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Abstract A prominent control on the flow over subaqueous dunes is the slope of the downstream leeside.
While previous work has focused on steep (~30°), asymmetric dunes with permanent flow separation, little is
known about dunes with lower lee slope angles for which flow separation is absent or intermittent. Here
we present a laboratory investigation where we systematically varied the dune lee slope, holding other
geometric parameters and flow hydraulics constant, to explore effects on the turbulent flow field and flow
resistance. Three sets of fixed dunes (lee slopes of 10°, 20°, and 30°) were separately installed in a 15m long
and 1m wide flume and subjected to 0.20m deep flow. Measurements consisted of high-frequency, vertical
profiles collected with a Laser Doppler Velocimeter. We show that the temporal and spatial occurrence of
flow separation decreases with dune lee slope. Velocity gradients in the dune leeside depict a free shear layer
downstream of the 30° dunes and a weaker shear layer closer to the bed for the 20° and 10° dunes. The
decrease in velocity gradients leads to lower magnitude of turbulence production for gentle lee slopes.
Aperiodic, strong ejection events dominate the shear layer but decrease in strength and frequency for
low-angle dunes. Flow resistance of dunes decreases with lee slope; the transition being nonlinear. Over the
10°, 20°, and 30° dunes, shear stress is 8%, 33%, and 90% greater than a flat bed, respectively. Our results
demonstrate that dune lee slope plays an important but often ignored role in flow resistance.

1. Introduction

In sand-bedded rivers, estuaries, and coastal environments, bed forms take on a variety of shapes and scales,
as they form through the interaction of the mobile sandy bed and turbulent flow field. Dunes, in particular,
have been subject to extensive research due to their significance in controlling hydraulic roughness and
sediment transport (see reviews in Best [2005], Coleman and Nikora [2011], and Venditti [2013]). A morpholo-
gical difference has been observed between small-scale dunes formed in shallow and deep flows
[Kostaschuk, 2006]. Shallow flows produce dunes with an asymmetric shape and a steep angle-of-repose
leeside of ~30° (“high-angle dunes”) [e.g., Schindler and Robert, 2005; Venditti et al., 2005; Wren et al., 2007;
Naqshband et al., 2014], while in deep rivers and estuaries, dunes typically have much lower angle lee slopes
(average lee slopes between 5° and 12°, “low-angle dunes”) and more symmetric shapes [Smith and McLean,
1977; Kostaschuk and Villard, 1996, 1999; Roden, 1998; Carling et al., 2000b; Bradley et al., 2013; Hendershot
et al., 2016]. Following Kostaschuk [2006], we refer to all dunes with a lee slope ≥ 30° as high-angle and dunes
with lee slopes <30° as low-angle.

The exact cause of these differing morphologies remains unclear. While low-angle dunes have not been
produced in laboratory flows, high-angle dunes do occur in deep flows [cf. Roden, 1998; Hendershot et al.,
2016], so flow depth does not appear to be the controlling variable. However, the dominant mechanism of
sediment transport appears to be important. Low-angle dunes are often attributed to the higher transport
rates of bed material in suspension relative to bed load transport in large channels [Smith and McLean,
1977; Kostaschuk and Villard, 1996; Kostaschuk et al., 2009]. Dune heights and steepness have been shown
to decrease with increasing suspended/bed load transport ratio due to crestal erosion under high shear
stresses [Fredsøe, 1981; Amsler and Schreider, 1999; Kostaschuk, 2006]. High concentrations of suspended sedi-
ment may lead to an excess sediment supply to the dune leeside where it is deposited creating a less steep
lee slope [Smith and McLean, 1977; Kostaschuk and Villard, 1996; Kostaschuk et al., 2009]. Hendershot et al.
[2016] showed a systematic variation in the dune leeside coincident with changes in suspended sediment
concentrations in the water column. Best and Kostaschuk [2002] have made analogies between the morpho-
logic adaptation of dunes and the transition to upper stage plane bed conditions [Saunderson and Lockett,
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1983; Bridge and Best, 1988]. Damping of turbulence under high suspension flows has been linked to
increased deposition and lower lee slopes [Bridge and Best, 1988; Best, 1996]. Experiments on the behavior
of dunes in high clay concentration flows have produced flatter dune morphologies as a result of turbulence
suppression [Wan and Wang, 1994].

Dune morphology is also intrinsically linked to fluid dynamics in so far as the lee slope controls whether
flow separation and reversal will occur above the lee and crest of a dune [Smith and McLean, 1977;
Kostaschuk and Villard, 1996; Carling et al., 2000b; Best and Kostaschuk, 2002; Sukhodolov et al., 2006].
The flow field associated with high-angle dunes exhibiting permanent flow separation has been studied
extensively [e.g., Nelson et al., 1993; McLean et al., 1994; Bennett and Best, 1995; Venditti and Bennett,
2000; Venditti, 2007] and is reasonably well understood; rapid flow expansion and deceleration down-
stream of the dune crest causes formation of a permanent region of flow separation and reversal above
the dune leeside and trough region. A separated shear layer borders the region of flow reversal and
reattaches 4–6 dune heights (H) downstream. An internal boundary layer (IBL) develops downstream of
reattachment with increasing vertical extent toward the crest (see reviews in Best [2005], Coleman and
Nikora [2011], and Venditti [2013].

Understanding of the flow field above low-angle dunes, however, remains limited due to a lack of detailed
measurements and comparability between dune morphologies and flow conditions. Several field studies
indicate that the flow separation region observed over high-angle dunes is replaced by a flow deceleration
region with a smaller zone of intermittent flow reversal [Roden, 1998; Carling et al., 2000b], while others have
observed no flow reversal [Smith and McLean, 1977; Kostaschuk and Villard, 1996; Sukhodolov et al., 2006;
Shugar et al., 2010; Bradley et al., 2013]. Field studies, however, are subject to inherent difficulties inmeasuring
close to the bed [Kostaschuk et al., 2005; Parsons et al., 2005], which may limit detection capabilities of flow
separation downstream of low-angle dunes.

Best and Kostaschuk [2002] provided the most detailed set of observations of flow over fixed, low-angle
dunes (14°) scaled after morphology observed from the Fraser River, British Columbia. They show that
the separation region observed over high-angle dunes is absent over a low-angle dune. A decelerated
flow region develops in the lee with a smaller zone of intermittent flow reversal. Upstream flow over
the low-angle dune only occurred for 4% of the time. Later work by Sukhodolov et al. [2006] observed
no evidence of flow separation downstream of laboratory dunes with a lee slope of 12°. Motamedi et al.
[2012, 2014] investigated flow over gravel dunes in laboratory flows with lee slopes of 8°. They observed
no permanent flow separation but did not consider intermittent separation. So it remains uncertain
at what critical lee slope the onset of flow separation occurs and how lee slope angle affects flow separa-
tion intermittency.

