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Effects of bed roughness on boundary layer mixing and mass
flux across the sediment-water interface
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[11 Fine-scale measurements of boundary layer flow and solute transport were conducted
within a laboratory flume to determine how bed topography influences mixing and
mass transport at the sediment-water interface. Three different bed topographies were
examined, with roughness composed of sand, gravel, or cobbles. Fluorescein dye, used as
a dissolved tracer, was injected into the flow, and concentration and velocity were
simultaneously measured using a combined planar laser-induced fluorescence and particle
image velocimetry technique. Enhanced turbulent mixing due to bed roughness increased
mass flux across the sediment-water interface between 1.3 times greater for the sand
and 7.5 times greater for the cobble bed compared to estimates over a hydraulically smooth
surface. As bed roughness increased, mass exchange became spatially more
heterogeneous, coinciding with a transition from a boundary layer to a shear-dominated
mixing layer in the near-wake region behind individual roughness elements. The enhanced
flux increased pore water concentrations. However, for the same bed geometry,
increased mean flow within the water column locally reduced pore water concentrations,

likely due to greater downstream transport and dispersion occurring within the bed.

Citation: Reidenbach, M. A., M. Limm, M. Hondzo, and M. T. Stacey (2010), Effects of bed roughness on boundary layer
mixing and mass flux across the sediment-water interface, Water Resour. Res., 46, W07530, doi:10.1029/2009WR008248.

1. Introduction

[2] The transport of water and material through a river
control the particle size distribution of bed sediments at a
given point in a watershed. Alterations to this transport by
humans and/or natural causes can lead to a coarsening or
fining of the bed, altering the bed topography. The inter-
action between the bottom topography formed by these
sediments and the overlying boundary layer flow can drive
exchange of both dissolved and particulate matter between
pore waters and the water column [Hondzo, 1998; Huettel
et al, 1996]. This can alter chemical retention within the
bed sediments, impact surface water quality [Ryan et al.,
2007], and modify local benthic algal production and bio-
geochemical processes occurring adjacent to the sediment
surface [Battin et al., 2003; Finlay et al., 1999]. Knowledge
of the mean flow and turbulence structure associated with
various streambed topographies is essential to understanding
chemical exchange at the sediment-water interface as well as
momentum and energy fluxes between the water column and
the bed [Dawson and Trass, 1972; Kader and Yaglom, 1972].
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[3] Ofinterest in this study are processes occurring within
the water column that drive solute exchange to and from
streambed sediments. Processes in the hyporheic zone are
governed by flow dynamics within the turbulent bottom
boundary layer (BBL), diffusion across the diffusive sublayer
(DSL), and transport through the permeable bed sediments
[Packman et al., 2004]. The vertical transport within the
BBL is typically dominated by turbulent eddy diffusion,
which depends upon the rates of mixing and the dissipation
rate of turbulent kinetic energy in the mean flow [Lorke et al.,
2003]. A region typically exists within the BBL, where the
flow profile is logarithmic and can be described by the
equation [Kundu, 1990; Nikora et al., 2001],

U(z):”—*ln(z_d"), (1)

K Zo

where u- is the friction velocity, « is von Karman’s constant
(= 0.41), z, is the roughness length scale, and d,, is the origin
displacement for the bed location [Stacey et al., 1999]. For
flows above roughness elements, d,, is essentially the zero-
plane displacement, which corresponds to the mean level of
momentum absorption [Nepf and Vivoni, 2000]. The friction
velocity is directly related to the amount of turbulence and
momentum transfer occurring within the boundary layer.

[4] Below the logarithmic region and close to the bed is
the diffusive sublayer, where the magnitude of the turbulent
eddy diffusivity decreases and the vertical transport of mass
is dominated by molecular diffusion. Viscous forces limit
turbulent motions within the DSL, and the velocity profile
within this layer is linear with respect to height. Although
the DSL is very thin relative to the size of the overall
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boundary layer, it plays a key role in controlling transport
across the sediment-water interface. Reducing the thickness
of the DSL or periodically disrupting its formation through
sweep-ejection events of overturning eddies [O 'Connor and
Hondzo, 2008] can greatly enhance the transfer of dissolved
substances to and from sediment pore waters [Roy ef al.,
2002]. Diffusive flux across the sediment-water interface
is often calculated using Fick’s law of diffusion,

de
Flux = —D — 2
w=-DE| )

where D is the molecular diffusivity, ¢ is the mean concen-
tration, and dc/dz is the time-averaged vertical concentration
gradient. Equation (2) assumes that the sediment-water
interface is an infinite flat plane, with a uniform one-
dimensional concentration gradient. Since the diffusive
sublayer is very thin, it is often difficult to measure the
concentration gradient in this layer, and equation (2) is
simplified by defining a mass transfer coefficient (3,

Flux = —((co0 — ¢o), (3)

where ¢, is the concentration at the interface and ¢, is the
concentration in the overlying flow. Within the DSL, the
time-averaged vertical concentration gradient should be
constant [Lorke et al., 2003], and 3 = D/6, where § is the
thickness of the diffusive sublayer. A variety of empirical
formulas have been formed for 3 that relate flow processes
and bed shear characteristics to mass transfer over smooth
beds, which typically take the form [Berger et al., 1979;
Kader and Yaglom, 1972; Shaw and Hanratty, 1977],

8 = couxSc", (4)

where ¢, and n are empirically derived coefficients, ux is the
shear velocity, and Sc = v/D is the Schmidt number. For
example, Hondzo [1998] obtained a relationship for O, flux
through the diffusive sublayer with values for the coeffi-
cients ¢, = 0.0588 and n = —2/3. Slight variations have been
found for the coefficients [reviewed in Boudreau and
Jorgensen, 2001], yet their predictions for § over a uniform
flat bed are quite similar.

[5] In natural systems, both small-scale O (micrometer to
millimeter) and larger-scale O (centimeter to meter) rough-
ness are common and act to periodically disrupt the diffusive
sublayer to create spatial and temporal variations in con-
centration gradients near the sediment-water interface. As
topographic variability and roughness length scales increase,
bed roughness can further disrupt the boundary layer flow
structure, creating a transition from rough boundary layer
conditions to the formation of turbulent shear layers in the
near-wake region behind individual roughness elements.
Formation of shear layers show marked differences from
typical boundary layers, including turbulence structure, the
behavior of the turbulent kinetic energy balance, and effi-
ciency of momentum transfer [Lacey and Roy, 2008]. The
shear layer is also characterized by an inflection in the mean
velocity profile, in contrast with the boundary layer flow.
This inflection induces instabilities which form coherent
eddies within the fully-developed turbulent flow. Turbulent
motions transfer momentum through the boundary layer,
mix solutes within the water column, and transport these
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solutes to and from the sediment-water interface. Solute flux
can be very intermittent both in space and time, and as the bed
topography becomes spatially more variable, the assumptions
used to apply Fick’s law become less valid.

