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Abstract: Airflow dynamics over beach-foredune systems can be complex. Although a great deal is
known about the effects of topographic forcing and vegetation cover on wind-field modification, the
role of large woody debris (LWD) as a roughness element and modifier of boundary layer flow is
relatively understudied. Individual pieces of LWD are non-porous elements that impose bluff body
effects and induce secondary flow circulation that varies with size, density, and arrangement. Large
assemblages of LWD are common on beaches near forested watersheds and collectively have a degree
of porosity that increases aerodynamic roughness in ways that are not fully understood. A field study
on a mesotidal sandy beach with a scarped foredune (Calvert Island, British Columbia, Canada)
shows that LWD influences flow patterns and turbulence levels. Overall mean and fluctuating
energy decline as flow transitions across LWD, while mean energy is converted to turbulent energy.
Such flow alterations have implications for sand transport pathways and resulting sedimentation
patterns, primarily by inducing deposition within the LWD matrix.

Keywords: aeolian geomorphology; large woody debris; roughness elements; beach-dune
morphodynamics; foredune; turbulence; quadrant events; ultrasonic anemometry

1. Introduction

Natural roughness elements (e.g., plants, rocks, wrack, logs) protrude into the near-surface
flow field, increasing aerodynamic drag and extracting momentum from the wind as well as acting
as a physical barrier to aeolian sediment transport [1–5]. There are many studies on the effects of
porous and pliable roughness elements (i.e., grassy vegetation) on flow interactions and sediment
transport over coastal foredunes [6–13], as well as around discrete, artificial non-porous roughness
elements [11,14–16] and roughness arrays [17–19]. However, there remains a gap in understanding as
to how natural non-porous objects, like fallen trees and large woody debris (LWD), affect flow and
sedimentation on and in front of coastal foredunes [3,13,14,20].

Flow interactions around isolated, non-porous objects with simple shapes are well-studied and
relatively predictable [3,16,21–25] (Figure 1), although the resulting topographic changes are less well
understood [15]. Unidirectional horizontal flow around a three-dimensional cylinder (most closely
representing an upright tree stump) is characterized by flow separation, the creation of horseshoe
vortices extending downwind near the surface, and flow reversals in the lee of the object [15]. Lee flow
reversals create an area of converging flow with reduced velocity where shadow dunes form [16,26,27].
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McKenna Neuman and Bédard [15] demonstrated that scour, caused by flow acceleration around
the sides of the object, migrates windward as minor slope failures. Horseshoe vortices develop
as the scour region grows and converges, forming an erosional horseshoe-shaped trough [15,16].
Leenders et al. [28] measured a similar increase in wind speed around the base of single tree trunks.
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(aerodynamic roughness) and  (displacement height) per plant unit is shown. (Modified and 
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Examples of the effects of LWD on aeolian sand transport and erosion/deposition patterns on 
beaches include extensive upwind and lateral horseshoe basal scour (cf., [15]), which is common for 
highly exposed elements (Figure 3). However, accumulations of LWD in dense matrices are also 
common (Figure 4). Variations in LWD matrix shape, size, structure, density, orientation to 
incoming flow, height above the surface, and apparent porosity create complex flow-form 
interactions that alter flow characteristics and sediment transport pathways in unpredictable ways. 
Because of these effects, predicting flow patterns and sand supply to foredune systems laden with 

Figure 1. (Left) Conceptualization of coherent flow structures surrounding a wall-mounted cylinder
(Reproduced from McKenna Neuman and Bédard [15] p. 1827, originally from Pattenden et al. [29]).
Copyright 2005, with permission from Springer Nature. (Right) Resulting morphology after a
transporting event with height scale in mm (Reproduced from McKenna Neuman and Bédard [15]
p. 1829). Copyright 2015, with permission from John Wiley and Sons.

Research on arrays of non-porous roughness elements has revealed a complex relationship
between flow characteristics, sediment transport, and roughness density [17,19,30,31] Uniform
roughness array densities >44% (based on spacing pattern) can produce skimming flow [5,22] (Figure 2)
that has been shown to reduce the potential for sediment transport downwind of the array, in contrast
to isolated roughness elements that have localized influences [3].

Geosciences 2018, 8, x FOR PEER REVIEW  2 of 20 

 

acceleration around the sides of the object, migrates windward as minor slope failures. Horseshoe 
vortices develop as the scour region grows and converges, forming an erosional horseshoe-shaped 
trough [15,16]. Leenders et al. [28] measured a similar increase in wind speed around the base of 
single tree trunks. 