Laboratory and numerical investigations of water and air flow over geometrically similar sinusoidal waves,
bluff bodies, and negative steps have revealed some of the limiting conditions on flow separation. Zilker
and Hanratty [1979] showed that the critical slope for the onset of intermittent separation over sinusoidal
waves was lower for small Reynolds numbers. It has also been shown that flow separation in air over sinusoi-
dal hills is suppressed above smooth hill surfaces [Britter et al., 1981; Wood, 1995; Gong et al., 1996; Cao and
Tamura, 2006]. This suggests that the variety of critical slopes reported for flow separation downstream of
dunes may stem from Reynolds number effects and differences in bed roughness. This argues for a systema-
tic study of flow separation, where dune geometry, Reynolds number, surface roughness, and hydraulics are
held constant, and only the lee slope angle is varied. Some work of this type has been undertaken. Ruck and
Makiola [1990] systematically studied the effect of the slope of a negative step on flow separation in a wind
tunnel, revealing that permanent flow separation occurred for lee slopes ≥15°. Unfortunately, they did not
explore intermittent separation. Nor is it obvious how these results can be abstracted to a low-angle dune.
As such, it remains necessary to explore how intermittent flow separation varies when dune lee slope is
the only variable changed.

Over dunes, permanent flow separation is often associated with high macroturbulence production along the
separated shear layer and at flow reattachment that cause a momentum deficit advected downstream in a
wake structure [e.g., Nelson et al., 1993; McLean et al., 1994; Bennett and Best, 1995; Venditti and Bennett,
2000; Venditti, 2007]. Turbulence production takes the form of large-scale turbulent flow structures that
may surface as boils [Matthes, 1947; Jackson, 1976] and are responsible for moving large volumes of bed
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material in suspension [Rood and Hickin, 1989; Kostaschuk, 2000; Venditti and Bennett, 2000]. However, large-
scale suspension events have also been observed over low-angle dunes without permanent flow separation
[Kostaschuk and Church, 1993; Kostaschuk and Villard, 1999; Bradley et al., 2013; Kwoll et al., 2013]. Best and
Kostaschuk [2002] speculated that large-scale turbulence production above low-angle laboratory dunes is
the result of periods of intermittent flow separation and/or strong velocity gradients in the dune leeside,
while others suggest that intermittent flow separation may be too weak to cause high-magnitude turbulence
production [Roden, 1998; Sukhodolov et al., 2006]. Ultimately, the exact mechanisms responsible for macro-
turbulence and suspension event generation in the absence of permanent flow separation above low-angle
dunes remain unknown.

Understanding the flow structure over low-angles dunes is critical to quantify their contribution to flow resis-
tance in natural channels. Dunes contribute to flow resistance by increasing drag exerted by the bed on the
overlying flow [Einstein and Barbarossa, 1952; Vanoni and Brooks, 1957; Engelund and Hansen, 1967; Van Rijn,
1993; Lefebvre et al., 2014]. Above dunes with permanent flow separation, dissipation of mean flow energy is
dominated by flow separation and associated turbulence generation downstream of dune crests [Nelson
et al., 1993; Nezu and Nakagawa, 1993; Bartholdy et al., 2010; Huthoff, 2012]. The effect of absent or intermit-
tent flow separation on the flow resistance of low-angle dunes is not fully understood although some authors
have attempted to account for it. Ogink [1989] and Van Rijn [1993] proposed an empirical reduction factor in
resistance calculations originally developed for high-angle dunes. Van Rijn [1993] further suggested that
dunes with low lee slope angles and lengths much longer than water depth do not contribute to flow resis-
tance; consequently, many studies simply neglect low-angle dunes in resistance calculations [e.g., Paarlberg
et al., 2010; Huthoff, 2012]. For flow over sinusoidal waves, form drag has been reported to increase exponen-
tially or quadratically with lee slope [Henn and Sykes, 1999; Yoon et al., 2009]. Yet how form drag varies with
dune lee slope remains unexplored.

Isolating the control of the dune lee slope on the flow field is essential for understanding why low-angle
dunes emerge as dominant features in deep rivers and estuaries, how sediment is moved via macroturbulent
structures in the absence of permanent flow separation, and how low-angle dunes contribute to flow resis-
tance of a channel. This cannot be done with field observations at this time, and numerical models of flow
over dunes require data for validation, so we explore how the lee slope angle affects flow structure and resis-
tance experimentally. There has been some experimental work on flow over a low-angle dunes [Ogink, 1989;
Best and Kostaschuk, 2002; Sukhodolov et al., 2006; Motamedi et al., 2012, 2014]. While useful comparisons
have been drawn to flow over high-angle dunes [cf. Best and Kostaschuk, 2002], it is difficult to know whether
differences in the flow field are due to differences in the dune lee slope angle, subtle differences in the dune
morphology, bed roughness, and/or flow scaling (Reynolds number effects). In order to isolate the effect of
dune lee slope angle on the flow structure and resistance, we undertook a series of experiments where we
systematically varied the dune lee slopes while holding the dune morphology and flow hydraulics constant.
We focus on addressing the following questions: (1) How does the dune lee slope angle affect flow separation
and shear layer characteristics? (2) How is turbulence production affected by the dune lee slope angle?
(3) Does the lee slope angle impact flow resistance?

2. Methods

Laboratory experiments were conducted in the River Dynamics Laboratory at Simon Fraser University in a
15m long, 1mwide, and 0.6m deep glass-sided flume, equipped with a recirculating pump (capable of flows
up to 0.2m3 s�1) and adjustable slope (�0.5 to 2.0%).

2.1. Transport Stage Scaling

At present, no clear hydraulic scaling has been demonstrated for low- and high-angle dunes, as both dune
configurations occur at the same Froude and Reynolds numbers. However, observations of natural dune
morphologies and associated transport regimes indicate that low-angle dunes are more frequent in environ-
ments that are dominated by suspended bed material transport [e.g., Smith and McLean, 1977; Kostaschuk
and Villard, 1996]. Hendershot et al. [2016] showed that dune lee slope angle covaries with suspended
sediment concentrations. Therefore, we adopt a scaling where the Froude, Reynolds, and grain Reynolds
numbers are lower regime, fully turbulent, and hydraulically rough, respectively, and focus on matching
the transport stage between field conditions and our experiments. Transport stage (T) is defined as the ratio
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of the nondimensional shear stress
(Shields number; τ*) to its critical
value for sediment entrainment
(τ* cr) [Yalin, 1972; Church, 2006; Lin
and Venditti, 2013]. The Shields num-
ber is defined as

τ� ¼ τ
gD50 ρs � ρwð Þ (1)

where τ is the boundary shear stress,
D50 the grain diameter, and ρw and ρs
are water and sediment density,
respectively. The critical value for
sediment entrainment (τ* cr) varies

with grain size but 0.03 is reasonable for sand-sized particles [Brownlie, 1981; Van Rijn, 1993]. In rivers, bed load-
dominated conditions occur when T< 3.3, a mixed transport stage occurs when 3.3< T< 33, and a
suspension-dominated condition occurs when T> 33 [Dade and Friend, 1998; Church, 2006; Lin and Venditti, 2013].

In our experiments, we adopt a Shields number of 1, which corresponds to T= 33 for a critical Shields number
of 0.03. This is at the threshold between mixed and suspension-dominated conditions where a mobile bed
experiences high suspended bed material fluxes, while remaining in the subcritical regime in which low-
angle dunes occur. We then chose a flow depth (h) that could be easily accommodated with the experimental
arrangements (h=0.2m) and back calculated a suitable water surface slope (S) for the experiments using the
1-D momentum balance for steady uniform flow:

τ ¼ ρwghS (2)

and ρw= 1000 kg/m3, ρs= 2650 kg/m3, andD50 = 160μm. The design hydraulic parameters are summarized in
Table 1. Flume slope was adjusted slightly to maintain uniform flow over the dunes, and water depth was
adjusted to maintain h= 0.2m. We elected to use clear water flows in our experiments to optimize conditions
for laser-based velocity measurements and because we expect the macroscale structure of the flow field
would only be modified at extremely high suspended sediment concentrations [e.g., Wan and Wang,
1994]. However, recent modeling has shown that there are some effects of particles on turbulent flow
[e.g., Marchioli et al., 2006; Berzi and Jenkins, 2008; Schmeeckle, 2014], suggesting this should be investigated
further experimentally.