[6] Measurements of mass transport are often accom-
plished using chamber measurements, which measure bulk
biologically controlled transport rates [i.e., Glud et al., 1998]
or through microelectrodes [i.e., Roy et al., 2002; Steinberger
and Hondzo, 1999], which can determine the fine-scale
structure of the DSL across the sediment-water interface.
Due to topographic variability, hydrodynamics often control
rates of exchange, and local measurements may not be
indicative of overall flux. Bed roughness enhances turbu-
lence within the boundary layer flow and well-defined tur-
bulence ejection events, which transfer low-momentum
fluid from near the bed and sweep events which transfer
high-momentum fluid toward the bed, often occur [Grass,
1971]. These flow interactions can also transfer momen-
tum between the overlying and subsurface flow [Packman
and Salehin, 2003], influencing the thickness and location
of'the DSL and creating both horizontal and vertical gradients
in flux along the bed [Roy et al., 2002]. Over topography that
creates high variability in DSL dynamics, such as highly
permeable sands, it is often more advantageous to measure
the vertical transport of solutes to the bed from direct
measurements of turbulent flow and mixing process occur-
ring above the bed [Berg et al., 2007]. Since mass flux is a
volumetric rate of transport, direct estimates of mass flux
across the sediment-water interface can be quantified if
simultaneous measures of solute concentration and velocity
can be made. A mathematical expression for the vertical flux
at any point in space or time due to advection and molecular
diffusion is [Berg et al., 2003],

Flux :wc—D@, (5)
0z

where w and ¢ are the instantaneous vertical velocity and
solute concentration, respectively. Typically, velocity and
concentration are separated into time-averaged and turbulent
fluctuations, w = w + w' and ¢ = ¢ + ¢'. The separation can
then be substituted into equation (5) and averaged over a
time period significantly longer than the time scale of tur-
bulent fluctuations. It is typically assumed that w ~ 0 adja-
cent to the bed and the time averaged flux can then be
determined as

= = oc

Flux =w'c —Da. (6)
Mean flux to the sediment-water interface is thus the sum of
the turbulent (w/c¢’) and diffusive (—D0c/0z) mechanisms.
Most estimates of flux using direct measures within the
diffusive boundary layer have focused on the diffusive term,
since only high-energy eddies will typically penetrate the
region of the DSL. However, for energetic flows or flows
over rough beds, turbulent fluctuations become more
important and typically dominate outside the viscous sub-
layer of flow [Boudreau and Jorgensen, 2001].

[7] The goal of this study is to determine the effect of bed
roughness on water column turbulence and the vertical flux
of solutes within the bottom boundary layer. Of particular
interest are how bed roughness alters the magnitude and
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Figure 1. Schematic of recirculating flume. Two laser sys-
tems were used, a 488 nm laser to conduct planar laser-
induced fluorescence and a 532 nm laser for particle image
velocimetry. Pore water concentrations 0.5 cm below the
sediment surface were monitored using a gravity feed to a
Turner Designs© 10 AU fluorometer.

structure of turbulence within the bottom boundary layer
and how these hydrodynamic processes affect mass flux
to the sediment-water interface. In these highly dynamic
regions near benthic roughness, both the turbulent and dif-
fusive component of the flux may be nonnegligible and need
to be measured concurrently. To measure total mass flux,
simultaneous measurements of velocity and scalar con-
centrations must be made at the same location within the
water column. A combined planar laser-induced fluores-
cence (PLIF) and particle image velocimetry (PIV) tech-
nique was developed to measure scalar concentrations and
velocity at an imaging rate of 50 Hz over an 8 cm X 8 cm
sampling window. Three different bed roughness conditions
were tested, which ranged from a smooth sand bed (dso =
1.5 mm) to that of a gravel bed (dso = 6.5 mm), and at the
largest roughness, one whose topography consisted of medium
sized cobbles (mean diameter of 100 mm and height of
30 mm).

2. Materials and Methods

2.1. Flume and Sediment

[8] The experimental work was conducted in a recirculat-
ing laboratory flume with dimensions of 25 m long, 0.6 m
wide, and 0.3 m high. The flume was set to a surface slope
of 0° and unidirectional flow was created by a variable drive
impeller pump, located at the downstream end of the tank
(Figure 1). The walls of the tank are made of optically clear
glass, while the base of the flume is flat sheet metal. The
flume was filled with freshwater, and water depth was
controlled for all experiments at /' = 0.25 m relative to the
elevation of the bed. To condition the turbulence and min-
imize secondary circulation, three sets of grids containing
1 cm wide square openings were placed at the upstream end
of the flume. Five meters downstream from the leading edge
of the flume, a 12 m long section of bed material, composed
of either sand (labeled as S in Table 1), sand with an overlying
layer of gravel (G), or sand/gravel with an overlying layer of
cobbles (C), was placed on the flume floor (Figure 2).
Cobbles were added randomly to the flume, with a mean
relative spacing between cobbles of approximately 30 cm.
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Due to the nonuniform spacing of the cobbles, the 25 cm
water depth was measured relative to the base of the cobbles,
at the elevation of the underlying gravel bed material. To
ensure a well-developed boundary layer, measurements of
velocity and solute concentration were made 13 m down-
stream from the leading edge of the flume and 8 m down-
stream from the leading edge of the bed material. Scaling
arguments suggest that the thickness 6 of a turbulent
boundary layer grows as fluid moves over a flat plate as
[Schlichting and Gersten, 2000]

5= 0.37L(UL) 70'2, (7)

v

where U is the mean velocity, v is the kinematic viscosity of
water, and L is the downstream distance from the leading
edge of the flat plate. For velocity conditions tested, the
boundary layer at L = 13 m would be fully developed
throughout the water column if no sediment was added to
the flume. However, for our experimental setup, there is a
transition from a smooth to rough bed surface, essentially
causing the growth of an internal boundary layer over the
bed material. Boundary layer growth response to a rough-
ness change has been studied by Anfonia and Luxton [1971],
who found that the readjustment of the boundary layer from
a smooth to rough bed condition takes place at a distance of
approximately 20 boundary layer thicknesses from the start
of the roughness. Therefore, the distance at which the
boundary layer would be fully developed throughout the
water depth is 5.0 m downstream from the addition of
the bed material. In total, nine experiments were carried out
in the laboratory flume using three different velocities tested
over the three different types of bed material. Experiments
are listed, along with boundary layer characteristics, in
Table 1.

_-_buried line
source diff_use_r

Figure 2. Along-channel image of the flume test section
containing the gravel bed (G). Location of the line source
diffuser is indicated. PLIF/PIV imaging was conducted
1 m downstream of the line source.
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Table 1. Flow and Turbulence Characteristics for the Sand, Gravel, and Cobble Bed Geometry Experiments®

Experiment U, (em s Uss (cm 1) ux (cms ") z, (cm) Re- e (em?® s7%) Kolmogorov length (mm)
S1 6.8 0.37 0.36 0.003 5.4 0.03 0.76
S2 8.9 0.48 0.47 0.004 7.0 0.08 0.59
S3 11.2 0.52 0.62 0.007 9.3 0.17 0.49
G1 5.9 0.49 0.55 0.086 35.8 0.14 0.52
G2 7.1 0.57 0.66 0.091 429 0.22 0.46
G3 9.0 0.66 0.79 0.083 51.3 0.44 0.39
Cl 5.5 0.62 0.80 0.482 240 0.32 0.42
C2 6.8 0.87 0.95 0.439 285 0.52 0.37
C3 8.0 1.12 0.96 0.338 288 0.63 0.35

*Mean velocity U, (cm s~') was measured at 6 cm above the bed. 1+ is the friction velocity computed from equation (8) using Reynolds stress estimates,
while u» and the roughness length scale z, were computed from equation (1). The roughness Reynolds number was computed as Rex = uxdy/v, and ¢ is the
dissipation rate of TKE, measured at z/H = 0.1. S, sand; G, gravel; C, cobble bed.

