFs) of the normalized instantaneous momentum flux towards

the sediment bed M/τb for all experimental cases (ReK = 0.47 to ReK = 6.3 is from black to light grey re-

spectively; ReK = 0 is given in red [DNS results from Örlü and Schlatter, 2011]; semi-logarithmic scaling

in insert, for ReK = 0.47 and ReK = 6.3 only). (b) Comparison of the measured friction factor fr for our

experiments (white with crosses) against those predicted based on an effective wall roughness ks with and

without consideration of the turbulent shear stress penetration depth δp (grey and red, respectively): (inverted

triangle) d = 6 mm, (square) d = 10 mm and (circle) d = 25 mm.
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221

222

223

224

225

226

compared against observations of the bed shear stress at an impermeable smooth boundary240

(in red, from Örlü and Schlatter [2011]). Note that for impermeable and smooth bound-241

aries, the instantaneous momentum flux at z∗ is, by definition, equal to the instantaneous242

bed shear stress. For decreasing ReK , the PDF of the instantaneous momentum flux tends243

to return to that observed at impermeable boundaries and is consistent with the concept244

of impermeable boundary behaviour for ReK ≪ 1 [Voermans et al., 2017]. Conversely for245

increasing ReK , strong deviations are observed at the tails of the PDFs with more frequent246

peak events and a large increase in peak magnitude (Figure 5a), where peak values are247

M/τb = O(1) for an impermeable boundary whereas M/τb = O(10) for ReK = O(1) (see248

also the variability of extreme momentum flux events with ReK in Figure S2). As 95% of249

the large bed shear stress events (of M/τb > 5) are identified by the conditional averaging250

technique and therefore included in the time-series shown in Figure 4, it is likely that the251

most energetic turbulent motions (as identified in Figures 2 and 4) are responsible for the252

long tails observed in the PDFs of the instantaneous momentum flux towards the sediment253
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bed (Figure 5a). The coherent turbulent structures in the overlying flow thus have the abil-254

ity to significantly alter the instantaneous hydrodynamics across the SWI.255

Our experimental observations suggest that the large turbulent motions are able to256

penetrate deeper into the sediment bed with increasing ReK , consistent with the observed257

increase of the turbulent shear stress penetration depth δp [Voermans et al., 2017, 2018].258

Note, δp can be estimated by (δpu∗)/υ ⋍ 8Re1.8
K [Voermans et al., 2018]. While this has259

major implications for many interfacial processes sensitive to the instantaneous variations260

of the flow (e.g., the initiation of sediment motion [Coleman and Nikora, 2008; Diplas261

et al., 2008]), and the depth to which rapid mixing can occur (e.g., solute transport and262

contaminant release), the flow resistance of the bed is also strongly impacted by the quasi-263

periodic penetration of the large turbulent motions into the sediments. Manes et al. [2011,264

2012] argued that the penetration of turbulence into the sediment bed increases the rough-265

ness height ks and thus the flow resistance of the sediment bed.266

Flow resistance is typically characterized by a friction factor, defined here as fr =267

8(u2
∗/U2

b)1/2, and relates the energy loss by friction to the depth-averaged velocity Ub =268

[1/(δ + δp)] ∫ δ

−δp
θ⟨u⟩dz. By integrating the logarithmic law of the wall, the friction factor269

fr can be determined through (8/ fr)1/2 = (1/κ) ln(11δ/ks) [e.g. Ferguson, 2007], with270

κ ≈ 0.4. The roughness height is initially taken here as the distance between the SWI and271

the top of the sediment bed, giving ks ≈ 0.3d [Voermans et al., 2017]. Values of fr pre-272

dicted with this roughness height are found to be equal to our measured values for small273

ReK , but increasingly underestimate fr when ReK increases (Figure 5b). However, by re-274

defining ks as the distance from the top of the sediment bed down to the depth to which275

the turbulent motions penetrate into the sediment bed, i.e. ks = 0.3d + δp , excellent agree-276

ment is obtained between the measured and predicted friction factors (Figure 5b). Hence,277

the following model for the prediction of flow resistance is proposed:278

√
8

fr
= 1

κ
ln
⎛⎜⎝

11δ

0.3d + 8Re1.8
K

υ

u∗

⎞⎟⎠ (5)279

By penetrating into the sediment bed, the turbulent motions increase the effective rough-280

ness experienced by the flow and thus increases the flow resistance. This not only demon-281

strates the critical role of the large turbulent motions in the description of the interfacial282

hydrodynamics, but also implies that the mean flow properties alone are insufficient to de-283

scribe the interaction between the flow and sediments in aquatic systems.284
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4 Conclusions285

Experimental observations of flow fields across the SWI show that turbulent mo-286

tions in the overlying flow above the sediment bed induce strong variability in hydrody-287

namic properties across the SWI. The dominant turbulent motions in the flow consist of288

sequences of events where high momentum fluid moves towards the sediment bed (sweep)289

and low speed fluid moves away from the sediments (ejection). Conditionally-averaged290

time series demonstrate that sweep events cause episodes of enhanced instantaneous ve-291

locity and turbulent momentum fluxes at the interface. The simultaneous occurrence of292

increases in streamwise velocity and turbulent momentum fluxes during the passage of the293

sweep event causes peak stress events on the sediment bed, and these events become more294

intense with increasing ReK . For typical aquatic sediments, this creates instantaneous mo-295

mentum fluxes towards the sediment bed that can be up to one order of magnitude larger296

than the peak bed shear stress events observed at an impermeable and smooth boundary.297

By penetrating into the sediment bed, these turbulent motions increase the resistance of298

the sediments to the flow. Hence, the large turbulent motions in the overlying flow play a299

critical role in the dynamic interaction between the overlying flow and the sediment bed.300
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