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The fluvial science community lacks predictive equations formacroturbulence energy and timescales, whichmay
serve useful for predicting sediment transport in rivers. Therefore, we investigated the systematic variation of
macroturbulence scales by varying hydraulic parameters in an experimental facility, collecting velocimetry
data andmeasuringmacroturbulence scaleswith spectral analyses, and testing scaling laws formacroturbulence
prediction that consider inner variables, outer variables, and turbulence kinetic energy. Experiments spanned
across 11 energy gradients and aspect ratio combinations including 116 testing conditions each with 30 minute
instantaneous turbulence time-series collected. Results showed velocimetry data and time-average turbulence
parameters supported the presence of an equilibrium outer region and coherent double-layer assumed in the ex-
perimental design. Macroturbulence and bursting wavenumbers were constant in the outer region when scaled
with theflowdepth, andwere independent of distance above the boundary, aspect ratio, energy gradient, Froude
number, or Shields parameter. Data results agreed with the derivation herein and showed macroturbulence en-
ergy scales with the streamwise turbulence kinetic energy. Semi-theoretical equations for turbulence kinetic en-
ergy scaled macroturbulence energy reasonably well. A novel equation is presented for the macroturbulence
period, and the equation's transferability is supported by consistency with past macroturbulence studies, burst-
ing formula, and flow visualization studies. Novel equations are presented for macroturbulence energy, and
transferability is supported on theoretical and empirical grounds; however open questions remain regarding a
universal function for streamwise turbulence kinetic energy and the net contribution of macroturbulence to
total turbulence energy. Results showed the macroturbulence wavenumber required a relatively long duration
of data (i.e., 17 min) to stabilize. Results were used to formulate a time scale for minimummeasurement length
of turbulence data when information about macroturbulence is sought after. We discuss macroturbulence link-
ages with sediment transport, including, prediction of the sediment carrying capacity via macroturbulence for-
mula as one application to help close the gap between turbulence and fluvial sediment transport.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Macroturbulence
Gravel bed river
Sediment transport applications
Measurement length
1. Introduction

Prediction of the energy and timescales of macroturbulence has the
potential to improve our understanding of flow and sediment interac-
tions in rivers. Our motivation was to predict the energy and timescales
of macroturbulence using scaling laws for open channel flow over a
gravel bed. Turbulence energy production in open channel flow is be-
lieved to occur via the coherent double-layer, which includes bursting
associated with near-bed shedding and macroturbulence associated
with large-scale alternating momentum zones (Matthes, 1947; Nezu
and Nakagawa, 1993; Shvidchenko and Pender, 2001; Roy et al., 2004;
Fox et al., 2005; Marquis and Roy, 2006; Hurther et al., 2007; Belcher
and Fox, 2009; MacMahan et al., 2012; Stewart and Fox, 2015).
Macroturbulence redistributes fluid momentum across the full flow
depth, elongates many times the flow depth in the streamwise direc-
tion, and is believed to interact with near bed bursting (Roy et al.,
2004). Based on this previouswork, we expectmacroturbulence energy
to control organization of turbulence energy in the outer region of river
flows.Macroturbulence timescales reflect the period of the phenomena,
which shows analogy to timescales of other turbulence structures
(e.g., Luchik and Tiederman, 1987; Eder et al., 2015). Prediction of time-
scales and energy is useful for mass transfer prediction.

The presence of macro-sized eddies has become ubiquitous in a
range of turbulent flows and is described with community-specific
taxonomy, such as large scale coherent structures in atmospheric
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List of symbols

B flume width
B/H aspect ratio
D84 particle diameter for which 84% of particles are finer
Fr U(gH)−1/2 is the Froude number
H flow depth
H/ks relative submergence
K wavenumber
Kb bursting wavenumber
Km macroturbulence wavenumber
RMS(u′) root mean square of streamwise velocity fluctuation
RMS(v′) root mean square of vertical velocity fluctuation
RMS(w′) root mean square of transverse velocity fluctuation
Rey(u′v′) shear Reynolds stress
S spectral energy density
Sb bursting spectral energy density
Se energy gradient
Sm macroturbulence spectral energy density
SPE spectral production energy
Tb busting period
Tm macroturbulence period
U time-averaged streamwise velocity
U0 appropriate velocity scale
Umax maximum streamwise velocity
V time-averaged vertical velocity component
W time-averaged transverse velocity component
cm empirical constant
f frequency
g gravitational acceleration
ks roughness height
l indicate length scale
u instantaneous streamwise velocity
u′ instantaneous streamwise velocity fluctuation
u∗ friction velocity
v instantaneous wall normal velocity
v′ instantaneous wall normal velocity fluctuation
w instantaneous transverse velocity
w′ instantaneous transverse velocity fluctuation
y wall normal distance above flume bed
σ2 spectral signal variance
τ fluid shear stress
ν kinematic viscosity
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turbulence, very large scale motions in pipeflow, superstructures in
zero-pressure gradient boundary layers, and macroturbulence in gravel
bed rivers (Shvidchenko and Pender, 2001; Guala et al., 2006; Hutchins
and Marusic, 2007; Calaf et al., 2013). However, the scaling of macro-
sized coherency and its interaction with near-bed shedding is not ubiq-
uitous and rather shows dependence on the type of boundary layer
(e.g., pipeflow, channel flow, zero-pressure) and the Reynolds number
(Monty et al., 2009; Guala et al., 2011). The fluvial science community
currently lacks predictive equations for macroturbulence energy and
timescales for open channel flow over gravel beds, and we feel predic-
tive equations may be useful for coupling flow with suspended sedi-
ment transport in rivers. For this reason, we measure and scale
macroturbulence over a hydraulically rough gravel bed with a logarith-
mic or log-wake outer region.

We adopt the spectral approach to investigate macroturbulence in
open channel flow over a gravel bed. The spectrum of the velocity signal
is useful for identifying prominent coherent scales bounding the spec-
tral production region (i.e., the negative one spectral power region,
Perry and Abell, 1975; Kim and Adrian, 1999; Calaf et al., 2013). Very
large scale coherency (i.e., macroturbulence) is manifested as a broad
peak in the streamwise velocity spectra at the lowwavenumber bound-
ary of the spectral production region while smaller scale coherency
(i.e., bursting) is manifested as the high wavenumber boundary of the
region (Kim and Adrian, 1999; Fox et al., 2005; MacMahan et al.,
2012; Calaf et al., 2013; Stewart and Fox, 2015). This concept has been
shown using theoretical grounds and empirical evidence (Perry and
Chong, 1982; Perry et al., 1986; KimandAdrian, 1999; Calaf et al., 2013).

Gravel bed river studies have highlighted the macroturbulence im-
print upon the streamwise velocity spectra (MacMahan et al., 2012;
Stewart and Fox, 2015), however we find the spectral approach is
underutilized for investigating macroturbulence scales in open channel
flow over gravel beds. Few, if any, gravel bed studies have investigated
the systematic variation of macroturbulence scales by varying hydraulic
parameters in the laboratory and measuring macroturbulence scales
with spectra. A number of reasons contribute to this lack of previous
work. First is the fairly recent acceptance of macroturbulence as part
of the double-layer for open channel flow over gravel beds (Roy et al.,
2004; Hurther et al., 2007; Stewart and Fox, 2015). Second, a deterrent
for using the spectral production region has been ambiguity surround-
ing the wavenumber boundaries (i.e., macroturbulence and bursting).
For example, smoothing operations (i.e., low pass filters) often coupled
with spectral analysis have the potential to shift spectral bounds. Third,
reporting of the sensitivity of spectral boundaries to velocimetry
methods is lacking. For example, few gravel bed river studies have in-
vestigated the stationarity of spectra as a function of data collection
duration.