[v] Disodium fluorescein dye (molecular diffusivity, D =
51 x 10°% cm? sfl) with a source concentration Cgyyree
between 50 and 100 pug cm > was used as the tracer.
Fluorescein has a Sc = 1970 at 20°C. Dye was injected
uniformly across the width of the flume using a line source
diffuser. The diffuser was constructed of 1 cm diameter
Tygon© tubing with 2 mm diameter holes punched along
the tubing in 2 cm increments to release the dye. The dif-
fuser, which ran across the flume width, was attached to a
Plexiglas plate and buried in the sediment so that dye release
was adjacent to the bed surface. Dye was supplied at a rate
0f 0.04 L/min from a 4 L constant head container positioned
over the flume. After each set of experiments, the flume was
drained and flushed to remove any residual dye and refilled
before further experiments were conducted with a different
bed geometry.

2.2. Combined Planar Laser-Induced Flourescences
and Particle Image Velocimetry

[10] Fluorescein concentrations and velocity structure
were simultaneously measured over an 8 cm X 8 c¢cm area
using combined measurements of planar laser-induced
fluorescence (PLIF) and particle image velocimetry (PIV).
The PLIF system consisted of a laser, optics to expand and
focus the laser light, a scanning mirror to produce a sheet
of light, and a digital CCD camera to record the dye fluo-
rescence in the flowing water. Laser light with a mixed
wavelength between 488 and 514 nm (blue-green light) was
emitted by an argon ion laser (American 60 x) at an output
intensity of 100 mW. The laser beam was first expanded and
then focused using a 3 X laser expander (Melles Griot©). A
light sheet was created using a moving magnet optical
scanning mirror (Cambridge Technology model 6800HP).
The light sheet first passed through a glass window insert
that was suspended over the flume and contacted the water
surface in order to minimize laser diffraction by small rip-
ples on the water surface. This sheet illuminated a 0.2 cm
thick x 10 cm wide vertical slice through the water column
parallel to the main flow direction. Dye was released 1 m
upstream (nondimensional downstream distance of x/H = 4)
of the imaging area. As the dye passed through the laser
light sheet, the fluoresced dye was imaged using a digital
camera (Redlake Motionscope PCI with 480 x 420 pixel
resolution) with a 25 mm, £/0.95 fixed lens (Navitar, Inc.).
The camera was fitted with a 525 nm optical long-pass filter
(Andover Corp.), which blocked ambient laser light but
allowed emitted light from the fluoresced dye to be imaged

(Figure 3). The laser sheet was scanned to illuminate the
imaging field every 0.02 s, with a wait period of 0.02 s
between each scan.

[11] A second laser with an output wavelength of light at
532 nm was used for PIV imaging. Silver-coated hollow
glass spheres (11 pum in diameter, Potter Industries) were
added to the flume water and well mixed prior to the start of
the experiments. The PIV laser was pulsed at 0.02 s intervals
at alternating time periods when the PLIF laser was not
being scanned. The pulsed laser was passed through a 30°
cylindrical lens to create a light sheet 0.2 cm thick and 10 cm
wide, aligned along the same two-dimensional plane as the
PLIF laser. During the experiments, particles were passively
carried in the flowing water and illuminated in the imaging
area with the PIV laser. Using the same Redlake motion-
scope camera as in the PLIF imaging, reflected light from
the particles were illuminated at 532 nm. Since 532 nm is
outside the absorption band of fluorescein, the PIV laser did
not excite the fluorescein dye. Therefore, during the PLIF
laser scan, only fluoresced dye was imaged, while during the
PIV laser pulse, only particles were imaged. The image
capture rate was 50 frames per second, and 10,000 total
images were obtained for each flow condition, containing
5000 PIV images and 5000 PLIF images.

[12] PIV images were processed using MatPIV 1.6.1
software written for Matlab® [Sveen, 2004] using a hybrid
digital PIV technique [Cowen and Monismith, 1997]. This
software divides each frame of each run into an array of
“Interrogation subwindows” and calculates the most proba-
ble displacements of particles in successive pairs of frames
using cross-correlation analysis. The final output from the
software produces a horizontal and vertical velocity estimate
for every 8 x 8 pixel subwindow, giving 59 x 51 velocity
measurements per image pair. This corresponds to a velocity
estimate every 0.13 cm in both the vertical and horizontal
dimensions. Accuracy of the PIV measurements was esti-
mated using a separate calibration facility where the camera
was towed across a flume at a known speed (facility described
in the work of Reidenbach et al. [2008]). For the framing rate
used, the accuracy of the velocity measurements was found to
be relative to the mean velocity of the flow U, with an overall
accuracy of +6% U.

[13] For the PLIF images, a dye source concentration of
50—100 g cm " was chosen so that at the imaging location,
peak concentrations were approximately 5-10 ug cm °.
This concentration maximized the full dynamic range of the
camera but minimized errors due to photo bleaching or
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(a) Particle image velocimetry image of flow over the cobble bed, (b) planar laser-induced

fluorescence image of fluorescein dye taken 0.02 s after the PIV image, and (c) combined PLIF image
with velocity vectors computed using cross-correlation analysis of particle motion between images taken
0.02 s before and 0.02 s after the PLIF image. (d—f) Similar images obtained over the gravel bed.

absorption issues [Ferrier et al., 1993]. An in situ calibration
was performed to convert pixel intensity to concentration.

2.3. Pore Water Sampling

[14] To sample the concentration of dye in the sediment
pore water, a 10 cm x 10 cm Plexiglas plate was buried
0.5 cm below the sediment surface directly below the
imaging area. The plate was 0.3 cm thick to minimize the
impact on the downstream transport of fluid and dye within
the sediment pore waters. A 1.5 cm diameter hole was cut
in the Plexiglas and a Tygon tube was attached to the hole
and filled with a porous sponge to prevent clogging by the
sediments. Water was siphoned by gravity feed directly to a
Turner Design 10 AU fluorometer that continuously moni-
tored pore water concentrations at a rate of 1 Hz using a
flow-through system. The flow through the tube was
adjusted by a control valve and limited in an attempt to
minimize the impact that the siphoning had on water column
flow and turbulence processes. At the beginning of every
experiment and at 1 min intervals during the experiments, a

20 mL sample of water was taken upstream of the test
section to monitor changes in background concentrations of
dye in the flume. These background concentrations were
subtracted from pore water sample levels to remove bias
in the measurements due to increases in background dye
levels. Mean pore water concentrations were computed over
a 10 min sampling period while PLIF/PIV imaging was
being conducted.

2.4. Data Analysis

[15] PIV measurements of horizontal and vertical veloci-
ties were obtained by averaging particle motions within each
8 x 8 pixel subwindow. Image pairs yielded 3000 velocity
vectors spaced evenly every 0.13 cm across the imaging
field. Concentrations were computed at each pixel, which
had a square dimension of 0.017 cm % 0.017 cm. To cal-
culate turbulent flux (w'c¢’), mean and fluctuating scalar
concentrations were averaged to the same 8 X 8§ pixel sub-
window computed for velocity. The mean and fluctuating
part of the longitudinal velocity were computed as u =u + v/,
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Figure 4. Horizontally averaged (a) velocity and (b) turbu-
lent Reynolds stress (u'w'). U is the mean velocity, and U, is
the reference velocity measured at z/H = 0.25. Note the
strong shear layer formed due to flow over a cobble (CI,
C2, and C3), whose height was approximately z/H = 0.1
above the bed.

along with vertical velocity w = w + w' and concentration
¢ = ¢ + (. Total vertical mass flux was calculated by
combining the turbulent flux (w'c’) and diffusive flux
(—D0¢/oz). Flux to the sediment-water interface computed
just above the viscous boundary layer and linearly extrap-
olated to the bed surface at z = 0 cm.