2.2. Dune Design

Three prototype dune beds were designed with lee slope angles of 10°, 20°, and 30°. Dunes were carved
out of high-density styrofoam to mm-precision and coated with a thin layer (~1–1.5 D50) of fine sand
(D50 = 160μm) to provide natural grain roughness. Each bed configuration consisted of 10 straight-crested
dunes of one model geometry, covering a 9m long working section of the 15m flume.

The model dunes were designed in consideration of a collection of morphological characteristics of natural
dunes in riverine and estuarine environments where dune lee slope has been measured (Elbe, Fraser, and
Jamuna Rivers; Figure 1). We calculated dune dimensions using commonly cited scaling relations between
flow depth and bed form dimensions [Allen, 1982; Flemming, 1988]. This resulted in dune heights and lengths
of 0.03m and 0.9m, respectively (Table 1). Transport stage scaling relations [Yalin, 1972; Lin and Venditti,
2013] indicate that for T=33, the dune aspect ratio of 0.033 is typical. The aspect ratio agrees with field obser-
vations for dunes with lee slopes of 10° and 20° (Figure 1). In order to focus our analysis on the influence of
the dune lee slope angle, we chose not to change the dune aspect ratio for steeper prototype dunes. Dunes
with 30° lee slopes are therefore longer relative to their heights compared to dunes in the Elbe, Fraser, and
Jamuna Rivers. Nevertheless, the 30° dune dimensions are within the range of steep leeside dunes observed
in rivers and estuaries (cf. data compilations in Allen [1982], Flemming [1988], and Yalin [1972]).

The dune shape was also selected in consideration of field observations which have shown natural dunes
often exhibit a gentle rounded crest (location of highest bed elevation), sloping downward toward a sharp

Table 1. Design Experimental Flow and Dune Characteristics

Parameter Unit Value

Transport stage (T) - 33
Critical Shields shear stress (τ* cr) - 0.03
Nondimensional shear stress (τ*) - 1
Slope (S) - 0.00132
Mean flow velocity (U) (m s�1) 0.620
Froude Number (Fr) - 0.443
Reynolds Number (Re) - 1.24 E + 05
Water depth (h) (m) 0.20
Dune height (H) (m) 0.030
Dune length (L) (m) 0.900
Dune aspect ratio (H/L) - 0.0333
Dune lee slope (SL) (deg) 10, 20, 30
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break (brink point), and a steeper slope
(lee slope) toward the dune trough
[e.g., Roden, 1998; Parsons et al., 2005;
Kostaschuk et al., 2009]. To approximate
this phenomenon in the experiments,
the dune crest is located upstream of
the leeside brink point (brink point
height = 0.025m) at a distance that is
equal to the horizontal extent of the
leeside for all bed configurations. The
resulting templates of the experimental
dunes are shown in Figure 2.

2.3. Data Collection and Quality
Inspection

At-a-point, high-frequency velocity mea-
surements were obtained with a 6W
TSI Laser Doppler Velocimeter (LDV)
mounted onto a robotic positioning sys-
tem. The flow was seeded with 10μm,
neutrally buoyant glass particles to
achieve data rates of >300Hz. Vertical

profiles composed of 60 s at-a-point time series measurements of streamwise (u) and vertical (w) velocity were
measured near the flume centerline above the seventh dune to ensure that flowwas fully adjusted to the dune
topography. Due to the positioning system length, measurements for each set consist of two segments,
between which the positioning system was physically moved. The lowest measurements were located
5–6mm above the bed for the 20° and 30° dunes and 3mm above the bed for the 10° dunes, as the probe
was tilted. Close to the bed in the leeside and upper stoss region, data were collected with a vertical and
horizontal resolution of 5mm. Outside the leeside region, in the upper water column and on the stoss-side
the resolution was reduced to 10mm where higher spatial resolution was unnecessary (Figure 2).

Figure 1. Dune aspect ratio (H/L) versus lee slope angle (SL) of natural
dunes from the Elbe, Fraser River [Kostaschuk and Villard, 1999; Bradley,
2012] and Jamuna River [Roden, 1998] and prediction based on linear
relation by Kostaschuk [2006]. The experimental dunes of this study are
indicated (red crosses).

Figure 2. Experimental dune design and LDV data collection points for the three bed configurations of (a) the 30° dunes,
(b) the 20°, and (c) the 10° dunes. Location of vertical profiles of Figures 4 and 7 are indicated in red (c = crest, b = brink,
t = trough, and s = stoss).
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The LDV data were validated using TSI FlowSizer Software [TSI Incorporated, 2005] and exported for further
processing. Initial quality control showed a high noise level in the vertical velocity measurements over the
10° and 20° dunes. The time series were subjected to a Gaussian low-pass filter and a despiking technique
proposed by Goring and Nikora [2002], which reduced the noise substantially. Eventime sampling was per-
formed by subsampling and interpolating each time series to its average data rate. Average data rates ranged
from 150 to 400Hz. Time series with data rates below 50Hz were discarded. Velocities collected with an
inclined probe were rotated about the cross-stream direction by the probe’s inclination angle.

Mean flow and turbulence statistics were calculated for each time series. Results were interpolated onto a
3 × 3mm grid. Some inconsistencies occurred when combining two measured segments due to probe
misalignment. These inconsistencies are located above the dune midstoss (e.g., Figure 3a), at a distance
downstream of the separation zone and have not been removed.

3. Mean and Turbulent Flow Field
3.1. Mean Flow Field

Time-averaged streamwise uð Þ and vertical wð Þ velocity components are defined as

u ¼ N�1
XN

n¼1
ui (3a)

w ¼ N�1
XN

n¼1
wi; (3b)

where ui and wi are the instantaneous velocities and N is the total number of measurements at each point.
Distributions of interpolated values of u and w for all three dune geometries are shown in Figure 3.
Topographic forcing of the flow by all three dune geometries is evident (Figures 3a–3c). Flow acceleration
is notable above the gentle sloping dune stoss-side, and flow deceleration follows the topographical
step downstream of the crest. The deceleration is more substantial downstream of the steeper dune
lee slopes. Measurements of mean upstream flow are restricted to a small zone downstream of the 30° dunes
(Figure 3a).

Topographic forcing is also evident in distributions of w (Figures 3d–3f), with downward directed flow in
the lower half of the water column, downstream of the crest until approximately x = 0.2m. Maximum
downward flow is located at the brink point for all dune geometries. Above the stoss-side w is positive
and increasing, denoting acceleration toward the crest. The flow field of the 30° dune (Figure 3d) has a
small but distinct zone of positive vertical velocity above the immediate lower lee and trough that

Figure 3. Mean streamwise velocity (a–c) uð Þ (m s�1) and mean vertical velocity (d–f) wð Þ (m s�1) above the 30°, 20°, and 10°
dunes. Inconsistencies above the dune stoss originate from stitching of two measured segments. Flow is from left to right.
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coincides with the small zone of upstream flow (Figure 3a) indicating permanent flow reversal along the lee
slope. The downward flow magnitude over the dune brink point is lowest above the 30° dunes (Figure 3d)
and highest over the 20° dunes (Figure 3d). However, the zone of negative flow over the 20° dunes is
smaller than over the 30° and 10° dunes (Figure 3f), suggesting that in terms of downward directed flow
over the crestline, the 20° dunes represent some optimal condition in respect to the flow.