In this paper, we measure systematic variation of macroturbulence
periodicity and energy for open channel flow over a gravel bed, and
we then consider two commonly held turbulence hypotheses to predict
macroturbulence via scaling laws. The first turbulence hypothesis as-
sumed is the aforementioned coherent double-layer. The second hy-
pothesis considered is the equilibrium assumption for the outer region
of turbulent open channel flow over a gravel bed. The equilibrium as-
sumption suggests the outer region has balanced turbulence energy
generation and dissipation and shows constant dependence on a veloc-
ity scale and turbulence length scales (Clauser, 1954, 1956; Townsend,
1976; Nezu and Nakagawa, 1993; George and Castillo, 1997). Regarding
scale dependence, the most widely cited velocity scale for prediction is
the friction velocity derived by Clauser's (1954, 1956) equilibrium defi-
nition although the freestream velocity derived by George and Castillo's
(1997) equilibriumdefinition has gained popularity in recent years. The
constant turbulence length scales in outer region equilibrium has been
muchmore ambiguous (e.g., inner, outer andmixed scales), but we ex-
pect the characteristic lengths of the turbulence double-layer to con-
form to the equilibrium definition. We test scaling macroturbulence
periodicity and energy with velocity and length scales in this paper.

Our objectives were to (i) collect velocimetry data and calculate
time-average turbulence parameters for a range of open channel
flows over a gravel bed, (ii) measure macroturbulence and bursting
time and energy scales via the spectral approach, and (iii) scale
macroturbulence and bursting wavenumbers and energy that lead to
predictive equations. The objectives provide the structural subheadings
of the methods and results sections. We then discuss implications and
transferability of novel predictive equations for macroturbulence in
the discussion section. Specifically, we discuss macroturbulence link-
ageswith sediment transport, including, prediction of the sediment car-
rying capacity via macroturbulence formula as one application to help
close the gap between turbulence and fluvial sediment transport.

2. Experimental design

We designed experiments to consider macroturbulence response
variables and thereafter the response variables were investigated
against dimensionless numbers derived from hydraulic principles.
The response variables are defined as the spectral scales of
macroturbulence, including its wavenumber (Km) and energy (KmSm).



124 A. Ghesemi et al. / Geomorphology 332 (2019) 122–137
The spectral scales of bursting (Kb, KbSb) are also estimated and re-
ported, although their emphasis is as a comparison to macroturbulence
scales and to show consistency of our studywithpreviously reported re-
sults of open channel bursting.

The premise for the experimental design was that the response var-
iables could be identified using the velocity spectra (Fig. 1) whereby
macroturbulence and bursting wavenumbers (Km and Kb) bound the
spectral production region (Perry et al., 1986; Kim and Adrian, 1999;
Stewart and Fox, 2015). Identification of the boundary wavenumbers
is possible given the nearly constant energy of the spectral production
region (Katul and Chu, 1998). The spectral production region is shown
to have a constant negative one slopewhen plotted as streamwise spec-
tral energy density (see Fig. 1b). Spectral density is plotted on a log-log
scale with power spectral density in the vertical axis and wavenumber
on the horizontal axis. In order to gain more information about the en-
ergy or variance that an individual wavenumber exhibits, the spectra
can be plotted in a variance preserving form (Boppe and Neu, 1995;
Kim and Adrian, 1999; Venditti and Bennett, 2000). The variance pre-
serving form, also called the pre-multiplied spectra, is a semi-log spec-
tral plot in which the vertical axis is the product of the power spectral
density and its corresponding wavenumber (i.e., the spectral energy)
while the log-scale horizontal axis is the wavenumber. This type of
plot is called ‘variance preserving’ since the area under the curve
Fig. 1. Concept diagram of the macroturbulence wavenumber (Km) and the bursting
wavenumber (Kb) depicted in the variance preserving and spectral energy density for
the streamwise velocity signal in (a) and (b), respectively. Km and Kb bound the
constant turbulent energy, negative one power region as is depicted in both the
variance preserving spectra and the spectral energy density.
between two wavenumbers corresponds to the spectral signal variance
(σ2), which is also the streamwise turbulence energy, in the specified
interval. The plotting preserves the turbulence energy mathematically
as

σ2 ¼
Z k2

k1
KS Kð Þd log Kð Þð Þ ¼

Z k2

k1
S Kð ÞdK ð1Þ

where K is wavenumber and S(K) is spectral energy. The variance pre-
serving form plot in Fig. 1 shows that the negative one slope of the spec-
tral density plot is a region in which all eddy scales have the same
energy associatedwith them. This idea can also be shown by calculating
the constant negative one slope of the spectral production region using
its lower bound (Km, Sm) and upper bound (Kb, Sb). The result is the con-
stant energy of macroturbulence and bursting scales as.

KmSm Kmð Þ ¼ KbSb Kbð Þ: ð2Þ

Using these principles, the response variables (Km and KmSm) can be
identified with the spectral plots for different hydraulic conditions.

Our intent was to investigate macroturbulence response variables
within flow over gravel for a wide range of hydraulic conditions. How-
ever, as will be shown, a number of variables were fixed in order to
limit our experimental design to a practical range. A number of variables
were identified as potentially influencing macroturbulence:

Km;KmSm ¼ fn y;H; ks;B;Uo; g;νf g; ð3Þ

where the first four variables in the brackets are length scales (m)
including distance from the boundary (y), flow depth (H), roughness
height (ks), and channel width (B); Uo is an appropriate velocity scale
(m s−1); g is gravitational acceleration (m s−2); and ν is the fluid kine-
matic viscosity (m2 s−1). Eq. (3) assumes open channel flow in a rectan-
gular channel in which the sidewall roughness is orders of magnitude
smaller than the gravel bed roughness height (ks). Eq. (3) also assumes
that gravel particles at the bed are immobile. We assume consistency
with Clauser's definition of an equilibrium boundary layer, and there-
fore use the friction velocity (u∗) as the velocity scale that is assumed
constant (Clauser, 1954, 1956; Townsend, 1976).Weperformed dimen-
sional analysis of Eq. (3) to arrive at a number of well-known dimen-
sionless numbers for open channel flow over a gravel bed as

Kml;
KmSm
u2�

¼ fn
y
H
;
H
ks

;
B
H
;
y
ks

;
ksu�
ν

;
u�ffiffiffiffiffiffi
gH

p
( )

: ð4Þ

l is used here to indicate any one of the length scales in Eq. (3) that
might appropriately normalize the macroturbulence wavenumber,
which is yet to be determined and is investigated in our results section.
Scaling of the macroturbulence energy with the square of the friction
velocity shown in Eq. (4) agrees with the most commonly reported
spectral scaling in the literature and is an artifact of Clauser's boundary
layermodel (Perry andAbell, 1975; George andCastillo, 1997; Katul and
Chu, 1998; Kim and Adrian, 1999; Nikora et al., 2001; Stewart and Fox,
2015). The dimensionless numbers on the right hand side of Eq. (4) in-
clude relative distance from the boundary (y/H), relative submergence
(H/ks), aspect ratio (B/H), relative distance above the roughness grains
(y/ks), roughness Reynolds number (ksu⁎/ν), and the friction velocity
(u∗/(gH)0.5) scaled for open channel flow.