3. Results

3.1. Velocity and Turbulence Structure

[16] Mean velocities and relevant turbulence character-
istics for all experiments are given in Table 1, while vertical
profiles of horizontal velocities and turbulent Reynolds
stresses (1/w') are shown in Figure 4. In general, an increase
in bed roughness increases the ratio of turbulence to mean
velocity within the boundary layer flow. Both the sand and
gravel bed show a distinct logarithmic velocity profile
throughout the outer region of the bottom boundary layer.
For the cobble bed geometry, velocity and turbulence
structure was measured above and downstream of an indi-
vidual cobble, where a shear layer formed due to flow
separation over the top of the cobble and a peak in turbu-
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lence occurred at an elevation of z/H = 0.1. This flow
structure resembles that of a plane-mixing layer, which is
characterized by an inflection in the mean velocity profile.

[17] Friction velocities u« and bed roughness length scales
z, for the three bed geometries were computed using
equation (1). The elevation of the sand bed was set to z =0
cm and had no vertical offset (d, = 0 cm). Since gravel and
cobbles were added over the sand layer, increasing the
elevation of the bed d, = 0.25 cm was assigned for these two
bed geometries. A logarithmic fit to the velocity profile for
the cobble bed was obtained only for flow above the shear
layer region, indicating a spatially averaged friction velocity.

[18] In reality, the cobbles were widely spaced, creating
isolated roughness elements, and local bed shear stresses
were highly variable and dependent upon the location of the
bed with respect to the roughness elements. When topo-
graphic roughness becomes very large estimates of u« using
equation (1) may not adequately quantify local shear stresses
at the bed (7 = pu?) due to the formation of a shear layer
located within the region near the top of the roughness
elements [Schlichting and Gersten, 2000]. In such cases, an
independent estimate of the friction velocity can be obtained
through direct computation of the total shear stress by
summing the viscous and the turbulent components of
stress. Within a well-developed open channel flow, the total
shear stress takes the form [Nezu and Nakagawa, 1993;
Stacey et al., 1999],

[o/7p— z
T=pg pu'w = puirs(l —17) (8)

In the above equation, the total stress = viscous “+” turbu-
lent stresses, where —pu/w’ is the local Reynolds or turbulent
stress. Estimates of u+, were made using measurements of
u'w' and 0u/0z at z/H = 0.1, where the vertical distribution of
Reynolds stresses are relatively constant. Values are given
in Table 1 and indicate that us. estimates from Reynolds
stresses are within 10%-20% of those estimates computed
using equation (1). This relative agreement is similar to that
found by Rippeth et al. [2002] in a channel flow.

[19] Overall, for a given bed roughness, as the velocity of
the mean flow increases, u» increases without a statistical
change in z,. As bed geometry becomes more rough, both u+
and z, increase for similar mean flow conditions. The
coefficient of drag (Cp) can be computed using the equation
[Kundu, 1990],

Cp =, 9)

where U, is the time-averaged longitudinal velocity at z/H =
0.25. For the sand bed, Cp = 0.003 + 0.001, which is the
same as the canonical value often used for flows over rel-
atively smooth sand or mud beds [Gross and Nowell, 1983].
Cp =0.008 + 0.002 was estimated for flows over the gravel
bed, while for the cobble bed, Cp = 0.018 + 0.004, indi-
cating the enhanced drag with rougher bed topographies.

3.2. Scalar Flux

[20] The turbulent flux of mass w'c’ was locally measured
for every 8 x 8 pixel subwindow. The vertical mass flux is
shown in Figure 5, which indicates a high degree of vari-
ability both throughout the boundary layer and at different
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Figure 5. Turbulent flux (w'c’) above the (a) sand, (b) gravel, and (c) cobble bed topography.

locations along the sediment-water interface. Since the
source concentration was located 1 m upstream and along
the bed, the majority of vertical flux is positive, indicating
upward transport away from the bed. Within a narrow
region adjacent to the bed, the flux is negative, indicating
downward transport of mass toward the sediment. Estimates
of turbulent flux to the sediment-water interface were
computed using measurements obtained within the water
column between 1 and 5 mm above the bed. Scaling argu-
ments suggest that these measurements are at a nondimen-
sional height (z* = usz/v) between z" = 4-20 for the sand,
z" = 6-30 for the gravel, and z* = 850 for the cobble bed.
However, since the bed is composed primarily of permeable
sediments, it is likely that high-energy turbulent eddies
could penetrate into the upper sediment layer, down to a few
sediment grains thick [Nagaoka and Ohgaki, 1990]. The
gradient in the turbulent flux was typically constant in this
region and turbulent flux at z* = 0 was estimated through a
linear extrapolation to the bed. Across this same elevation,
the diffusive flux was also computed using equation (2),
where 0c/0z was estimated as the temporal average over
5000 PLIF images for each experimental condition. Mean
total flux estimates for each experiment are shown in Table 2.
Measurements indicate that the flux due to turbulent pro-
cesses is typically 1-2 orders of magnitude larger than dif-
fusive processes. This is not surprising since at the outer
edge of the viscous sublayer gradients in concentration are
typically much weaker than within the viscous sublayer,
reducing the impact of diffusive flux relative to turbulent
processes. The relative magnitude of turbulent to diffusive
flux increased with increasing bed roughness, likely due to a

combination of enhanced turbulent mixing and an overall
reduction in the thickness of the viscous sublayer. Total flux
also increased with increasing mean flow.

[21] The bed roughness and velocity also had a significant
influence on the distribution of concentration fluctuations
within the bottom boundary layer. Profiles of the mean and
standard deviation of the concentration fluctuations, mea-
sured as o, = V ¢’2, are shown in Figure 6. The mean profile
is fairly uniform throughout the boundary layer down to the
region near the top of the viscous sublayer. The standard
deviation however shows marked changes from the mean
profile. Enhanced bed roughness increases concentration
homogeneity near the bed, as indicated by a decrease in the
standard deviation of concentration.

[22] Estimates of 3 were computed from equation (3)
using measured flux estimates and the difference between
the concentration within the bulk flow ¢, and the concen-
tration at the sediment-water interface c,. Solute concen-
tration was measured on the resolution of a pixel, 0.17 mm x
0.17 mm. ¢, was estimated by determining the location of
the sediment-water interface using edge detection software
and taking the average of the concentrations measured
0.17 mm above the interface. Determination of ¢, by this
method is likely an overestimate since measurements slightly
above the interface are used, incorporating errors in the
estimate of 3 by up to 10%. c., was calculated as the average
concentration above the viscous sublayer, between z/H=0.01
and 0.05. Values for 3, c.., and ¢, are given in Table 2.