 
Figure 1. (Left) Conceptualization of coherent flow structures surrounding a wall-mounted cylinder 
(Reproduced from McKenna Neuman and Bédard [15] p. 1827, originally from Pattenden et al. [29]). 
Copyright 2005, with permission from Springer Nature. (Right) Resulting morphology after a 
transporting event with height scale in mm (Reproduced from McKenna Neuman and Bédard [15] 
p. 1829). Copyright 2015, with permission from John Wiley and Sons. 

Research on arrays of non-porous roughness elements has revealed a complex relationship 
between flow characteristics, sediment transport, and roughness density [17,19,30,31] Uniform 
roughness array densities >44% (based on spacing pattern) can produce skimming flow [5,22] 
(Figure 2) that has been shown to reduce the potential for sediment transport downwind of the 
array, in contrast to isolated roughness elements that have localized influences [3]. 

 
Figure 2. Flow regimes and associated theoretical wake development, shown in schematic plan and 
side view. Shaded areas are wake regions. The effect of different flow regimes on average  
(aerodynamic roughness) and  (displacement height) per plant unit is shown. (Modified and 
reproduced from Mayaud et al. [4], p. 142 under the Creative Commons attribution license). 

Examples of the effects of LWD on aeolian sand transport and erosion/deposition patterns on 
beaches include extensive upwind and lateral horseshoe basal scour (cf., [15]), which is common for 
highly exposed elements (Figure 3). However, accumulations of LWD in dense matrices are also 
common (Figure 4). Variations in LWD matrix shape, size, structure, density, orientation to 
incoming flow, height above the surface, and apparent porosity create complex flow-form 
interactions that alter flow characteristics and sediment transport pathways in unpredictable ways. 
Because of these effects, predicting flow patterns and sand supply to foredune systems laden with 

Figure 2. Flow regimes and associated theoretical wake development, shown in schematic plan
and side view. Shaded areas are wake regions. The effect of different flow regimes on average
zo (aerodynamic roughness) and d (displacement height) per plant unit is shown. (Modified and
reproduced from Mayaud et al. [4], p. 142 under the Creative Commons attribution license).

Examples of the effects of LWD on aeolian sand transport and erosion/deposition patterns on
beaches include extensive upwind and lateral horseshoe basal scour (cf., [15]), which is common
for highly exposed elements (Figure 3). However, accumulations of LWD in dense matrices are also
common (Figure 4). Variations in LWD matrix shape, size, structure, density, orientation to incoming
flow, height above the surface, and apparent porosity create complex flow-form interactions that alter
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flow characteristics and sediment transport pathways in unpredictable ways. Because of these effects,
predicting flow patterns and sand supply to foredune systems laden with LWD becomes increasingly
difficult. To date, there is no published research to quantify the impacts of a LWD matrix on airflow in
the vicinity of a coastal foredune.
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Figure 4. Photos of LWD deposits commonly found on beaches around the world. Photo (a) shows a
partially buried log with up- and down-wind sand ramps: Stewart Island, New Zealand; (b) shows
a dense matrix of logs with appreciable amounts of aeolian deposition common on open coasts in
British Columbia, Canada; (c) shows a matrix of LWD with near complete aeolian infilling in front an
established foredune that was scarped by as much as 1.5 m one year before the photo was taken. Photo
credits: (a) B. Bauer; (b) and (c) I. Walker.

The overall purpose of this study was to improve our understanding of the effects of LWD on
near-surface airflow fronting a coastal foredune. The approach was to study the aggregate effect of the
LWD deposit, rather than the properties and flow dynamics around individual roughness elements.
Three-dimensional airflow and turbulence properties were characterized during sand transport events
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along shore-perpendicular transects with and without LWD. This paper examines specifically the
influence of a recently emplaced LWD matrix on the flow dynamics fronting an established, scarped
foredune. On-going research is addressing the sediment transport results.