To arrive at a tractable set of experimental tests, we considered a
number of controls to simplify the dependency of macroturbulence re-
sponse variables upon the identified dimensionless numbers. First, we
focused on measurements in the outer region, above the roughness
layer, and therefore the equilibrium boundary layer could be examined
in the outer region. We also collected data closer to the boundary
elements, in the roughness layer, so that the beginning of the outer re-
gion could be visualized but emphasis was placed upon measurements
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for y N 2 ks. Second, the relative submergence was always greater than
five such that an outer flow region always existed for the study
(Belcher and Fox, 2011). Third, the roughness type and height (ks)
was fixed for this study, which, while a limitation, allowed us to care-
fully investigate the sensitivity of the spectral approach and investigate
variations based on the external energy input. Fourth,we focused onhy-
draulically rough open channel flow where the roughness Reynolds
number is N70 (Nezu and Nakagawa, 1993); thus, removing the Reyn-
olds number influence. Fifth, we considered subcritical, uniform, and
steady open channel flow such that a gravitational interpretation of
the friction velocity can be qualitatively gained (Hsu et al., 1998). There-
fore, the last term on the right hand side of Eq. (4) is shown to be the
energy gradient, which also reflects the Froude number if the Darcy-
Weisbach relationship is invoked to substitute the depth-average veloc-
ity for the friction velocity. The assumption of Fr b 1 allows us to con-
sider the impact of the energy gradient upon macroturbulence across
the subcritical flow regime. With these simplifications in mind, we ar-
rive at

Kml;
KmSm
u2�

¼ fn
y
H
;
B
H
; Se

� �
; ð5Þ

where Se is the energy gradient and is equal to the bed slope for the case
of uniform flow.

Eq. (5) suggests the potential for macroturbulence response vari-
ables to be dependent upon the relative distance from the boundary,
the aspect ratio and the external energy gradient. The result of Eq. (5)
was reasonable given previousmacroturbulence results and our knowl-
edge of turbulence energy production within equilibrium layers. Low-
order dependence of turbulence kinetic energy upon the relative dis-
tance from the boundary has been shown to exist for the outer region
of turbulence boundary layers (Perry et al., 1986; Nezu and Nakagawa,
1993), suggesting potential extension to the energy production
associated with macroturbulence. Hypothesized dependence of
macroturbulence upon the aspect ratio is plausible given that the
weak secondary cells in flow over gravel are believed to be the averaged
manifestation of instantaneous macroturbulence (Gulliver and
Halverson, 1987; Belcher and Fox, 2009). The dependence of
macroturbulence upon the energy gradient is reasonable given that
spectral energy production has been suggested to be related to potential
energy supplied externally (Katul and Chu, 1998). With these mecha-
nisms inmind, the result in Eq. (5)was used to choose tests in a hydrau-
lic flume with a gravel bed to quantify the scales of macroturbulence.
We varied the slope and discharge in the hydraulic flume that enabled
variation of B H−1 and Se. We designed and carried out the 11 tests
shown in Table 1. (Note that all testing conditions and wavenumber re-
sults may also be found in the Supplemental table, Table 2) The 11 tests
included three different slopes and four different flow depths for each
slope. We could not collect data for the flow depth of 0.2 m at the
slope of 0.006 due to the limitation of the head-box for our flume
setup, so we had 11 tests instead of 12. For each test, we collected
Table 1
Experimental testing conditions.

Test S (mm−1) ks (m) Q (m3s−1) B (m) u ∗ (m s−1) τ ∗

1 0.0002 0.0112 0.021 0.61 0.0122 0.0021
2 0.0002 0.0112 0.046 0.61 0.0135 0.0026
3 0.0002 0.0112 0.068 0.61 0.0146 0.0030
4 0.0002 0.0112 0.085 0.61 0.0154 0.0033
5 0.0017 0.0112 0.038 0.61 0.0354 0.0176
6 0.0017 0.0112 0.062 0.61 0.0393 0.0217
7 0.0017 0.0112 0.092 0.61 0.0424 0.0252
8 0.0017 0.0112 0.12 0.61 0.0449 0.0283
9 0.006 0.0112 0.057 0.61 0.0666 0.0623
10 0.006 0.0112 0.085 0.61 0.0738 0.0765
11 0.006 0.0112 0.120 0.61 0.0843 0.0998
flow data at several vertical (y) locations across the flow depth (H),
from 9 to 13 locations depends on the flow depth, thus allowing us to
vary y H−1 in Eq. (5).

Another consideration worthy of discussion for experiments speci-
fied in Table 1 was Shields number. The 11 tests provided a range of
Shields number (τ ∗= τ[(ρs− ρ)gD]−1, where τ is the fluid shear stress,
ρs is the sediment density, ρ is the fluid density, g is gravity, and D is the
sediment grain size) from 0.0021 to 0.0998. The Shields number varia-
tion corresponds to values at or below the lifting threshold defined by
Ling (1995), which has a minimum threshold value of approximately
0.1. The Shields number conditions for our tests reflect particles that
are immobile at the bed (8 tests) or rolling along the bed (3 tests). How-
ever, we were concerned about damage to the velocimetry instrument
during testing as well as further variability introduced by bed re-
contouring during transport, therefore we used an immobile bed for
all tests. Using immobile bed conditions to study the turbulence
flow structure is common in the literature (e.g. Hurther et al., 2007;
Belcher, 2009; Belcher and Fox, 2009; Hardy et al., 2016;
Bagherimiyab and Lemmin, 2018). The details of our experimental ap-
paratus are discussed in the next section.

3. Methods

3.1. Data collection and time-average turbulence parameters

The experiments were performed in an adjustable-slope,
recirculating flume that was 12m long and 0.61mwide as shown sche-
matically in Fig. 2. The flumewasmade from fiberglass-resin panels and
Plexiglaswas used for its sidewalls (Belcher and Fox, 2009; Stewart and
Fox, 2015). Immobile gravel roughness elementswithD50=0.0044 and
D84 = 0.0056 m, where D50 and D84 are the sizes that 50% and 84% of
particles are finer, respectively, composed the flume bed. Fig. 3 shows
the particle size distribution used in this study. A 30 kW hydraulic
pump was used to deliver water to the flume via a 20.3 cm supply
line. A headbox was used to dissipate turbulence from the inflowing
pipe. Just downstream of the headbox, a honeycomb device with
12.7 cm long by 6.4 mm diameter tubes was used to assist with provid-
ing rectilinear flow. Discharge was controlled by a gate-valve placed on
the supply line. Data was collected at a test section placed 7.5 m down-
stream of the inlet where conditions were fully developed. Lastly, the
testing section was sufficiently upstream of the outfall to provide uni-
form conditions within the test section.

Initially, instantaneous velocity data was collected with two instru-
ments including a Sontek ADV and a Nortek Vectrino Profiler II ADV.
Both instruments provided comparable and repeatable data (Ghasemi,
2016). The Nortek Vectrino Profiler II with a maximum sampling fre-
quency of 100 Hz was chosen for data collection due to its higher sam-
pling frequency and ability to collect an instantaneous profile. The
Nortek Vectrino Profiler acoustic Doppler velocimeter (ADV from this
point forward) measures the velocity of water for a range of locations
4.0 cm to 7.4 cm away from the probe transmitter. Data collected at a
H (m) y (m) B/H H/ks Re (×104) K+ Fr

0.1 0.001–0.08 6.10 8.93 2.6 67.78 0.35
0.133 0.001–0.11 4.59 11.87 5.3 75.20 0.50
0.167 0.001–0.147 3.65 14.91 7.2 81.17 0.52
0.2 0.001–0.13 3.05 17.86 8.4 85.92 0.50
0.1 0.001–0.08 6.1 8.93 4.7 197.49 0.64
0.133 0.001–0.11 4.59 11.87 7.0 219.25 0.67
0.167 0.001–0.147 3.65 14.91 9.7 236.55 0.70
0.2 0.001–0.18 3.05 17.86 12.2 250.38 0.72
0.1 0.001–0.08 6.1 8.93 7.1 371.45 0.95
0.133 0.001–0.11 4.59 11.87 9.7 411.89 0.92
0.167 0.001–0.147 3.65 14.91 12.7 470.30 0.92



Fig. 2. Sketch of experimental setup.
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single point 5 cm from the transmitter provided the highest correlation
(COR) and signal-to-noise ratio (SNR) and was used for data analysis.
However, the profile of velocity data was useful for providing order
magnitude investigation of instantaneous velocity gradients.