[23] Increases in 3 occur with increasing mean velocity
and bed roughness, as expected. The relative enhancement
of 0 by bed topography can be estimated by a comparison

Table 2. Mass Flux Characteristics for the Sand, Gravel, and Cobble Bed Geometry Experiments®

U, Turbulent Flux  Diffusive Flux  Turbulent/Diffusive [ (X1073) Bsmooth Co Coo
Experiment (cms ') (ugem 2s ')  (ugem Zs ) Flux (cm/s) (x107°) (cm/s)  B/Bsmootn (g cm ) (pg cm )

S1 6.8 2.6 x107* -1.1x107° 23.7 0.17 0.13 1.3 0.20 1.77
S2 8.9 3.4 x107* -1.1 x107° 31.2 0.23 0.17 1.4 0.29 1.79
S3 11.2 -5.7 x 10-* -13x107° 44.1 0.32 0.22 1.5 0.31 2.08
Gl 5.9 -1.9x 107 —45 %107 43.6 0.49 0.19 2.5 0.43 4.46
G2 7.1 -22x107° -37x107° 61.1 0.62 0.23 2.7 0.31 3.95
G3 9.0 -32x 107 -29x107° 110.3 0.82 0.28 2.9 0.31 4.20
C1 5.5 -8.1x 107 —34x107° 237.6 2.02 0.28 7.2 0.65 4.66
C2 6.8 -1.0 x 1072 -3.1x107° 332.3 2.56 0.34 7.5 0.56 4.46
C3 8.0 7.9 x 1073 -2.6x107° 306.5 2.23 0.34 6.6 0.42 3.95

403 is the mass transport coefficient measured from direct estimates of the sum of the turbulent and diffusive flux, using equation (5). Bsmoom is the
estimate for hydraulically smooth bed conditions, using equation (4). ¢, and ¢, are the wall and bulk solute concentrations, respectively.
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Figure 6. Vertical profiles of (a) average concentration
and (b) standard deviation of the concentration fluctuations
for the intermediate flow condition (S2, G2, and C2).

to the flat bed empirical relationship of the mass transfer
coefficient using equation (4). Enhancement rates are shown
in Figure 7 as a function of the roughness Reynolds number,
Rex = uxd,/v, where d, is the mean sediment diameter and v is
the kinematic viscosity of water, v =1.005 x 102 cm? s " at
20°C. The relative enhancement of (3 due to topography
varies between 1.3 times greater for the sand bed up to
7.5 times greater for the cobble bed. The flat bed empirical
relationships Bgmoom Were formed under the assumption of a
hydraulically smooth boundary. Flow is typically considered
hydraulically smooth when the roughness elements are small
enough to be contained within the viscous sublayer, which
typically occurs when Re« < 5 [Schlichting and Gersten,
2000], while for 5 < Rex < 70 the flow is transitionally
rough, and if Re« > 70 the flow is considered fully rough.
However, these estimates use Nikuradse equivalent sand
grain roughness (k) instead of mean sediment diameter to
estimate Re«. For flows over beds of densely packed uni-
form sand grains, d, is roughly equivalent to k,, but for
larger roughness, ks is a function of the diameter, shape,
and spacing of roughness elements. For bed geometries of
gravel and cobbles, an approximate relationship reported by
Schlichting and Gersten [2000] is ks ~ 1/3d,, which in-
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dicates bed geometries tested span the range between smooth
to fully rough.

3.3. Quadrant Analysis

[24] Quadrant analysis is a useful technique to describe
how the turbulent fluctuations contribute to momentum
distribution throughout the bottom boundary layer [Lu and
Willmarth, 1973; Luckhik and Tiederman, 1988]. To per-
form quadrant analysis, #’ and w' velocity fluctuations are
divided into four quadrants based on the sign of their
instantaneous values. Contours of the turbulent probability
distribution function (pdf) are shown in Figure 8 for tur-
bulent motions 5 mm (z/H = 0.02) above the sediment
surface and approximately 6 cm downstream from the
leading edge of the imaging area. In quadrant 1 (Q1), u' >0,
w'>0;in Q2, u’' <0, w'> 0 (aturbulent ejection); in Q3, u' <0,
w' <0; and in Q4, u'> 0, w' <0 (a turbulent sweep). Sweeping
events, as indicated by pdf values in Q4, transport high-
momentum fluid downward toward the sediment. Con-
versely, pdf values in Q2 indicate ejection of low-momentum
fluid vertically upward away from the bed. These ejection-
sweep phenomenon results in intermittent flushing of “dead
water” that accumulates among roughness elements [Grass,
1971]. Typically, momentum transport is dominated by
these ejection and sweeping events and show a predominance
of values in Q2 and Q4. This is true for all three bed geom-
etries. For the sand bed, vertical velocity fluctuations are very
small, and most of the motion is due to horizontal fluctuations
u'. As the bed topography becomes more rough, the intensi-
ties of the ejections and sweeps become stronger. Enhanced
vertical transport of momentum toward the bed occurs with
increasing roughness, as indicated by the change in slope
of the pdf. For the sand and gravel bed, w' < ', while for
the cobble bed, the turbulence becomes nearly isotropic, with
w' ~ u'. No statistically significant variations were found
between motions in Q2 versus Q4, indicating that ejection
and sweeping events were roughly equal in each of the three
bed topographies adjacent to the bed.

1

10 %
A
© sand
100 . '+ gravel
” cobbles |
K I
10 10

Re,

Figure 7. Mass transfer enhancement over flat bed esti-
mates (8/Bsmoom) @s a function of the roughness Reynolds
number Re-x.
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Figure 8. Quadrant analysis of the probability density
functions (pdfs) of «’ and w' distributions at 5 mm above
the bed for the (a) sand, (c) gravel, and (e) cobble bed at
the intermediate flow condition (S2, G2, and C2). Large
ejection and sweeping events occur, as indicated by a
greater fraction of stress occurrences within quadrants 2
and 4. Quadrant analyses of the pdfs of ¢’ and w' distribu-
tions for the same location are shown for the (b) sand,
(d) gravel, and (f) cobble bed topography. Ejection-sweeping
events become more dominant with increasing bed rough-
ness, coinciding with a consistently smaller magnitude of
¢ and larger magnitude of w'.

[25] In a similar fashion, probability contours of the w'
versus ¢’ can be obtained, indicating ejection and sweep
motions of mass: in Q1, ¢’ >0, w' > 0; in Q2, ¢'< 0, w' >0
(an ejection away from the bed); in Q3, ¢’ <0, w' <0; and in
Q4, "> 0, w <0 (a sweep toward the bed). At z/H = 0.02,
over the sand no dominant motions are evident in any
quadrant indicating that ejection-sweep phenomenon is not
a major factor in mass flux and the total overall flux is small.
For the gravel and cobble bed, there begins to emerge the
dominance of motion in Q2 and Q4 indicating a vertical flux
of mass toward the bed. Two characteristics that emerge are
increased vertical turbulent motions (i.e., greater w') and
increased concentration homogeneity (i.e., smaller ¢') with
increasing bed roughness. This indicates that, as the boundary
layer becomes more rough, turbulent motions are increased,
which enhance mixing and create a more uniform concen-
tration distribution. In a similar fashion to the Reynolds
stress measurements, Q2 and Q4 contributions were greater
than Q1 and Q3, but the relative magnitude of ejection and
sweeping events were statistically similar.

[26] The efficiency of momentum transport is measured

through the correlation coefficient, r,,, = £, where 7, and

o’
o, are the standard deviations of u and w, respectively.
Within the constant stress layer, sand (S2) and gravel (G2)

REIDENBACH ET AL.: TURBULENCE AND MASS FLUX AT THE SEDIMENT

W07530

topographies have a value of r,,, = —0.32 and r,,, = —0.33,
respectively. This matches typical values found in the
inertial sublayer for a variety of atmospheric boundary
layers [Raupach et al., 1996]. In contrast, for the cobble bed
geometry (C2), values for r,,, peak at —0.56 in the shear
layer within the wake of the cobble, while within the upper
boundary layer, a relatively uniform value of —0.33 occurs.
The increase in magnitude of r,,, indicates that the turbu-
lence near the mixing layer formed in the wake of the cobble
is much more efficient in the transport of momentum than
the flow above.