Select vertical profiles of u are shown in Figure 4 above the brink point, trough, stoss-slope, and crest. At
the brink point (x = 0m), vertical profiles of u (Figure 4a) near the bed (z/h< 0.4) are similar for all three
dune geometries and are responding to grain-related drag. Above z/h = 0.4, u profiles are log-linear, with
steeper segments and higher flow velocities occurring above the 30° dunes. Above the trough (Figure 4b),
u decreases rapidly below the level of the brink point (z/h = 0.125), with upstream velocities occurring
downstream of the 30° dunes, only (maximum �0.027m s�1). The vertical profiles are log-linear above
z/h> 0.15 over the trough. Above the midstoss (x = 0.45m), u profiles of the 30° and 20° dunes consist
of two log-linear segments converging at z/h = 0.16 (Figure 4c). The slope of the bottom segment is higher
than that of the upper segment indicating stronger flow acceleration close to the bed than higher in the
water column. This segmentation occurs closer to the bed compared to the segmentation above the brink
point (Figure 4a). A less pronounced kink occurs higher in the water column (z/h = 0.3) above the 10°
dunes. At the crest (Figure 4d), u profiles of all three dune geometries are similar and log-linear in the
upper water column (z/h> 0.35). Below, u decreases faster above the 30° dunes, while u profiles of the
10° and 20° dunes remain similar.

3.2. Flow Separation

Upstream directed time-averaged velocity is only evident downstream of the 30° dune crests indicating
permanent flow separation. There may also be time-averaged upstream flow in the trough where we do
not have measurements; however, if it occurred, it would be limited in extent. Our more detailed measure-
ments at the bed over the 10° dune indicate an absence of upstream flow conclusively. Examination of the
instantaneous time series however shows that intermittent flow separation occurs for all three dune
geometries. Distributions of interpolated values of the intermittency factor IF, defined as the percentage
of the measured time series at one point occupied by reversed flow [Bennett and Best, 1995; Best and
Kostaschuk, 2002], are shown in Figures 5a–5c. The vertical extent of the area experiencing flow separation
decreases with the dune lee slope. The intermittency factor IF of the 30° dunes reaches maximum values of
68.1% at the location identified as permanent flow separation in Figure 3a. The region affected by intermit-
tent flow separation, however, has a larger extent than suggested by the time-averaged flow field. The
intermittency factor IF decreases with height above the bed and distance downstream. Flow reversal
downstream of the 20° dunes occurs for a maximum of 9.5% of the time and occupies the entire lee slope.
Maximum percentage of flow reversal is 2.7% for the 10° dunes and is restricted to the dune toe. Both the
number and the average duration between flow reversals increase exponentially with IF for all time series
subject to flow reversal. Maximum flow reversal frequencies at points of highest intermittency are 12.5 Hz
for the 30°, 5.3 Hz for the 20°, and 2.9 Hz for the 10° dunes.

Figure 4. Vertical profiles of mean streamwise velocity uð Þ (m s�1) above selected locations along the dune profile for the
three dune geometries. Horizontal black dashed and dotted lines indicate reference levels (cl = crest level, bl = brink level).
Location of profiles is indicated in Figure 2. Arrows denote kinks referred to in the text.
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The relation between intermittency factor IF and the vertical gradient of time-averaged streamwise velo-
city (du/dz) was explored by fitting a third-order polynomial to the velocity data. Downstream of the 30°
dunes (Figure 5d), a region of high d u /dz occurs downstream of the dune brink point approximately

3–4 cm above the bed. This region
encloses a zone of low du/dz immedi-
ately above the dune lee slope that
coincides with the location of maxi-
mum IF and permanent flow separa-
tion (Figure 5a), consistent with a free
shear layer. With lower lee slope the
location of strongest du/dz in the shear
layer shifts downward away from the
brink point and closer toward the
bed (Figures 5e and 5f). The region
of low du /dz adjacent to the lee
slope diminishes. Downstream of the
20° (Figure 5e) and 10° dunes (Figure 5f),
highest du/dz coincides with maximum
IF of flow separation. Vertical profiles
show a gradual increase of du/dz toward
the bed.

3.3. Turbulent Flow Field

The turbulent flow field is explored using
the principal Reynolds shear stress com-
ponent (τuw) calculated as

τuw ¼ �ρwu′w′ (4)

where u′= ui� u and w′ ¼ wi � w are
the instantaneous velocity fluctuations.

Figure 5. Intermittency factor IF of flow separation and vertical profiles (white) of mean streamwise velocity (a–c) u (m s�1)
and interpolated distributions and vertical profiles of vertical gradient of time-averaged streamwise velocity (d–f) (du/dz)
(s�1) above the (Figures 5a and 5d) 30°, (Figures 5b and 5e) 20°, and (Figures 5c and 5f) 10° dunes. Flow is from left to
right. Note different color scales for IF.

Figure 6. Principal Reynolds shear stress τuw (Pa) above the (a) 30°, (b) 20°,
and (c) 10° dunes. Inconsistencies above the dune stoss originate from
stitching of two measured segments. Flow is from left to right.
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Over a flat bed, Reynolds shear stress increases linearly toward the bed. The presence of a dune alters the
distributions of Reynolds stress. Previous work [Nelson et al., 1993; McLean et al., 1994; Bennett and Best,
1995; Venditti and Bennett, 2000; Venditti, 2007] has shown that maximum values of τuw typically occur at
and just downstream of flow reattachment and along the shear layer.

The turbulent flow field over all three dune geometries is similar to the patterns observed in previous work
(Figure 6). Broadly, the greatest variability of τuw between geometries occurs in the lower water column
(z/h< 0.4). A zone of increased τuw originates at the brink point, stretching along the stoss of the upstream
dune. In this zone, τuw decreases with distance downstream, delineating the wake structure. Maximum τuw
in the wake occurs over the 30° dune, and the wake structure weakens with lower lee slopes. Figure 7
directly compares vertical profiles of τuw above the three dune geometries over the dune brink point,
trough, stoss-slope, and crest. Over the brink, τuw increases with lee slope angle in the upper portion
of the flow (Figure 7a), and there is a distinct bulge in the upper water column for the 20° and 30° dunes,
likely due to the influence of upstream wakes. Above the trough, maximum τuw increases with lee slope
angle (Figure 7b). Above the midstoss, as the wake structure diffuses outward with distance away from
the brink point, τuw decreases; maximum τuw however consistently occurs above the 30° dunes (Figure 7c).
The linear decrease in Reynolds stress that is typically observed over flat beds occurs above the crest of all three
dune geometries. However, the linear portion of the profile is confined to z/h> 0.5 for the 30°, to z/h> 0.4 over
the 20° dune, and z/h> 0.25 over the 10° dune. This suggests that flow over the crest of the progressively lower
angle dunes becomes more like flow over a flat bed.