Prior to collecting data with the ADV, the Vectrino Profiler V1.32 soft-
ware was used to perform a transducer test. The velocity amplitude and
standard deviationwere investigated to ensure consistency and station-
arity. In addition, a probe check was always performed to produce long
average amplitude versus range profiles for each of the four beams be-
fore data collection began; we ensured that the four profiles from the
four beams were roughly the same, with similar peaks and shapes at
the same range. During data collection, a rigid beam and a guide rod
supported the ADV to prevent vibrations of the instrument.

Velocity data was collected with the down-looking orientation or
the side-looking orientation depending on the distance from the bed.
The orientation was changed due to constraints from the measurement
control volume and submergence of the probe tip in water. As men-
tioned, the control volume of the ADV profiler used in this study was
5 cm below the probe's transmitter because this location minimized
background disturbance and increased correlation. Also, the probe tip
needed to be submerged in water to use the instrument for measuring
water velocity. These two conditions required us to change the
Fig. 3. Grain size distribution of bed used in this study.
orientation from down-looking to side-looking to measure the water
velocity near the free surface. The orientation was changed for the top
6 to 7 cm of the flow depth from down-looking to side-looking. We
chose 1 to 2 cm more than the 5 cm threshold to ensure the probe
stayed submerged in the case of any water surface fluctuations. For ex-
ample, for the 10 cm of flow depth, the velocities with down-looking
orientationweremeasured for y=0 to y=3.5 cmand side-looking ori-
entation were measured for y = 4 cm to y = 10 cm. Table 3 details the
distances from the bed when velocity measurements were collected
with down-looking and side-looking orientations. The orientations
specified in Table 3 were the same for all the different channel slopes
we used in this study. A control module and quality control method
was developed to check the orientation angle of the ADV and ensure ac-
curate positioning in the vertical direction (Ghasemi, 2016). Data was
only deemed acceptable if SNR N 15 and COR N 70. Data was collected
at each point for 30min with a 50 Hz sampling rate (n=90,000 3D ve-
locity data).

The Multi-instrument Turbulence Toolbox (MITT) (MacVicar et al.,
2014) was used to post-process the ADV data to ensure its quality and
remove erroneous spikes due to acoustic reflections. A number of differ-
ent filtering and despikingmethods are provided in MITT, including the
standard deviation method (MacVicar et al., 2014); the one side skew-
ness method (MacVicar et al., 2014); the phase space method (Goring
and Nikora, 2002); and the velocity correlation method (Cea et al.,
2007). We did not find substantial differences between the despiking
methods; therefore, the derivative-based phase spacemethodwas cho-
sen because it not only worked well for despiking the data but was also
independent of any fitting coefficients (Goring and Nikora, 2002).

Turbulence parameters derived from Reynolds-averaging the con-
servation of momentum, vorticity, and mechanical energy equations
were analyzed for consistency with previously published semi-
empirical laws and equilibrium theory. Our convention for the fluid's
coordinate system used herein is as follows: u is the stream-wise direc-
tion of instantaneous velocity where positive values are in the direction
of the streamwise mean, v is the vertical direction of instantaneous ve-
locity where positive values are in the upward vertical, and w is the
span-wise direction of instantaneous velocity where positive values fol-
low the right-hand convention. Time-average velocitieswere calculated
from the perturbation equations as.

u ¼ U þ u0; v ¼ V þ v0; and w ¼ W þw0; where ð6Þ

U ¼ 1
n
∑n

i¼1ui; V ¼ 1
n
∑n

i¼1vi; and W ¼ 1
n
∑n

i¼1wi ð7Þ
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The primary normal and shear Reynolds stresses were calculated as.

RMS u0ð Þ ¼ 1
n
∑n

i¼1 ui−Uð Þ2
� �0:5

and ð8Þ

Rey u0v0ð Þ ¼ 1
n
∑n

i¼1 ui−Uð Þ vi−Vð Þ: ð9Þ

The vorticity equation provides further interpretation of the turbu-
lent flow (Nezu, 2005), and therefore the anisotropy arising within
the vorticity equation was calculated as

RMS v0ð Þ2−RMS w0ð Þ2 ¼ 1
n
∑n

i¼1 vi−Vð Þ2−1
n
∑n

i¼1 wi−Wð Þ2: ð10Þ

3.2. Spectral analyses to measure wavenumbers and energy

The energy spectrumwas estimated using the discrete Fourier trans-
form of the streamwise velocity. The computations were simulated in
Matlab Version R2014b. Taylor's frozen hypothesis was used to convert
spectral frequencies towavenumbers (K=2πf U−1).Welch's algorithm
and a Hanning window were used to produce ensembles of thirty time
series for estimating the power spectrum at each locationwhere 90,000
data were collected. Window overlap was not implemented and thus
over-representation of data was avoided. We analyzed data with no fil-
ter and a low pass filter via three-point smoothing, as discussed below.

Emphasis was placed on the uncertainty and sensitivity of selecting
the wavenumbers for macroturbulence and bursting (Km and Kb),
bounding the spectral production region.We found it was best to simul-
taneously use un-filtered and low-pass filtered spectra for both the
Fig. 4. Identifying Km including: (a) non-filtered spectral energy density, (b) filtered spectra
preserving spectra. The blue box shows the range of uncertainty involved in identifying Km.
spectral energy density plot and the variance preserving plot. This ap-
proachwas performed to identifyKm andKb (Figs. 4 and 5, respectively).
The un-filtered plots allowed consistent visualization of the spectral
production region as a negative one slope region in the spectral energy
density plot and as a constant turbulence kinetic energy region in the
variance preserving spectra. However, the noise within the un-filtered
spectra made it difficult to identify pronounced peaks that might be as-
sociated with the imprint of macroturbulence and bursting. The filtered
spectra alleviated the problem by allowing visualization of consistent
peaks whereby the spectral production region was bounded. However,
the filtered spectra had the disadvantage of producing spectral energy
density that fall away from the negative one slope line near their
boundaries due to the filtering function. In some cases, this caused
confusion such that the actual peak associated with the imprint of
macroturbulence and bursting could be misidentified if only filtered
spectra was used. Therefore, using all four plots simultaneously
alleviated problems in our selection of Km and Kb. As there is some sub-
jectivity in visually choosing the bounding wavenumbers, we placed
uncertainty in our measurements of Km and Kb. On average, the full
range of the wavenumbers was ±25% and ± 11% of the chosen central
values of Km and Kb, respectively. We also investigated the sensitivity of
Km and Kb results to the time duration of velocity data used to analyze
the spectra.

The spectral production regionwas presentwith distinct boundaries
for 85% of the locations where velocity data was collected, which was
consistent with the work of others (see review in Katul and Chu,
1998). The locations where the spectral production region was not
present were data collected with the lowest energy gradient (S =
0.0002 m m−1, Tests 3 and 4) and locations far from the bed. For
the test with a flow depth equal to 16.7 cm, the spectral production
region was not present for the six locations corresponding to y ≥ 8 cm
l energy density, (c) non-filtered variance preserving spectra, and (d) filtered variance



Fig. 5. Identifying Kb including: (a) non-filtered spectral energy density, (b) filtered spectral energy density, (c) non-filtered variance preserving spectra, and (d) filtered variance
preserving spectra. The blue box shows the range of uncertainty involved in identifying Kb.
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(y H−1 ≥ 0.5). For the test with a flow depth equal to 20 cm, the spectral
production regionwas not present for the eight locations corresponding
to y ≥ 4.5 cm (y H−1 ≥ 0.23). The lack of the spectral production region
far from the boundary for flowswithweak energy inputs has been asso-
ciated with a balance of turbulence energy production and turbulence
transfer within the flow (Tchen, 1953; Katul and Chu, 1998). We
found that locations lacking the spectral production region also had
very low turbulence production and transfer, which were of the same
order of magnitude.