3.4. Turbulent Kinetic Energy

[27] The turbulent kinetic energy (TKE) budget for flow
can be expressed as [Townsend, 1976]

0(05¢7)  0(0347) sy 9(0547W)

u +w

—u'w

Ox 0z B 0z 0z
1 9w
_;T_E’ (10)

where overbars signify time-averaged quantities, p is den-
sity, p is pressure, and ¢'> = v/’ + V'V + ww is turbulent
kinetic energy. Since the vv/ component was not measured,
the TKE was modeled as ¢'> = v/’ + 2.3(w'w'). The factor
of 2.3 was used since a general feature of boundary shear
layers is that the relative intensities of the three components
of velocity are much the same with v/ being approximately
equivalent to 1.3w'w’ [Raupach et al., 1991]. In a fully
developed boundary layer, the advective terms on the left in
equation (10) are equal to zero, and on the right, the largest
terms are production P = —u/w/ %—IZ/ and dissipation €. Under
equilibrium conditions, these terms tend to be in balance and
the other terms are negligible. Under nonequilibrium con-
ditions, TKE is transported, either through turbulent trans-
port (T3) or pressure driven transport (7},), the second and
third terms on the right-hand side of equation (10), respec-
tively. TKE production, dissipation, and turbulent transport
can be measured directly, while the pressure transport term is
typically not measured but is set equal to the residual of the
other terms [Finnigan, 2000].

[28] Dissipation of TKE was determined through direct
measurements of the ensemble average of the strain rate
[Tanaka and Eaton, 2007],

Ep = 21/<S,]S,j>

(11)

where v is the kinematic viscosity, S;; is the strain rate, and
the brackets ( ) denote ensemble average. TKE dissipation
was computed using a second-order central difference
approximation. Since the out-of-plane component is not
available, we multiply the in-plane contribution by 15/7 to
account for the out-of-plane contribution, assuming isotro-
pic, homogeneous turbulence [Fincham et al., 1996]. The
resulting expression is [Zhu et al., 2006]

IS L0\ R\ ol o
=7\ ox + 0z 0z + Ox
Ou Ow
+z<5 a*ﬂ .
For the sand (Figure 9) and gravel bed (not shown), a general
balance occurs between P and &, with minimal transport of

(12)
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Figure 9. Turbulent kinetic energy production, dissipa-
tion, and transport for flow over the sand bed (S1).

TKE, indicating equilibrium conditions throughout the
BBL. For the cobble bed, the shear layer region formed in
the wake of a cobble has very active mixing and extremely
large production rates (Figure 10). This production is not
balanced locally by dissipation (as evident by comparisons
between plots of P and €). Turbulent transport, along with
the residual pressure transport, is large in this region and
redistributes the TKE away from the shear layer, with a loss
in T; near the top of the shear layer region where P peaks
and a gain lower within the recirculation zone of the wake.
These shear layer dynamics within the wake behind indi-
vidual roughness elements enhance vertical exchange of
mass and momentum, as evident by an increased magnitude
of r,, and increased turbulent interaction with the bed.
Dissipation rate estimates for all experiments are listed in
Table 1 at an elevation z/H = 0.1. Using dissipation mea-
surements at this elevation, the Kolmogorov length scale 17,
which is the smallest scale of turbulent motion, can be

1/4
computed as n = (ﬁ> (Table 1).

€

3.5. Pore Water Concentrations

[29] To determine how this vertical flux effects sediment
pore water concentrations, water samples were taken 0.5 cm
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Figure 11. Pore water concentration as a function of mean

velocity for the three different bed topographies.

below the sediment surface, directly beneath the PLIF/PIV
imaging area. Increased pore water concentrations occurred
with increasing bed roughness (Figure 11), which correlates
well to the observed increase in flux to the sediment-water
interface. However, decreased pore water concentrations
were found with increased water column velocities for a
given bed roughness, opposite that suggested from local flux
measurements. Flow-sediment interaction produces drag as
a resistance to the flow. Since the bed is permeable, varia-
tions in pressure head along the bed surface can create
horizontal and vertical advective flow through the porous
bed material [Elliot and Brooks, 1997b]. Although not
directly measured, the observed trend of reduced pore water
concentration with increased velocity is likely a result of
enhanced dispersion and downstream advective transport of
the solute through the sediment layer.

4. Discussion

[30] Mass flux to and from aquatic sediments has tradi-
tionally been measured using steady state concentration

Production Dissipation Turbulent transport
2) 1
j 10.75
0.5
& 0.25
2 4 6 0 1 5 O_}
cm em’s” cm' s

Figure 10. (a) Production, (b) dissipation, and (c) turbulent transport for the cobble bed geometry (C2).
Large transport of TKE occurs in the wake region behind the cobble.
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profiles adjacent to and within bed sediments where gradient
diffusion theory can be applied. Typically, this has been done
since direct and simultaneous measurements of concentration
and velocity at a single location have been difficult to obtain.
The transport rate is due to complex interactions of diffu-
sion, advection, shear, and turbulence that create large var-
iations in chemical residence times [O'Connor and Harvey,
2008]. In this study, we utilized two complimentary tech-
niques, planar laser-induced fluorescence to measure solute
concentration, and particle image velocimetry to measure
fluid motion adjacent to the sediment-water interface with-
out disturbing the sediment or flow structure. The mea-
surements reveal that variations in bottom topography can
substantially affect rates of turbulent mixing throughout the
bottom boundary layer and mass flux to the sediment-water
interface.

4.1.

[31] Directly adjacent to the sediment-water interface, for
all bed and flow conditions, a negative flux occurred,
indicating input of mass from the water column into pore
waters of the bed sediments. The distribution of negative
flux grows in the vertical extent with increasing bed
roughness, primarily due to the increase in turbulent inter-
action with the bed. Scaling of the flux by c., — ¢, the mass
transfer coefficient ( approximately doubles with an
increase in roughness from a sand to gravel topography and
increases by an order of magnitude between the sand and
cobble bed geometries. Increases in topography not only
affect bed shear stress and therefore u+ but also the turbulent
structure within the bottom boundary layer. Flow over the
sand bed was found to be hydraulically smooth, and direct
estimates of § matched well that predicted using smooth
bed theory. For transitionally rough or fully rough bed
conditions, mass transfer enhancements over smooth bed
estimates were found through enhanced turbulent interactions
between the bed and the overlying flow.