Turbulent flow over the three dune
geometries is further examined by
comparing double-averaged Reynolds
stress profiles. Double averaging was
performed by averaging τuw in the
streamwise direction over horizontal
planes parallel to the mean bed eleva-
tion over one dune length [e.g., Nikora
et al., 2001; McLean et al., 2008] and is
denoted as< τuw>. Double-averaged
Reynolds stress profiles are shown in
Figure 8. The profiles increase linearly
from the water surface, form a small
bulge above the level of the brink point,
and reach maximum values below the
brink point (z/h= 0.125). The linear
portion is confined to z/h> 0.3 for the
30° dunes and z/h> 0.5 for the 20° and

Figure 7. Vertical profiles of principal Reynolds shear stress (τuw) (Pa) at selected dune locations along the dune profile
for the three dune geometries. Horizontal black dashed and dotted lines indicate reference levels (cl = crest level and
bl = brink level). Location of profiles is indicated in Figure 2.

Figure 8. Double-averaged Reynolds shear stress profile< τuw> (Pa) and
linear regression for determination of total shear stress τT (Pa) for (a) 30°,
(b) 20°, and (c) 10° dunes. Coefficients of determination R2 of linear
regressions are indicated, and statistical errors are provided in Table 2.
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10° dunes. The secondary bulge forming above the dune brink points is least pronounced in< τuw>profiles
of the 30° dunes, indicating a smaller influence of upstream wakes on the average stress profile compared
to the 20° and 10° dunes. Double-averaged Reynolds stress< τuw>below the brink point for the 30° and
20° dunes is larger than the total shear stress τT derived from extrapolating the linear regression
through< τuw> in the outer layer toward the bed [Lyn, 1993; McLean et al., 1999]. For the 10° dunes,
<τuw> below the brink point level is smaller than τT. The total shear stress τT decreases for lower lee slopes
with τT = 1.51 Pa, τT = 1.05 Pa, and τT = 0.85 Pa for the 30°, 20°, and 10° dunes, respectively. The shear velocity
u* and drag coefficient cD were calculated as

u� ≡
ffiffiffiffiffiffiffiffiffiffiffi
τTρ�1

w

q
(5)

cD ¼ u�U�1
� �2

(6)

and are listed with statistical errors resulting from the least squares regression between< τuw> and z, and
using a confidence limit of 97.5% [Wilkinson, 1984, Table 2].

3.4. Turbulence Production and Advection

Turbulent kinetic energy (TKE) is the energy extracted from the mean flow by the motion of turbulent eddies
[Kline et al., 1967; Bradshaw, 1971], and its production involves interactions of the Reynolds stresses with
mean velocity gradients. Dissipation of TKE occurs by viscous forces after being passed through the inertial
subrange of the turbulence spectrum [Tennekes and Lumley, 1972]. Over a flat bed, TKE is largest near the
boundary where turbulence production is highest [Kline et al., 1967]. Over a dune, elevated TKE values occur
in the separation zone, at the reattachment point, and along the wake structure [Venditti and Bennett, 2000;
Venditti, 2007].

The turbulent kinetic energy per unit volume written in two dimensions (streamwise and vertical; TKEuw) is
calculated as

TKEuw ¼ 1
�
2 ρw u′2 þ w′2

� �
: (7)

Distributions of interpolated values TKEuw depict near-bed wake structures with high TKEuw downstream of
all three dune geometries (Figures 9a–9c). Highest TKEuw occurs in the immediate lee and wake of the 30°
dunes (Figure 9a). TKEuw is lower downstream of the 10° and 20° dunes. No secondary maximum in TKEuw
is observed close to the bed at flow reattachment.

Turbulence production (P) is calculated as

P ¼ �u′w′
du
dz

: (8)

Turbulence production (P) is highest in the leeside and trough region for all three dune geometries
(Figures 9d–9f), indicating that the dominant source of turbulence is intermittent flow separation. Largest
P occurs in the lee of the 30° dunes, and a local maximum (0.021m2 s�3) occurs close to the brink point, above
the upper lee slope (Figure 9d). This region coincides with highest velocity gradients associated with the free
shear layer that extents from the brink point toward the bed (Figure 5d). Turbulence production below this
zone of maximum productivity decreases toward the bed, with low production in the region of reversed flow
adjacent the lee slope. Turbulence production in the lee of the 20° dunes is approximately half of that above
the 30° dunes, with maximum production (0.011m2 s�3) occurring at a location lower on the lee slope.

Table 2. Total Shear Stress (τT), Shear Velocity (u*), and Drag Coefficient (cD) for the Three Dune Geometries

Lee Slope Angle SL (deg) Total Shear Stress τT
a (Pa) Shear Velocity u*

a (m s�1) Drag Coefficient cD
a

10 0.85 ± 0.026 0.029 ± 0.00045 0.0022 ± 0.000069
20 1.05 ± 0.048 0.032 ± 0.00073 0.0027 ± 0.00012
30 1.51 ± 0.054 0.039 ± 0.00069 0.0039 ± 0.00014

aStatistical error calculated following Wilkinson [1984].
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Downstream of the 10° dunes, the region of high turbulence production approaches the bed at the toe of the
dune (maximum 0.006m2 s�3). Regions of low turbulence production, as observed adjacent the lee slope of
the 30° dunes, are not detected over the 10° and 20° dunes.

3.5. Characteristics of Turbulent Events

Turbulent events are examined using quadrant analysis [e.g., Lu and Willmarth, 1973; Antonia, 1981; Nezu and
Nakagawa, 1993] where pairs of streamwise and vertical velocity fluctuations are grouped into the four
quadrants spanning the u′-w′-plane. Velocity measurements are classified as outward interaction (Q1: u′> 0
and w′> 0), ejection (Q2: u′< 0 and w′> 0), inward interaction (Q3: u′< 0 and w′< 0), or sweep (Q4: u′> 0
and w′< 0). Ejections and sweeps contribute positively to Reynolds stress and therefore denote turbulence
production, while outward and inward interactions contribute negatively and indicate energy transfer to
the mean flow field. A holesize (HS) is traditionally applied [Lu and Willmarth, 1973; Bennett and Best, 1995;
Best and Kostaschuk, 2002] to differentiate lower and higher magnitude |u′w′| events:

u′w′j j > HS � u′rmsw′rmsð Þ (9)

where u′rms and w′rms are the root-mean-square values of velocity fluctuations.

Figure 10 shows the spatial distribution of percentages of velocity observations in each quadrant above the
three types of bed forms for HS= 2. Previous studies have shown that a value of 2 is appropriate to separate
large-scale events from background fluctuations [Bennett and Best, 1995; Best and Kostaschuk, 2002; Yue et al.,
2006]. The majority of observations fall into Q2 and Q4 and to a lesser degree into Q1 and Q3 for all three
dune geometries. The number of observations in Q2 and Q4 above HS= 2 declines with lee slope, showing
that larger-scale motions become rarer. Ejection events dominate the flow field, particularly in the shear layer
extending from the dune crests and wake (Figure 10a). Sweeps dominate in the near-bed region below the
shear layer above the stoss-side of the dunes and immediately downstream of the crest (Figure 10d).
Downstream of the 30° dunes the sweep-dominated region extends along the entire stoss-side but decreases
in extent with the dune lee slope. The distribution of Q1 and Q3 events (Figures 10b and 10c) mirror these
patterns in that Q1 events are particularly rare along the shear layer and Q3 events particularly rare in the
sweep-dominated regions.