3.3. Scaling wavenumbers and energy

We tested scaling Km and Kb with inner and outer variables against
the hydraulic parameters in Eq. (5). Studies of fully turbulent flow in
open channels have tended to normalize the spectral wavenumbers
with inner variables as opposed to outer variables (Katul and Chu,
1998; Nikora, 1999, 2005), although scaling of the bursting period has
been suggested using outer and mixed variables (Nezu and Nakagawa,
1993; Demare et al., 1999). Past equilibrium boundary theory devel-
oped using conceptual and theoretical grounds for other flow cases,
such as pipeflow, has tended to suggest that the largest production
scale (i.e., Km) scales best with an outer scale while the smaller produc-
tion scale (i.e., Kb) scales best with inner variables (Perry et al., 1986;
Kim and Adrian, 1999). Therefore, we tested both the inner and outer
length scales as potentially appropriate for scaling themacroturbulence
and bursting wavenumbers. We then used the wavenumbers to calcu-
late themacroturbulence and bursting periods, and the latter was com-
pared with existing published formulae.

We tested scaling the macroturbulence energy with formulae that
account for systematic variation of the hydraulic parameters in Eq. (5).
The most common and traditional scaling of the spectral signal of the
streamwise velocity is the friction velocity, and therefore we test
the scaling of macroturbulence energy with the friction velocity.
However, friction velocity scaling does not account for variation in
macroturbulence energy as a function of the terms in the brackets of
Eq. (5). Given the ubiquitous nature ofmacroturbulence, we test scaling
macroturbulence energy with laws that consider the variation of turbu-
lence kinetic energy in the flow field.

To arrive at scaling that considers the turbulence energy laws, we
used the definition of the streamwise turbulence kinetic energy of the

fluid ðu02Þ as

u02

u2�
¼ 1

u2�

Z ∞

0
KS Kð Þd log Kð Þð Þ: ð11Þ

Considering the existence of the spectral production region bounded
by the macroturbulence and bursting wavenumbers, Eq. (11) can be
further discretized as

u02

u2�
¼ 1

u2�

Z Km

0
KS Kð Þd log Kð Þð Þ þ

Z Kb

Km

KS Kð Þd log Kð Þð Þ þ
Z ∞

Kb

KS Kð Þd log Kð Þð Þ
� �

:

ð12Þ

Eq. (12) can be divided by the left-hand-side to yield unity as

1 ¼
R Km

0 KS Kð Þd log Kð Þð Þ
u02

" #
þ

R Kb
Km

KS Kð Þd log Kð Þð Þ
u02

" #

þ
R∞
Kb

KS Kð Þd log Kð Þð Þ
u02

" #
: ð13Þ
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Eq. (13) represents the relative contribution of the spectral regions
to the total energy, and the regions have been conceptualized (Perry
et al., 1986; Nezu and Nakagawa, 1993) as containing turbulence mo-
tions that can be represented as

1 ¼ Largest scale motion½ � þ Production½ �
þ Transfer and Dissipation½ �: ð14Þ

We focus on the spectral production region to estimate the fraction
of the spectral production energy, SPE, of the overall turbulence kinetic
energy as

SPE ¼
R Kbl
Kml

Kl S Klð Þd log Klð Þð Þ
u02 ; ð15Þ

where l is the appropriate length scale. Physical considerations have
shown us that the spectral production region is variance preserving
such that energy is constant. Therefore, we can replace the constant en-
ergywith the energy of macroturbulence and simplify Eq. (15) to arrive
at

SPE ¼ Kml S Kmlð Þ
u02

Z Kbl

Kml
d log Klð Þð Þ: ð16Þ

The burstingwavenumber is an order of magnitude greater than the
macroturbulence wavenumber, and therefore the integral in Eq. (16)
reduces to unity to arrive at

SPE ¼ Kml S Kmlð Þ
u02

: ð17Þ

Eq. (17) states that the macroturbulence energy can be appropri-
ately normalized with the measured streamwise turbulence kinetic en-
ergy for the equilibriumouter region. The normalization is shown in the
results section.

The result in Eq. (17) allowed us to impose two additional potential
scaling laws for themacroturbulence energy. Eq. (17) also allowed us to
test if relationships that can predict the streamwise turbulence kinetic

energy ðu02Þmight prove useful for scaling themacroturbulence energy.
We test this concept by considering two such scaling methods that pa-
rameterize the streamwise turbulence kinetic energy as logarithmic and
exponential functions defined as.

u02

u2�
¼ c1−c2 ln

y
H

� �
−c3

yu�
ν

� �−1
2
and ð18Þ

u02

u2�
¼ c24 exp −

y
H

� �2
; ð19Þ

where ci are empirical coefficients.
Eq. (18) was derived by Perry and coworkers with the most com-

prehensive treatment of the function reported in Perry et al. (1986).
Eq. (18) was derived by hypothesizing that the streamwise turbulence
energy could be distributed such that a portion of the flow is defined
based on inner-flow scaling, a portion of the flow is defined based on
outer-flow scaling, and the spectral production region is a region of
overlap where both inner and outer scaling are valid (Perry and Abell,
1975). The first two terms on the right hand side of Eq. (18) were also
derived by invoking Townsend's attached-eddy hypothesis, assuming
that the geometry and topology of the eddies could be described with
hairpin vortices, and hypothesizing the continuous distribution of hair-
pin hierarchies, where hierarchies are an array of hairpins at different
stages of development and the length scale of the hierarchies varies
continuously from a smallest, inner length scale to a largest, outer
length scale (Perry and Chong, 1982). Scaling the macroturbulence en-
ergy can be accomplished by considering Eq. (17) and recognizing that
logarithmic term in Eq. (18) is explicit to the spectral production region
and arriving at

SPE ¼ Kml S Kmlð Þ
c1−c2 ln y H−1

� �h i
u2�

: ð20Þ

Eq. (20) suggests that macroturbulence energy can be appropriately
scaledwith a logarithmic function, andwe test the scaling in our results
section.

Eq. (19) was derived by Nezu and Nakagawa (1993) where they in-
voked the equilibrium boundary layer assumption. Those authors inte-
grated the turbulence energy budget after considering that turbulence
energy is in equilibrium and thus turbulence generation is equal
to dissipation (Nezu and Nakagawa, 1993, pp. 24). Scaling the macro-
turbulence energy can be accomplished by considering Eqs. (17) and
(19) as

SPE ¼ Kml S Kmlð Þ
c24 exp −y H−1

� �2
u2�

: ð21Þ

Eq. (21) suggests that macroturbulence energy can be appropriately
scaled with an exponential function based on energy equilibrium, and
we test the scaling in the results section.

4. Results

4.1. Data collection and time-average turbulence parameters

Quality assurance of the turbulence dataset and adherence to our
equilibrium and double-layer assumptions was assessed by scaling the
primary mean velocity with both inner and outer variables (see
Fig. 6). Inner scaling showed a very weak to no wake for the velocity
profiles, and therefore the velocity law for hydraulically rough flows
(Hsu et al., 1998) fit well with the data (see Fig. 6a; the law is also in-
cluded in the figure). Outer scaling via the velocity defect was investi-
gated (see Fig. 6b, c) where the selection of the velocity scale as Umax

or u∗ invokes asymptotic invariance equilibrium (George and Castillo,
1997) or Clauser equilibrium (Clauser, 1954, 1956). Both equilibrium
definitions collapsed the datawell, and the equilibrium results are nota-
ble given that the energy input varies by two orders ofmagnitude across
the 11 hydraulic conditions.

The primary Reynolds shear stress, primary normal stresses and tur-
bulence stress anisotropy also scaledwell with the friction velocity con-
sistent with hydraulically rough flow over a gravel bed (Kironoto et al.,
1994; Rodríguez and García, 2008). Shear stress scaled well with the
uniform flow law for turbulent open channels (Fig. 6d). The primary
normal stresses also scaled well with the friction velocity (Fig. 6e) and
collapsed well as the relative turbulence intensity (Fig. 6f), where the
former conforms to the equilibrium definition and the latter suggests
the consistency of turbulence measurements across the velocity
datasets.