[32] Direct impacts of roughness heights on flux into
sandy sediments were measured by Huettel et al. [1996]
who found roughly a doubling of the exchange flux with
a fivefold to tenfold increase in the roughness height. Our
measurements find similar results when comparing sand to
gravel grain sizes. When extended to roughness length
scales on the height of a cobble, an approximate tenfold
increase in flux for a 100-fold increase in bed roughness was
measured. Packman and Salehin [2003] summarized a
number of studies of exchange rates across different sedi-
ment types ranging from fine sand to gravel and expanded
upon the theoretical framework and two-dimensional
model for advective exchange processes developed by
Elliot and Brooks [1997a] for flow over dune-shaped
bed forms. Although these models cannot necessarily be
expected to apply directly to natural streams or to bed con-
ditions measured in this study due to the range of different bed
features, they are useful to parameterize the relative roles of
stream and sediment conditions in controlling fluxes across
the sediment-water interface. The effective diffusion coef-
ficient D, for exchange across the sediment-water interface
has been shown using these models and laboratory experi-
ments to be linearly proportional to the parameter grouping
Kh,,/0 and holds for more than three orders of magnitude

Scalar Flux
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of bed form driven exchange [Packman and Salehin, 2003],
where

Kh K U? (d/H 13)

3/8
M _028— — = H 34.
g~ 2 g 0.34) d/H <03

The parameters hydraulic conductivity K and porosity 6
characterize the sedimentary control on bed form driven
exchange, while A, reflects the half-amplitude of the sinu-
soidal bed form induced pressure variation at the bed sur-
face. Equation (13) includes the bed form height d to water
depth H ratio and indicates the driving mechanism for
advective exchange includes the stream velocity, sediment
characteristics K and 6 and a geometric term related to the
bed form shape. Application of this model, in combination
with laboratory experiments, indicated that sinusoidal shaped
bed forms with heights between 2.2 and 3.7 cm consistently
increased exchange by a factor of 3—6 [Packman et al.,
2004]. Although the Elliot and Brooks [1997a] model
cannot be directly applied to our experiments due to the
random arrangement of bed roughness elements, we found
similar but slightly larger enhancement (up to 10 times)
when comparing a smooth sand bed and one composed of
~3 cm high cobble roughness elements. Enhancement
above theoretical predictions and measurements over two-
dimensional bed forms may likely be caused by the three-
dimensional flows and pressure distributions created by the
irregular bed forms, as suggested by Elliot and Brooks
[1997b].

[33] Bed topography also affected both the distribution
and magnitude of flux along the bed. Roughness elements, if
large enough to protrude through the viscous sublayer,
created heterogeneous shear at the bed, which altered local
rates of mass exchange. This phenomenon has been observed
even over small-scale sediment topography with millimeter-
scale variations, affecting the transport rate of oxygen across
the diffusive boundary layer [Roy et al., 2002]. The sub-
stantially larger roughness measured here and found in
many river systems enhances the heterogeneous exchange
and creates local hot spots for flux of dissolved and par-
ticulate matter. These hot spots correlate with regions of
boundary layer separation and reattachment along the bed.
The dominant feature of the flow near the bed in the cobble
flow is the region of strong shear, creating an inflection
point near the top of the cobble in the mean velocity and
large coherent vortices that form in the wake. Similar
characteristics, although not as pronounced, are evident over
the gravel bed, where flow separation occurs behind indi-
vidual gravel elements, creating variability in the magnitude
of flux along the bed. This spatial intermittency denotes the
inherent difficulty of measuring flux over naturally rough
surfaces through gradient-diffusion estimates using profiles
of concentration at one location.

4.2. Velocity and Turbulence Structure

[34] For relatively uniform distribution of roughness ele-
ments, such as that of the sand and gravel bed, the flow
profile and turbulence structure typically followed that of a
logarithmic bottom boundary layer. As bed roughness
increased to that dominated by cobbles, turbulent mixing
processes were driven by shear flow over the protruding
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structures, resulting in boundary layer flow separation
around individual roughness elements and the shedding of
vortices in the wake region downstream of the protrusion.
Within a turbulent boundary layer, kinetic energy from the
free streamflow is converted to turbulent motions that are
dissipated into internal energy by viscous action [Robinson,
1991]. This process is continual, and therefore, to be self-
sustaining, there must be a balance of turbulence generation
and dissipation. Where turbulence is produced and where it
is dissipated depends upon the dynamics contained within
the internal structure of the boundary layer flow. A balance
between production and dissipation of TKE was found
throughout the majority of the bottom boundary layer for the
sand and gravel beds. Over the cobble bed, the shear layer
produced very active local mixing and large production rates
of TKE. TKE production was not balanced locally by dis-
sipation and thus turbulent transport, along with residual
pressure transport, redistributed TKE away from the wake
region and enhanced the efficiency of vertical momentum
transport. The magnitude of the localized turbulence increases
with roughness height relative to flow depth [Bennet and
Best, 1996].

[35] The turbulent motions for all three bed conditions
contain the ejection-sweep phenomenon characteristic of
wall-bounded flows. The quadrant analysis examined
trends of the Reynolds shear stress and the relative impor-
tance of ejection and sweep events to momentum transport.
Results show that the duration and magnitude of ejections
(quadrant 2) and sweeps (quadrant 4) exceed those in
quadrants 1 and 3. As the bed becomes more rough, the
relative contributions of ejection and sweeps to the overall
turbulent motion becomes more dominant. An increase in
ejection-sweep events due to increases in roughness have
also been observed in atmospheric flows where spectra
indicate that the strength of “active” motion depended upon
boundary layer roughness [Krogstad et al., 1992]. Ejection-
sweep events also increased as velocity increased, and there
was a relatively equal contribution of sweeps of high-
momentum fluid transport toward the bed to ejections of
low-momentum fluid away from the bed. Lacey and Roy
[2008] found similar dominance of ejection-sweep events
in the wake of pebble clusters within a natural stream which
contributed to 80% of the Reynolds shear stress, although
they found a dominance of ejection events. The relative
magnitude of ejection and sweeping events often shifts,
however, and is dependent upon such factors as the height of
the protrusion, the location within the wake region and the
strength of the mean flow [Sambrook Smith and Nicholas,
2005].

[36] Although ejection-sweep phenomenon has been long
studied in relation to momentum transport, their importance
to scalar transport is less understood [Katul et al., 1997],
primarily due to the difficulty in simultaneous velocity and
scalar structure. Utilizing quadrant analysis, correlations
between ¢’ and w' revealed different trends than those found
for correlations between u' and w'. Time-averaged Reynolds
stress estimates were primarily negative due to dominant
ejection-sweep phenomenon. However, the dominance of
motion in Q2 and Q4 was less pronounced for mass. As the
bed roughness increased, ejection-sweep motions became
more dominant, increasing flux to the bed. No statistically
significant difference was found in ejection or sweep events,
either for momentum or mass, which was also found for
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atmospheric flux measurements over plant canopies in near
neutral conditions [Coppin et al., 1986].

[37] Both the flow and mass transport measurements were
two dimensional along an imaging area parallel to the flow.
However, due to the complex bed geometry, the velocity
and turbulence structure was three dimensional and likely
altered mass transport and mixing both vertically and lat-
erally across the width of the flume. The size and spacing of
roughness elements will typically impact the dimension of
vertical and transverse turbulent eddies that form [Hardy
et al., 2009], and maximum exchange rates typically occur
at locations where turbulent eddies detach and reattach to the
bed due to bed form-induced pressure variations [Cardenas
and Wilson, 2007a, 2007b]. We conducted measurements
adjacent to the large cobble roughness elements, where larger
fluxes are predicted compared to spatially averaged three-
dimensional measurements. However, our two-dimensional
measurements are expected to predict well three-dimensional
average trends occurring over the sand and gravel topography
since measurements spanned many roughness elements.