The frequencies of turbulent events in the shear layer and in the wake are further explored by grouping con-
secutive observations in both Q2 and Q4 and determining the group or event frequency (Figure 11). We focus
on Q2 and Q4 because they contribute to turbulence production. The frequencies of ejection and sweep

Figure 9. Turbulent kinetic energy (a–c) (TKEuw) (Pa) and turbulence production (d–f) (P) (m2 s�3) and downstream of
the brink point for the (Figures 9a and 9d) 30°, (Figures 9b and 9e) 20°, and (Figures 9c and 9f) 10° dunes. Flow is from
left to right. Note different color scales for TKEuw.
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events along the shear layer (P1, Figures 11a–11c) and in the wake (P2, Figures 11d–11f) decrease asympto-
tically with HS and become small for HS> 3. Sweeps are more frequent than ejections for small HS, and the
opposite is true for large HS. This indicates that sweeps are more frequent but lower intensity than ejection

events. At higher values of HS, the
lower intensity sweeps have been
removed, and the stronger ejections
dominate. The difference is strongest
in the shear layer of the 30° dune and
less prominent in the wake and for
lower angle dunes. The dependency
of frequency on HS makes it difficult
to establish the frequency of turbulent
events using this method. Table 3
summarizes the frequencies for various
values of HS and shows that the
frequency of the large-scale ejection
events decreases with lee slope.

We also explored the frequency of
turbulent events using red noise spectral
analysis techniques because turbulent
velocity time series are highly autocorre-
lated. Time series were detrended and
analyzed using the MATLAB redconf.m

Figure 11. Frequency of groups of ejection (Q2) and sweep (Q4) events as
a function of the holesize (HS) in the shear layer (P1) and wake (P2)
indicated in Figure 10 ((a and d): 30° dunes, (b and e): 20° dunes, (c and f):
10° dunes).

Figure 10. Spatial distribution of the percentage of observations in each quadrant above a holesize of HS=2 [cf. Lu and
Willmarth, 1973] for all three dune geometries. P1 and P2 denote locations of more detailed time series analysis in Figure 11.
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program [Husson, 2012] which cal-
culates spectral power density using
the Thomson multitaper approach
[Thomson, 1982], tests the amount
of red noise in the data, and com-
putes the confidence limits. Spectra
in the shear layer and in the wake
showed high coincidence with a
red noise turbulence spectrum with
a �5/3 slope spectral roll off at
frequencies> 1Hz. A statistically

significant low frequency peak emerges at 0.1–0.3Hz in some of the spectra, corresponding to 1–3 events per
10 s. There are no other statistically significant peaks in the spectra at higher frequencies. This suggests that
higher-frequency turbulent events in these regions are aperiodic and randomly generated events.

4. Discussion
4.1. How Does the Dune Lee Slope Angle Affect Flow Separation and Shear Layer Characteristics?

Simpson [1989] classified flow separation as incipient (<1% of the time), intermittent (1–20% of the time),
transitory (20–50% of the time), and permanent (≥50% of the time) when the time-averaged bed shear stress
is zero, meaning that upstream and downstream fluctuations in velocity balance to produce negligible shear
stresses. Observations of flow separation over dunes produce a wide variety of results. Based on collections of
previous flow measurements, several authors suggested that permanent flow separation occurs for lee
slopes> 10° [e.g., Wilbers, 2004; Paarlberg et al., 2009]. Field observations suggest that flow separation is
absent [e.g., Smith and McLean, 1977; Kostaschuk and Villard, 1996; Parsons et al., 2005; Bradley et al., 2013]
or intermittent [Roden, 1998; Carling et al., 2000a] for dunes with lee slopes up to 19°. However, it is difficult
to measure flow reversal over dunes in the field, and therefore, it is not clear whether this empirically derived
limit is real.

Laboratory measurements can provide clearer results because it is possible to take reliable measurements in
the lee of dunes. However, previous observations of flow over low-angle dunes are too limited to narrow
down the critical lee slope for permanent and intermittent flow separation. Most studies simply report
the presence or absence of permanent or intermittent flow separation [cf. Best and Kostaschuk, 2002;
Sukhodolov et al., 2006; Motamedi et al., 2012, 2014]. Direct comparison of these results is problematic
because the occurrence of flow separation is known to be dependent on roughness [Britter et al., 1981;
Wood, 1995; Gong et al., 1996; Cao and Tamura, 2006; Lefebvre et al., 2014] and Reynolds number [Zilker
and Hanratty, 1979].

Studies of air flow over sinusoidal waves with Reynolds numbers in the rough turbulent regime provide
clearer indications of when to expect permanent and intermittent flow separation. These studies suggest that
permanent flow separation occurs for maximumwave lee slopes>20° [e.g., Zilker et al., 1977;Dellil et al., 2004;
Yoon et al., 2009], while intermittent separation occurs for maximum lee slopes as low as 14° [Britter et al.,
1981; Gong and Ibbetson, 1989; Kuzan et al., 1989; Yoon et al., 2009]. Work on flow over negative steps
suggests that the critical lee slope for permanent flow separation is 15o [Ruck and Makiola, 1990]. There is also
some evidence of intermittent flow separation in conical diffusers, which would be equivalent to a 4° lee
slope [Azad, 1996] (see discussion in Best and Kostaschuk [2002]).

Here we systematically isolated the effect of the dune lee slope while holding surface roughness, Reynolds
number, and other bed form geometry and hydraulic parameters constant. This permits direct comparison
of the flow fields, which has not been previously possible. Permanent flow separation (IF ≥ 50%) only occurs
downstream of our 30° dunes (IF= 68.1%), which we could reasonably predict from previous work on flow
over dunes, negative steps, and sinusoidal waves. However, the observation of intermittent flow separation
over the 20° (IF= 9.4%) and 10° dunes (IF= 2.7%) is surprising. Based on flow over sinusoidal waves, we would
predict the 20° dune to be close to the threshold for intermittent to permanent separation, which it is not. We
would not expect any separation over the 10° dune. Using previous observations over a negative step, we
would predict the 20° dune to exhibit permanent flow separation, which it does not. This suggests that

Table 3. The Frequency (f) of Ejection (Q2) Events at a Location in the
Shear Layer (P1) and Wake (P2) at Selected Holesizes (HS)

Location (Figure 11)
Lee Slope

Angle SL (deg)

f (Hz)

HS = 1 HS = 2 HS = 3

P1 30 5.13 3.02 1.66
20 4.65 2.15 1.21
10 4.39 1.86 0.69

P2 30 3.74 1.77 1.08
20 4.76 2.08 0.95
10 3.43 1.43 0.58
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drawing direct comparisons between flow separation over low-angle dunes and similar topographies (nega-
tive steps and sinusoidal waves) is problematic. Our detailed maps of flow intermittency also suggest that
whether flow separation is detected is strongly dependent on where measurements are taken, as regions
affected by weaker flow reversal decrease in size with lower lee slope toward the toe of the dune.
Individual measurements in the lee of a low-angle dune may or may not reveal intermittent flow separation
depending on where the observation is made. The highest intermittency values occur closest to the bed,
which given the challenges of high-resolution measurements near the bed, may explain the variations in
reported separation in the field and laboratory.