The turbulence dataset shows consistency of time-average turbu-
lence results with existing relationships derived using the equilibrium
boundary layer assumption. The outer region data results show well-
defined time average characteristics including, a near-logarithmic
distribution of the streamwise velocity in the vertical, a near-linear
distribution of the primary Reynolds shear stress, andweak exponential
decay of the primary normal stresses with depth (Nezu and Nakagawa,
1993; Nezu, 2005; Nikora and Roy, 2012; Stewart and Fox, 2015). Scal-
ing of the time-average results via laws derivedwith the equilibriumas-
sumption provides support for existence of equilibrium in the
experimental flume. In this sense, results are consistent the equilibrium
definition inwhich the outer region shows a balance of turbulence gen-
eration and dissipation (Nezu and Nakagawa, 1993).



Fig. 6. Consistency of time-average results with existing equilibrium derived laws. Time-average turbulence for the experimental tests including: (a) inner scaling of the mean velocity,
(b) outer scaling of the mean velocity with the freestream velocity, (c) outer scaling of the mean velocity with the friction velocity, (d) the primary Reynolds shear stress, (e) the
primary normal stress, (f) the relative turbulence intensity, and (g) turbulence anisotropy.
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Turbulence stress anisotropywas found to exist throughout the flow
depths of the experiments (Fig. 6g). The anisotropy results highlight the
weak production of secondary currents which is now awell-recognized
feature of open channel flow over a gravel-bed regardless of the aspect
ratio (Albayrak, 2008; Rodríguez and García, 2008; Belcher and Fox,
2009; Nikora and Roy, 2012). The weak secondary cells within flow
over gravel are believed to be the time-averaged imprint of the instan-
taneous macroturbulence whereby the coherent structures are self-
organized laterally as a result of near-corner coherency, bed roughness,
and bursting (Gulliver and Halverson, 1987; Albayrak, 2008; Belcher
and Fox, 2009; Nikora and Roy, 2012). In the present dataset, secondary
velocities were one to two orders of magnitude less than the primary
velocity. Secondary energy fluxes were even smaller with secondary
production being three to four orders of magnitude smaller than pri-
mary production.

Taken together, time-average results support the equilibrium and
double layer hypotheses for the dataset assumed in our design. Time-
average results show logarithmic streamwise velocity and near-linear
shear stress distributions suggesting equilibrium for the outer region.
The anisotropy results are consistent with the underlying presence of
bursting and macroturbulence reflecting a turbulence double-layer.

4.2. Spectral analyses to measure wavenumbers and energy

The sensitivity of macroturbulence and bursting wavenumbers re-
sults shows that Km required over 17 min to stabilize (Fig. 7a), longer



Fig. 7.Results of the sensitivity of selecting themacroturbulencewavenumber and burstingwavenumber (Km andKb). Km and Kb are plotted in (a) and (b), respectively, as a function of the
number of velocity measurements collected and analyzed using the spectral analyses. Data was collected at 50 Hz therefore the total n corresponds to 26.7 min of continuous data.
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than suggested turbulence time series (Nikora and Goring, 2000; Fox,
2002; Buffin-Bélanger and Roy, 2005). Kb required approximately
7 min to stabilize. The 17 and 7 min sampling durations corresponded
to 50,000 and 20,000 data points for the sampling rate in the sensitivity
experiment. In order to be conservative in our study, 30-min data col-
lection duration was used at each location to estimate Km and Kb.

These sensitivity results show that a rather long time series
(N17 min) at a single point is suggested for convergence and station-
arity of Km and Kb, which contradicts the conventional wisdom that
just a fewminutes of turbulence data is sufficient for measuring charac-
teristics of turbulence. The reason for the result reflects the rate atwhich
macroturbulence passes the velocity sensor. The macroturbulence pe-
riod (TM) in the outer region varied on the order of a second (see next
section) and, depending on the mean streamwise velocity and flow
depth, we were able to collect one to two thousand repetitions of a
macroturbulence cycle that passes the velocity probe since we collected
data for 1800 s.

4.3. Scaling wavenumbers and energy

We tested both the inner and outer length scales as potentially ap-
propriate for scaling the macroturbulence and bursting wavenumbers.
Results suggest both wavenumbers scale best with the outer variable
(H) above the roughness region of the flow (Fig. 8). Macroturbulence
and bursting wavenumbers approached a constant value when scaled
with the flow depth (H) with changing yH−1 for the most of the
outer region. The mean values of the outer scaled wavenumbers were
KmH=0.48 andKbH=3.4when calculated using data above the rough-
ness layer (y ks−1 N 2). Both wavenumbers show a lack of constancy and
an increasing trendwith yH−1when scaledwith the inner variable. KmH
was approximately an order of magnitude smaller than KbH, reflecting
an order of magnitude larger length scale for macroturbulence com-
pared to bursting. Both wavenumbers showed consistency with one
another in terms of their distributionwith yH−1 regardless of the scaling
applied suggesting a physical relationship between the turbulence
scales.

Next, we turned our attention to macroturbulence energy. The non-
scaled macroturbulence energy, KmS(Km), was found to vary consis-
tently with energy input and yH−1 (Fig. 9a). We normalized KmS(Km)
via Eq. (17) when the macroturbulence energy is collapsed with the
measured streamwise turbulence kinetic energy at each measurement
location in the equilibrium outer region. We found the normalization
result in Eq. (17) to hold true for the current dataset (Fig. 9b) as the
streamwise turbulence kinetic energy collapsed the macroturbulence
energy well and removed the dependence of the energy upon yH−1.
The result validated the assumptions in Eqs. (11) through (17) includ-
ing the order of magnitude difference between bursting and
macroturbulence wavenumbers, which was also verified in Fig. 8. The
scaled macroturbulence energy reaches a constant value of 0.25 in
Fig. 9b. Considering Eq. (14), the results imply that turbulence energy
associated with production provides a constant contribution on the
order of 25% to the total turbulence energy, regardless of the energy
input.

We tested scaling the macroturbulence energy with the friction
velocity, the logarithmic scaling in Eq. (20), and the exponential
scaling in Eq. (21). Scaling with the friction velocity accounted for the
external energy input to some degree but the macroturbulence energy
still showed pronounced variation with yH−1 (Fig. 9c). Both the loga-
rithmic and exponential scaling helped remove dependence on yH−1

(Fig. 9d, e).

5. Discussion

The scaling results are discussed in relationship to the experimental
design. We then present and discuss implications and transferability of
novel predictive equations for macroturbulence. Finally, a time parame-
ter to consider when designing macroturbulence experiments is pre-
sented and discussed.

The scaling results simplify the dependence of macroturbulence
wavenumber and energy on hydraulic parameters tested in the experi-
mental design (see Eq. (5)). For these experiments over a gravel bed,
macroturbulence and bursting wavenumbers were centered around a
constant value in the outer region when scaled with the outer variable
(i.e., the flow depth). Specifically, the outer scaled macroturbulence
wavenumber (KmH) averaged 0.48 and was independent of yH−1,
BH−1, and Se (see Fig. 8). While to our knowledge, an experiment
that varies yH−1, BH−1, and Se to measure macroturbulence variation
is not present in the literature, the scaling results in Fig. 8 are corrobo-
rated by comparisonwith past studies that reportmacroturbulence var-
iation with the flow depth (see Table 1 in Roy et al., 2004). For
comparison with the literature, we compute the average length of a
macroturbulence cycle equal to the inverse of the wavenumber. Results
of the experiments herein had a streamwise length range of 0.6H to 4.6H
and mean value of 2.3H. These results are nearly equal to the cross-
study range of 1H to 6H and mean of 2.5H calculated for the nine
peer-reviewed studies discussed in Roy et al. (2004). This comparison
lends confidence to these results. One significant finding of this study
is that the length scales were found to be independent of distance
above the boundary, aspect ratio, energy gradient, Froude number, or
Shield's parameter.