[38] With the addition of the cobbles to the bed, the
additional volume within the channel reduced the cross-
sectional area of the flow. This reduction likely affected the
overall pressure distribution along the bed, and the TKE
would likely vary also due to the reduction of cross-sec-
tional area. The cobbles had a mean height above the bed of
h =3 cm. Below this height, the turbulent stress gradient can
be approximated as [Nepf and Vivoni, 2000]

ow _u'w|,
(o —T

oz — h '’

(14)

assuming the turbulent stress penetrates to the bed, while the
momentum balance of the flow above the cobbles is

OH
o Ox

uw|,= (H —h). (15)
Substituting (15) into (14), the ratio of the pressure gradient
to the turbulent stress gradient beneath the height of the

cobbles is

turbulent stress _ du'w'/dz _ H
T gOH/Ox — h

14

- 1.

16
pressure (16)

For the case of the cobble flow, the turbulent stress to
pressure ratio would be 0.25/0.03 — 1 = 7.3, indicating that,
while turbulent stress is still dominant, pressure-driven flow
dynamics become more important with larger overall rough-
ness for a given water depth.

4.3. Scaling of the Diffusive Boundary Layer Thickness

[39] Estimates of the mass transfer coefficient § indicate
enhancements up to 7.5 times greater than equivalent
smooth beds. This increase is due to alteration of fluid shear
and turbulence intensity near the bed, which acts to transport
mass more efficiently to the sediment-water interface and
reduce the thickness of the diffusive boundary layer. Since
direct measures of the diffusive sublayer thickness were
not made, a useful scaling, which has been proposed by
Hearn and Robson [2000], uses the Batchelor length scale

1/4
Ly =27 (VTDZ) to approximate 6. The Batchelor length
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scale describes the smallest length scale of the turbulent
fluctuations of the solute concentration, which occur before
molecular diffusion smoothes the remaining concentration
fluctuations. Since the viscous sublayer is defined as the
region of fluid next to a solid surface where turbulence is
suppressed and molecular diffusion dominates transport
of solute, a similar argument can be made for using the
Batchelor length in defining the thickness of the DSL
[Lorke et al., 2003; O ’Connor and Hondzo, 2008]. Using
dissipation measurements within the inertial range of the
bottom boundary layer, values for § estimated through the
Batchelor length scale range between § = 1.1 x 10 % cm
for the sand bed to 6 = 5.0 x 10> ¢cm for the cobble bed.
Utilizing thin film theory, the mass transfer coefficient
can be estimated as 5 = D/6. Values for (3 range from 4.7 x
10~* cm/s to 1.0 x 102 cm/s, which match general estimates
of 3 through direct flux measurements for the sand bed but
tend to under predict flux as the bed becomes topographi-
cally more rough. This is not surprising given that thin film
theory assumptions of a uniform, equilibrium boundary
layer tend to become invalid as the flow transitions from
smooth to transitional to fully rough. Additionally, since the
bed is permeable, enhanced turbulent interaction with the
bed should augment the ability for turbulent motions to
penetrate through the top of the sediment layer, increasing
transport of mass into the sediment pore waters.

4.4. Pore Water Concentrations

[40] Theoretical prediction of mass transfer for turbulent
flows indicate that rates of mass transfer should be pro-
portional to ux over smooth beds, since the shear stress
velocity controls the diffusive sublayer thickness [Hondzo,
1998]. For a steady flow to be maintained, the frictional
resistance caused by the bed must be balanced by a coun-
teracting pressure gradient. This pressure gradient is formed
by a sloping water surface, and since this slope is a large-
scale phenomenon the pressure gradient can penetrate a
considerable distance into the bed, creating an interstitial
underflow [Elliot and Brooks, 1997a]. In addition, local
flow interaction with individual roughness elements pro-
duces drag against the flow and variations in pressure form
both within the boundary layer and in the pore waters even
due to minor topographic variations in the bed topography
[Elliot and Brooks, 1997b]. With increasing water column
velocities and/or increasing roughness heights, increases in
pore water velocities and subsurface transport occur [Huettel
and Gust, 1992]. This interaction is consistent with advec-
tive pumping theory for flow within bed sediments, which
suggest that any topographical feature that induces flow
separation should increase exchange relative to smooth beds
[Packman et al., 2004]. Therefore, pore water concentra-
tions are dependent both upon the vertical flux due to tur-
bulent exchange processes within the water column and
horizontal and vertical pore water flow through the sub-
surface sediment layer. Our results are consistent with pre-
dicted theory that increased roughness increases turbulent
exchange between the water column and the pore waters,
enhancing pore water concentrations. However, our mea-
surements also indicated reduced pore water concentrations
with increased mean flow. Although not measured, this was
likely caused by enhanced subsurface flow and downstream
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transport and dispersion of chemicals through the permeable
sediments, reducing pore water concentrations at the mea-
surement location. Adjacent to the bed, momentum in the
overlying flow can also penetrate to the upper layers of
sediment causing both increased dispersion and down-
streamflow above that of the underlying Darcy-type flow.
The velocity in this layer, often referred to as Brinkman
velocity or slip velocity, has been found to be proportional
to the velocity gradient in the overlying flow [Beavers and
Joseph, 1967] and appears to develop rather quickly to a
layer thickness that is on the order of the grain size diameter
[Goharzadeh et al., 2005]. Due to the shallow depth of the
sediment layer, this Brinkman flow may also have exerted a
large impact on enhancing overall bulk flow through the
porous bed. Future measurements of coupled above and
below water fluxes will be needed, similar to numerical
simulations conducted by Cardenas and Wilson [2007b], to
determine how subsurface flow and dispersion processes are
linked to water column hydrodynamics.

4.5. Hydrologic Exchange and Biogeochemical
Processes

[41] The hyporheic zone at the sediment-water interface is
an important region for the exchange of water masses con-
taining dissolved nutrients and gases, which are vital for
both benthic fauna and aquatic macrophytes [Nepf and
Koch, 1999]. The uptake of these chemicals depends upon
physical, as well as biological and geochemical, processes.
This study did not involve any active geochemical or bio-
logical uptake and physical transport processes solely con-
trolled transfer across the sediment-water interface. In natural
systems however, nutrient uptake by stream periphyton is
controlled by a combination of mass transfer through the
DSL and by kinetic transfer through cell membranes into
cells [Jumars et al., 2001]. Flow conditions act as an important
regulator for exchange processes, where mass transfer con-
trol is expected at low velocities, when the DSL is thick,
with kinetic control at higher velocities, but when the DSL
becomes so thin, diffusional transport through it is faster
than membrane transport [Larned et al., 2004]. Hydro-
dynamic transport conditions were also found to play a
key role in structuring benthic microbial communities, both in
terms of total biomass and in taxonomic composition [4rnon
et al., 2007]. At high velocities, shear stress and turbulence
was found to influence biofilm growth and metabolism
[Hondzo and Wang, 2002], but even under slow flow con-
ditions where shear stresses are minimal, flow variations
produce differences in nutrient supply rates to the benthos,
altering community structure [Arnon et al., 2007]. These
structural differences regulate microbial processing of nu-
trients supplied from the water column and increased bed
roughness should only enhance variability in benthic bio-
mass and microbial communities.

[42] In conclusion, bed roughness was found to substan-
tially enhance both the magnitude and spatial variability of
momentum and mass flux due to altering bed shear stresses,
TKE balances, and turbulent flow dynamics adjacent to the
bed. A better understanding of these relationships improves
our ability to predict and quantify nutrient retention and
utilization in streams and further illustrates how hydro-
dynamics can play a critical role in benthic ecology.
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