A further potentially influencing factor for observing the occurrence and degree of intermittency of flow
separation is the angle of the slope leading from the crest to the brink point. For sinusoidal waves the gentle
slope leading from the crest toward the maximum lee slope will increase with increasing maximum lee slope;
a feature simulated with our experimental dunes in that the angle leading down to the brink point increases
from 2° to 6.6° from the 10° to the 30° dunes. Therefore, flow approaching the brink point encounters a weak
adverse pressure gradient, and deceleration before the maximum slope is encountered. This will cause a
lower pressure differential downstream of the brink point, which may influence flow separation. Paarlberg
et al. [2007] note a dependence of the dip of the separation streamline on the bed-slope at the brink point,
resulting in smaller separation zones for higher, downward slopes at the point of separation. This may explain
why permanent flow separation is observed over a sharp-crested negative step at 15o [Ruck and Makiola,
1993] and not over more gentle-crested sinusoidal waves and dunes. Nonetheless, the small gradient
between the crest and brink point occurs over a natural dune, so we suspect the effects on separation are
apt to also translate well from our model to natural dunes.

There is an explicit linkage between the degree of intermittency of flow separation and velocity gradients
[Roden, 1998; Best and Kostaschuk, 2002]. In our experiments, we observe high velocity gradients in the lee-
side of all three dune geometries with the maximum gradient occurring immediately below the brink point
on the upper lee slope. The shear layer is detached from the bed downstream of the 30° dunes and occurs
closer to the bed for less steep lee slopes. The magnitude of the velocity gradient within the shear layer
decreases with lee slope angle. Velocity gradients inside the shear layer for all our dune geometries, however,
are higher than velocity gradients in the near-bed region of attached flow associated with the redevelopment
of the IBL. Maximum gradients downstream of the 20° and 10° dunes are 70% and 55% of maximum gradi-
ents downstream of the 30° dunes, respectively. Ruck and Makiola [1993] attributed a reduction in velocity
gradients for lower inclination angles of a negative step to a damping of shear layer expansion by the increas-
ing proximity between shear layer and wall, consistent with our observations.

4.2. How Is Turbulence Production Affected by the Dune Lee Slope Angle?

The production of turbulence over a flat bed is dominated by structures originating at the boundary that
dissipate, as they move vertically. Over high-angle dunes, production is concentrated along the free shear
layer associated with flow separation and within the zone of separated flow [Nelson et al., 1993; Venditti
and Bennett, 2000]. This zone of turbulence production produces the wake structure that is diffused down-
stream. Turbulence production and wake formation associated with low-angle dunes have often been
assumed negligible [e.g., Huthoff, 2012] despite observations of macroturbulent structures carrying large
volumes of sediment in suspension [Kostaschuk and Church, 1993; Kostaschuk and Villard, 1999; Bradley
et al., 2013; Kwoll et al., 2014]. Laboratory experiments, however, have previously documented wake structure
formation downstream of low-angle dunes [Best and Kostaschuk, 2002; Sukhodolov et al., 2006] and negative
steps with low step angle [Ruck and Makiola, 1990], indicating a contrast to turbulence production over a
flat bed.

Our measurements above the 30° dunes show high turbulence production along a free shear layer and a
wake structure, revealed by high Reynolds stresses and TKE, consistent with previous observations [e.g.,
Nelson et al., 1993; Venditti and Bennett, 2000]. Maximum TKE is located at approximately half the brink point
height at flow reattachment and thus higher in the flow than measurements of Venditti and Bennett [2000].
Downstream of the 20° and 10° dunes, a wake structure extends from the brink point with lower magnitude
Reynolds stresses and TKE compared to the 30° dune geometry. The onset of the wake structure and region
of highest turbulence production occurs closer to the lee slope compared to the 30° dune case, agreeing with
observations by Best and Kostaschuk [2002] and Yoon et al. [2009]. Our results enable us to link this transition
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of high turbulence toward the lee slope to the vertical position of the shear layer. Further, our systematic
analysis demonstrates that the decrease in turbulence production and strength of the wake is nonlinear with
a significantly higher reduction in wake strength between the 30° and 20° dunes than between the 20° and
10° dunes.

In the presence of permanent flow separation, turbulence production is thought to take the form of large-
scale flow structures shed from Kelvin-Helmholtz type instabilities along the free shear layer [e.g., Müller
and Gyr, 1986; Simpson, 1996; Kadota and Nezu, 1999]. Shear layer expansion with distance downstream
is thought to encourage growth of these instabilities until they begin diffusing in the wake. Best and
Kostaschuk [2002] speculated that large-scale turbulence production above low-angle dunes similarly occurs
due to eddy shedding in temporary regions of high velocity gradients during intermittent flow reversal
and/or interaction of flow deceleration in the dune lee with the flow field of upstream dunes. They further
hypothesize that large-scale structures are smaller and occur less frequently compared to structures originat-
ing from the free shear layer associated with permanent flow separation. It has also been speculated that
large-scale turbulent production is absent above low-angle dunes [Sukhodolov et al., 2006].

Our measurements show that a shear layer emerges with or without permanent flow separation and that the
shear layer is intrinsically linked to turbulence production downstream of low-angle dunes. We show that
spread of the shear layer is damped for lower lee slopes due to the proximity of the bed, which could affect
eddy shedding processes in the lee of the low-angle dunes. Our quadrant analysis shows a decrease in fre-
quency of large-scale events along the shear layer and in the wake (identifiable as strong ejections) with
lee slope. This supports Best and Kostaschuk [2002] speculation that lower frequency and magnitude events
dominate along the shear layer of low-angle dunes. The spatial maps seem to reject the idea that the large
scale events are produced by boundary layer bursting. However, further work is necessary to better under-
stand the typology of the ejection events that we document along the shear layer and in the wake structure.
This can only be accomplished by spatially and time-resolvedmeasurements, as the structures develop in the
dune lee for of low- and high-angle dunes.

4.3. Does the Lee Slope Angle Impact Flow Resistance?

The quantification of dune-related flow resistance constitutes a major challenge in hydraulic and morphody-
namic modeling of river and coastal evolution [Paarlberg et al., 2010;Warmink et al., 2013;Winter et al., 2006].
Several approaches have emerged to relate measurable parameters of dune morphology to quantifiable
measures of flow resistance. The simplest relations are based on dune length and height and stem from
empirical assessment of flow field measurements above dunes [e.g., Nelson and Smith, 1989; Van Rijn,
1993]. Ogink [1989] and Van Rijn [1993] observed overestimation of dune-related flow resistance for lee
slopes below the angle-of-repose and proposed using an empirical reduction factor. Other studies
have assumed that flow resistance exerted by low-angle dunes is negligible [e.g., Paarlberg et al., 2009;
Huthoff, 2012].

The dominant factor controlling flow resistance of dunes is the energy expenditure associated with flow separa-
tion [Nelson et al., 1993; Nezu and Nakagawa, 1993; Bartholdy et al., 2010; Huthoff, 2012; Lefebvre et al., 2014].
There are several methods that have been proposed to predict the spatial extent of flow separation [Wilbers,
2004; Paarlberg et al., 2007, 2010].Wilbers [2004] suggested that the zero-velocity-line inside the flow separation
region slopes from the brink point toward flow reattachment with an approximate angle of 10°. Below this zero-
velocity line, flowwill tend tomove upstream, downstream of the zero-velocity line flow reattaches, and follows
the stoss of the downstream dune. Using a third-order polynomial function, Paarlberg et al. [2007] developed a
parameterization of the shape of the separation streamline bordering the region affected by flow separation
downstream of dunes. The separation streamline is defined as the line below which the integral of streamwise
velocity is zero. Separation streamline and reattachment are calculated based on dune height and angle of
slope leading to the brink point (see Paarlberg et al. [2007] for detailed derivation).