Data results from this study show that macroturbulence energy
scales with the streamwise turbulence kinetic energy. The data scaling
results are in agreement with our theoretical derivation of the
macroturbulence energy scaling (see Eq. 17) where we invoke: the



Fig. 8. Scaling of the macroturbulence and bursting wavenumbers (Km and Kb) with inner and outer variables. (a) Scaling Km with H, (b) scaling Km with y, (c) scaling Kb with H and
(d) scaling Kb with y.
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spectral definition of the turbulence kinetic energy; the constant
turbulence energy of the −1 spectral power region; and the order of
magnitude difference between the bursting and macroturbulence
wavenumbers. The energy finding in this paper is significant because
an appropriate model-equation for streamwise turbulence kinetic
energy can then be used to scale macroturbulence energy. We illustrate
this point by scalingmacroturbulence energywith two semi-theoretical
model-equations for turbulence kinetic energy commonly applied in
turbulence studies, including logarithmic and exponential functions.
The energy shows neither dependence on BH−1 nor additional depen-
dence on Se (Fig. 9). The lack of dependence on the aspect ratio may
be indicative of weak secondary currents (see Section 4.1).

Based on the macroturbulence scaling results, predictive equations
for macroturbulence time and energy scales are presented for the first
time, to our knowledge. The transferability and implications of the pre-
dictive equations is then discussed.

An equation for the macroturbulence time period is defined with
outer variables, and the bounds on the coefficient are fitted to the exper-
imental dataset reported herein. We used the outer scaled spectral
wavenumbers for macroturbulence (KmH) and bursting (KbH) to calcu-
late the macrotubulence period (Tm) and bursting period (Tb). The
bursting period foundusing our datasetwas compared against the com-
monly cited bursting period defined using outer variables specified
using the threshold quadrant technique by Nezu and Nakagawa
(1993) (Eq. (8.29) in Nezu and Nakagawa, 1993) as

Tb ¼ 1:5 to 3ð Þ H
Umax

: ð22Þ



Fig. 9. Scaling of macroturbulence energy for the outer region of the hydraulically rough open channel flow.
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Results show that the suggested range in Eq. (22) bounded the spec-
tral measurements calculated with KbH very well (see Fig. 10a). Analo-
gous bounds were placed on the macroturbulence period (KmH) in
which the bounds were specified to contain 90% of the data-derived pe-
riodicity (Fig. 10b). In this manner, a relationship was established for
the macroturbulence period as

Tm ¼ 9 to 27ð Þ H
Umax

: ð23Þ

Eq. (23) highlights the order of magnitude difference between the
bursting period and macroturbulence period, yet the results in Fig. 10
also highlight the consistency of the turbulence scaleswith one another.
We suggest that Eq. (23) has high potential for transferability to other
studies due to: the consistency of data results herein with cross-study
averagemacroturbulence scales (Table 1 in Roy et al., 2004); the consis-
tency of the bursting period results reported herein with bursting pe-
riod formulae derived from cross-study analyses (Eq. (8.29) in Nezu
andNakagawa, 1993); and consistency of the order ofmagnitude differ-
ence reported between the two scales with visualization of coherent
structures over gravel beds (Hurther et al., 2007; Belcher and Fox,
2009; Hardy et al., 2016).

Predictive equations for the macroturbulence energy are also con-
sidered. Macroturbulence energy scales with streamwise turbulence ki-
netic energy and Eq. (17) is re-written as

KmH S KmHð Þ ¼ SPE u02: ð24Þ

SPE was 0.25 for this study and Eq. (24) is re-written omitting the
scales as

Km S Kmð Þ ¼ 0:25 u02: ð25Þ
Fig. 11a shows Eq. (25) (x-axis) plotted against the data (y-axis) col-
lected in this study, and the excellent fit is observed. Eq. (25) has some
transferrable qualities given the theoretical derivation of the
macroturbulence energy scaling in Eq. (17). However, the contribution
of macroturbulence energy to the total turbulence energy (i.e., SPE)
could use further investigation across other gravel-bed studies since
this was the first study, to our knowledge, to report this value. Also, a
universal equation for streamwise turbulence kinetic energy is still
somewhat an open topic for gravel-bed studies. An exponential function
for macroturbulence energy is written by considering Eq. (21) as

Km S Kmð Þ ¼ SPE c24 exp −y H−1
� �2

u2
� : ð26Þ

Fig. 11b shows Eq. (26) plotted against the data collected in this
study. The empirical coefficient of c4 = 2.5 was fitted, which is slightly
higher than the values of 2.3 and 2.04 reported by Nezu and
Nakagawa (1993) and Kironoto et al. (1994), respectively. The
logarithmic-based equation for macroturbulence energy is written by
considering Eq. (20) as

Km S Kmð Þ ¼ SPE c1−c2 ln y H−1
� �h i

u2
� : ð27Þ

Fig. 11c shows Eq. (27) plotted against the data collected in this
study. The empirical coefficients equal to 1.9 and 1.32 from Nikora and
Goring (2000). Both exponential and logarithmic equations show rea-
sonable prediction for macroturbulence energy. The transferability of
the equation's exponential or logarithmic function will require some
justification for a given application, at this time, given the semi-
theoretical nature of the formula. Empirical evidence is mixed between
the best fitting of the exponential and logarithmic functions for studies
offlowover a gravel-bed. Kironoto et al. (1994) showgoodfit for the ex-
ponential function. Nikora and Goring (2000) show the logarithmic



Fig. 10. (a) The bursting period (Tb) above the roughness layer for the experiments in
Table 1. Tb was calculated using Kb identified with the four-plot spectral method. The
lines plotted are the suggested bounds shown in Eq. (8.29) in Nezu and Nakagawa
(1993). (b) The macroturbulence period (Tm) above the roughness layer plotted
similarly as for the bursting period. The lines plotted contain 90% of the data.
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function is a better fit and the exponential function under-predicts
streamwise turbulence kinetic energy farther from the gravel bed.
Tritico and Hotchkiss (2005) show the exponential function under-
predicts turbulence kinetic energy while the logarithmic function
over-predicts turbulence kinetic energy farther from the gravel-beds.
Rodríguez and García (2008) show the exponential function fits better
and the logarithmic function over-predicts turbulence kinetic energy
farther from the wall. Given the lack of universality for a streamwise
turbulence kinetic energy formula for flow over gravel-beds, we recom-
mend the appropriateness of an exponential or logarithmic function for
turbulence kinetic energy be justified prior to applying Eq. (26) or (27)
for macroturbulence energy prediction. Nevertheless, results are en-
couraging that we might work towards constraining formula for
macroturbulence energy.

Implications of the results in Eqs. (23), (26) and (27) suggest an ap-
proach to predict the timescales and energy of macroturbulence for
linking river turbulence with sediment transport applications. For ex-
ample, we postulate macroturbulence energy equations could predict
the fluid's capacity to carry fluvial sediment in the outer region of the
flow. The largest eddies have long been considered responsible for car-
rying fluvial sediment in the outer region (Nezu and Nakagawa, 1993).
However, in practice, the transport capacity based on stream power
(e.g., τ U, τ1.5, orU3) or similar velocity power laws still provide the pre-
vailing method for estimating non-uniform suspended sediment trans-
port. Predicting the sediment carrying capacity via macroturbulence
formula suggests one application to potentially help close the gap be-
tween turbulence and fluvial sediment transport.