Figure 12 shows a metric of flow separation as the product of the intermittency factor and the maximum
observed upstream flow (IF×�umax) and the predicted extent of flow separation for our dune morphologies.
Higher values of IF×�umax indicate more frequent and stronger upstream flow. Low values of IF×�umax

suggest the absence of flow separation. The extent of flow separation over all three dune shapes is relatively
well defined, although the absence of data near the boundary over the 20° dune leaves some uncertainty in
this regard. Over the high-angle dune (30°), flow separates at the brink point, while over the lower angle
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dunes, intermittent separation appears
to occur lower down on the stoss-
slope (Figure 12). Methods to predict
the flow separation region geometry
are consistent with the patterns of high
IF×�umax over the high-angle (30°)
dune; however, the length of intermit-
tent flow separation is much longer
than would be predicted (Figure 12a).
Perhaps not surprisingly, the model
predictions over the 10° and 20° dunes
are of limited value because the meth-
ods do not account for intermittent
separation and the separation point no
longer coincides with the brink point.

An alternative approach to quantifying
the effect of the lee slope angle on flow
resistance is to compare the calculated
shear stresses to the stress associated
with a flat bed. This was done using
the depth-averaged version of the law
of the wall:

U
u*s

¼ 1
κ
ln 11

h
ks

� 	
(10)

where κ is the von Karman constant (0.4), u* s is the shear velocity that would occur in the absence of form
roughness in the channel, and ks= 2 D50 is the sand roughness applied to the bed [van Rijn, 1993]. The shear
stress (τs= ρu* s

2) associated with a flat bed at the same discharge, velocity, and depth is 0.79 Pa. Figure 13
shows the increase in the ratio τT/τs, as the dune lee slope angle increases from 0 (flat bed) to 30°. The increase
in τT/τs is reasonably well approximated by

τT
τs

¼ 1þ 0:001S2L (11)

where SL is the lee slope angle. The 30° dune approxi-
mately doubles the shear stress (τT= 1.9τs). Reducing the
lee slope angle reduces the temporal occurrence of flow
separation and the flow resistance. Shear stress over the
20° and 10° dunes are ~33% and 8% greater than a flat
bed, respectively. This is a 70% and 56% reduction in shear
stress over the 20° and 10° dunes, compared to a 30° dune.
Our results show that low-angle dunes contribute a lesser
but still substantial amount of flow resistance. Neglecting
this effect in natural settings will lead to underestimations
of total flow resistance.

Using our results (Figure 13 and equation (11)) as a univer-
sal adjustment to dune flow resistance coefficients should
be done with some caution. Our reductions in shear stress
are accurate for the dune shapes we tested. Dunes with
different shapes (e.g., more or less symmetrical) than ours
may have different effects on the intermittency of flow
separation and thus the form of equation (11).

Figure 13. Ratio of the shear stress associated with a
flat bed at the same discharge, velocity, and depth
without bed forms and the measured shear stress
[τT/τS] with error bars derived from regression ana-
lysis [Wilkinson, 1984] for each lee slope angle. Black
line indicates the approximation of equation (11).

Figure 12. Intermittency factor (IF) *Maximum upstream flow (�umax)
(m s�1) and predictions of the zero-velocity-line (black) of Wilbers [2004]
and separation streamline (blue) of Paarlberg et al. [2007] downstream
of the (a) 30°, (b) 20°, and (c) 10° dunes. Note different color scales.
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One way to test the universality of equation (11) is to explore reductions in shear stress with changes in dune
lee slope angle using numerical modeling. High-resolution, turbulence-resolving large eddy simulations and
hybrids are increasingly applied to turbulent flow over dunes [e.g., Stoesser et al., 2008; Omidyeganeh and
Piomelli, 2011; Chang and Constantinescu, 2013; Schmeeckle, 2014]. That level of sophistication is required
to resolve the topology of unsteady flow structures but may not be required to examine hydraulic roughness.
A 2-D Reynolds-averaged Navier-Stokes (RANS) model with a k-ε turbulence closure [e.g., Lefebvre et al., 2013,
2014], using our data for calibration and validation, may be better suited to roughness calculations. Such a
model could be used to develop a family of curves similar to equation (11) for adjusting flow resistance
coefficients for different dune shapes and lee slope angles. While a RANS model cannot reproduce the inter-
mittency of the separation region that we document, other metrics such as the turbulent properties of the
wake can be used as a metric to estimate flow resistance of low-angle dunes [cf. Lefebvre et al., 2014].

5. Conclusions

We examined effects of dune lee slope on flow separation and flow resistance by measuring the flow field for lee
slopes of 30°, 20°, and 10°, thereby contrasting dunes of high (≥30°) and low-angle lee slopes (<30°), while holding
other dune geometric parameters and channel hydraulics constant. The data suggest the following conclusions:

1. The temporal occurrence, magnitude, and extent of flow reversal decrease with the lee slope angle but
may be fully absent downstream of dunes with lee slopes<<10° only. The smaller extent of intermittent
separation downstream of low-angle dunes is shifted toward the dune toe rendering its detection parti-
cularly difficult in the field and laboratory.

2. A shear layer of high velocity gradients exists downstream of the brink point of high- and low-angle
dunes. For low-angle dunes, this layer occurs in close proximity to the bed, and velocity gradients are
reduced compared to velocity gradients of a free shear layer downstream of high-angle dunes.

3. Turbulence production is concentrated in the leeside region along this shear layer and induces a momen-
tum loss and high turbulence intensities that are advected in a wake structure. The strength of the wake
decreases nonlinearly for lower lee slopes, but the wake persists. Lower turbulence production down-
stream of low-angle dunes is attributed to lower velocity gradients inside the shear layer and damping
of turbulence by the proximity of the bed.

4. Strong ejection events dominate the shear layer and wake region. The frequency of events decreases
asymptotically with magnitude threshold (holesize). The near-bed region on the stoss-side of high-
angle dunes is dominated by sweep events. This region diminishes for low-angle dunes. This suggests
that sweeps may play a less important role in sediment transport over low-angle dunes.

5. Flow resistance decreases with the dune lee slope. This is in relation to the decrease in turbulence produc-
tion and therefore energy expenditure downstream of dunes with lower lee slopes. Estimates of hydraulic
roughness based on dune height will overpredict hydraulic roughness and may reduce the accuracy of
water level predictions of hydraulic and morphodynamic models. Flow resistance of low-angle dunes,
however, is not negligible, as turbulence is produced by intermittent flow separation.

6. The increase in shear stress and flow resistance with lee slope angle is nonlinear, reflecting nonlinear var-
iation in the turbulent flow field. This implies that small changes in the lee slope for steep dunes may
induce large variations in turbulence production, wake structure characteristics, and flow resistance, while
equivalent changes in slope for less steep dunes may have a smaller effect.

The final conclusion has important implications for dunes in unsteady flow conditions such as occur in tidal
settings or during floods, as dunes adapt their shape on timescales from minutes to hours to days, as trans-
port stage changes. The nonlinearity in flow resistance with changing dune shape, which is known to be
linked to changes in transport stage, begs for a more complete understanding for why low-angle dunes form.
Future work needs to explore the time-dependent flow field in the dune lee region. Particular attention needs
to be paid to temporal changes in the shear layer, the intermittent separation region, and the development of
larger-scale coherent flow structures over low-angle dunes.
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