Implications of the results for the turbulence double layer are also
meaningful, and scaling results (Fig. 8) suggest connectivity of wall-
driven bursting and macroturbulence. Turbulence energy of eddies as-
sociatedwithmacroturbulence and bursting are nearly equal to one an-
other (Fig. 1) and allows for speculation that they are different regions
of the same highly connected structure. This concept is inferred by
Roy et al. (2004) in their fluid coherency observations in a gravel bed
river and suggests a coupled structure for the tornado-like
macroturbulence and the near-bed shedding process off the leeside of
pebbles. Thework of Belcher and Fox (2009) for gravel bed using turbu-
lence decomposition and topological analysis via critical point theory
further corroborates the connectivity concept as the source/sink analy-
sis of the macroturbulence and bursting vortical components suggest
the transfer of turbulence momentum from the large scale to the
small scale, and vice versa. The flow visualization of Shvidchenko and
Pender (2001) also tends to qualitatively support this idea as small
tubes associated with bursting tend to be embedded and connected
within the macroturbulence motion. Intermediate mechanisms that fa-
cilitate energy sharing and connectivity of wall-driven bursting and
macroturbulence are less clear and require further investigation. A
number of postulated intermediate mechanisms fueling energy sharing
and connectivity are: (i) the classical lift of near bed eddies and eddy
packets to transport turbulence energy vertically to macroturbulence
(Hurther et al., 2007), (ii) the less studied helicity of macroturbulence
as well as the time-averaged motions associated with secondary
currents that will help to transfer energy in three dimensions (Nikora
and Roy, 2012, pp. 11), and (iii) the less studied manifestation of
bursting turbulence in free surface fluctuations that could cause instan-
taneous non-uniform flow and secondary energy production at the
macroturbulence scale (Horoshenkov et al., 2013; Stewart and Fox,
2015).

Implications regarding comparison with other turbulence bound-
ary layer flows are also possible, although scaling of macro-sized co-
herency has been found to vary across boundary layer types and
Reynolds numbers (Monty et al., 2009; Guala et al., 2011). The depen-
dence of macroturbulence on outer scaling show agreement with tur-
bulence boundary layer studies at high Reynolds numbers where very
large scale motion and superstructures persist across the entire
boundary layer vertically and strongly interact with near-wall turbu-
lence (Hutchins and Marusic, 2007). This class of high Reynold's num-
bers flows, including our hydraulically rough open channel flow
reported herein, contradicts results showing the separation of near-
wall and outer region scales at lower Reynold's numbers (Guala
et al., 2011).

Finally, we discuss a time parameter to consider when designing
macroturbulence experiments. Our method sensitivity result showed a
rather long time series on the order of 17 min of data at a single point
was needed to achieve convergence of themacroturbulence wavenum-
ber. In some instances, it has been shown that 1 min or just a few mi-
nutes is sufficient to provide stabilization of the first and second
statistical moments of the turbulence data (Nikora and Goring, 2000;
Fox, 2002; Buffin-Bélanger and Roy, 2005). While the low order mo-
ments may stabilize, such a short duration does not allow Km to con-
verge. One minute time series will only capture thirty to sixty
repetitions of macroturbulence cycles that pass the velocimetry instru-
ment, and such low numbers lead to over-predicting Km by 300%. We
used the long time series results to formulate a time scale for minimum
measurement length of turbulence data when information about
macroturbulence is sought after. We symbolize the time scale as Tmin.
We derive Tmin by considering the scaling of the macroturbulence



Fig. 11. Comparison of macroturbulence energy measured (y-axis) with the predictive equations (x-axis).
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wavenumber in Fig. 8 (Km = cmH
−1 where cm = 0.48), the sensitivity

results for the long time series needed, and by invoking Taylor's hypoth-
esis in whichmacroturbulence advects in the streamwise direction. The
time scale for the minimum measurement length for macroturbulence
is formulated as

Tmin ¼ Nm− min K
−1
m U−1 ð28Þ

where Nm−min is the minimum number of repetitions (i.e., cycles) of
macroturbulence passing the velocimetry probe; and U and Km are the
streamwise velocity and macroturbulence wavenumber defined previ-
ously. We update Eq. (28) by substituting cmH

−1 instead of Km as

Tmin ¼ Nm− min c−1
m H U−1: ð29Þ

We can parameterize Nm−min and cm in Eq. (29) by considering the
results of this study as well as citing the literature review in Roy et al.
(2004). As mentioned, we found cm to equal 0.48, which was nearly
identical to the average value found for the studies reviewed in
Table 1 of Roy et al. (2004). Nm−min is specified using data results in
Fig. 7a. Results showed 17 min of measurements were needed when
the wavenumber and streamwise velocity measured 3.75 m−1 and
0.94 m s−1, respectively. Nm−min is calculated equal to 3600 repetitions,
and Eq. (29) is updated as

Tmin ¼ 7:5� 103
� �

H U−1: ð30Þ

The time scale for measurement length (Tmin) provides an approach
to consider when information about macroturbulence is sought after.
We remind the reader the numeric value in Eq. (30) is empirical and
found from the sensitivity herein. Nevertheless future studies might
consider this approach, and we especially highlight the significance of
the result because Eq. (30) provides a time scale for measurement
that is one and one-half orders of magnitude greater thanmeasurement
length considerations in previous turbulence studies in gravel bed
rivers.

6. Conclusions

• Macroturbulence and bursting wavenumbers were constant in the
outer region when scaled with the outer variable (i.e., the flow
depth) for flow experiments over a gravel bed. The macroturbulence
length scale found hereinwas nearly identical to the cross-study aver-
age reported in previous literature, which lent confidence to these re-
sults. One significant finding of this study is that the length scales
were independent of distance above the boundary, aspect ratio, en-
ergy gradient, Froude number, or Shield's parameter.

• Data results from this study show that macroturbulence energy scales
with the streamwise turbulence kinetic energy. The data scaling re-
sults are in agreement with the theoretical derivation shown herein
of the macroturbulence energy scaling (see Eq. (17)) where we in-
voked: the spectral definition of the turbulence kinetic energy; the
constant turbulence energy of the −1 spectral power region; and
the order of magnitude difference between the bursting and
macroturbulence wavenumbers. The energy finding in this paper is
significant because an appropriate model-equation for turbulence ki-
netic energy can then be used to scalemacroturbulence energy.We il-
lustrate this point by scaling macroturbulence energy with two semi-
empirical model-equations for turbulence kinetic energy commonly
applied in turbulence studies, including logarithmic and exponential
functions.

• A novel approach for predicting the macroturbulence period (Eq.
(23)) is presented for the first time, to our knowledge, and the trans-
ferability is discussed. The macroturbulence period is defined with
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outer variables, and the bounds on the coefficient are fitted to
the experimental dataset reported herein. Coefficients in the
macroturbulence period equation are an order of magnitude greater
than the bursting period equation. Transferability of the equation for
macroturbulence period is supported by the results' consistency
with past macroturbulence studies, consistency with bursting for-
mula, and consistency with flow visualization studies.

• A novel approach is also presented to predict the energy of
macroturbulence. Direct use of the streamwise turbulence kinetic en-
ergy and indirect approximation via exponential and logarithmic
functions all show potential for predicting macroturbulence energy.
Transferability of the general form for the macroturbulence energy
approach is supported by the derivation in Eq. (17) and fitting of the
exponential and logarithmic equations by others. The transferability
of the equation's exponential or logarithmic function will require
some justification for a given application, at this time, given the
semi-theoretical nature of the model-equations. Also, this was the
first time the contribution of macroturbulence energy to overall tur-
bulence energy was presented, so this parameter needs further inves-
tigation study. The energy finding in this paper shows usefulness for
sediment transport applications, including prediction of the sediment
carrying capacity via macroturbulence formula as one application to
help close the gap between turbulence and fluvial sediment transport.

• Sensitivity analysis results from this paper showed that the
macroturbulence wavenumber required a relatively long duration of
data to stabilize. Results were used to formulate a time scale for
minimum measurement length of turbulence data when informa-
tion about macroturbulence is sought after, which is another contri-
bution of the paper. The long measurement length needed for
macroturbulence is significance because the time scale is one and
one-half orders of magnitude greater than measurement length con-
siderations in previous turbulence studies. Future work can consider
the time scale when designing macroturbulence experiments.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2019.02.006.
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