2. Materials and Methods

2.1. Study Site

The study site is located on Calvert Island, on the central coast of British Columbia, Canada
(Figure 5). The study was part of a collaborative research program on Coastal Sand Ecosystems in
partnership with the Hakai Institute. Weather data from a nearby meteorological station for 2012 to
2016 shows prevailing winds from the SE (obliquely alongshore), a unimodal resultant drift potential
(RDP), and a resultant drift direction of 317◦ derived using the Fryberger and Dean (1979) [32] model
and following the approach of Miot da Silva and Hesp [33]. The experiment was conducted on West
Beach, a 1 km wide embayed, shallow sloping (1.8◦ average intertidal slope), sandy beach bounded by
rocky headlands with a SE aspect (Figure 1). The West Beach foredune on the north end of the beach is
approximately 6.5 m tall and partially vegetated with stoss slope angles of 23◦ to 37◦ and a crestline
orientation of SE-NW (128◦|308◦). The foredune toe was incised by a 1 to 2 m scarp formed by a storm
on 10 March 2016. The beach is macro-tidal with a spring tide range of >4 m and has a low tide width
of 250 m and an effective fetch in the resultant drift direction of >500 m. D50 of beach-dune sediments
is 0.198 mm with a calculated transport threshold of 5.3 m s−1 [34]. The foredune is predominantly
vegetated by Elymus mollis and fronted by accumulations of LWD.
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Figure 5. Location of the study area (orange rectangle) on West Beach, Calvert Island, British Columbia,
Canada. Black overlay on the right shows the location of Calvert Island (blue star) in British Columbia.
The upper-right inset shows the location of orthophoto detail (blue square). The red dot shows the
location of the weather station used for the wind rose and drift rose (Figure 6) calculations.
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2.2. Experimental Setup

The experiment was conducted during 11–25 April 2016. Four shore-normal transects were
established that remained fixed, but only the results from two transects are discussed (Figure 6)
because the other two transects yielded consistent (duplicative) results. Shore-normal transects were
established following convention for aeolian studies on coastal beaches and in anticipation of localized
topographic steering of the regional wind field leading to oblique onshore winds. Transect (T1) was
located within the LWD matrix, and Transect 2 (T2) was the reference transect, which was cleared
of LWD to 4 m on either side of the transect (Figure 5). Two instrument stations were situated on
each transect, one on the flat upper beach and a second on the stoss slope of the foredune (Figure 7).
The stoss slope stations at T1 and T2 were both positioned 3 m landward of the scarp. The upper
beach stations were at 4.5 m seaward of the scarp along T1 but 7 m seaward of the scarp along T2 (the
reference station). During the experiment, T1 had different upwind LWD coverage due to changes in
the obliquity (156◦ average) of the incoming wind direction (Table 1), whereas the beach station at T2
was not sufficiently far outside of the LWD to not be influenced by this altered roughness effect.
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Figure 6. Aerial photo showing the location of transects 1 and 2 (T1, T2) as black lines and associated
LWD coverage. LWD coverage is defined as the amount of plan-view surface area covered by LWD,
extending 1 m on either side of the transect and 20 m seaward from the dune station. The arrow next
to the reference station (i.e., not under the influence of LWD) indicates the average incoming wind
direction at 1.5 m.

Table 1. Upwind LWD cover densities (%) based on average incoming wind direction of 28◦ (relative
to crestline) by transect (lines) and station location (dots).

Station Location Transect 1 Transect 2

Beach 13 0
Dune 27 1

Ultrasonic anemometers (3D Gill WindMaster) were used to sample wind velocity components
(u, horizontal; v, spanwise; and w, vertical). All instruments were horizontally-aligned with the +u axis
oriented offshore at 218◦ and +v axis alongshore at 128◦ SE (relative to true north; Magnetic Declination
of +17◦47′ East). All flow directions are presented relative to the dune crestline (0◦ alongshore,
90◦ onshore) unless otherwise noted. Each instrument station consisted of two 3D sonics mounted on
an aluminum frame at 0.5 m (inverted) and 1.5 m (upright) above the surface (Figure 8a,b). The 0.5 m
height placed the anemometer just above the average LWD height (approximately 0.25 m, measured
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from terrestrial laser scans) so as avoid complex eddy shedding in the wake of individual pieces
of LWD. Care was taken to clean the sensor nodes throughout the day and between runs to reduce
moisture and dust contamination.Geosciences 2018, 8, x FOR PEER REVIEW  6 of 20 
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All electronic instruments were hard-wired to Hobo® EnergyPro Data Loggers (Onset Computer
Corporation® part # H22-001) housed in weather-resistant cases adjacent to the transects. All data
were sampled and recorded at 1 Hz. Standard data conversion routines were applied following
manufacturers’ recommended guidelines.

2.3. Data Description and Analysis

The events examined in this study include a subset of eight 10-min runs from the 13 April and
15 April of 2016 (Figure 9). Runs were selected for analysis based on greatest sustained wind speeds,
limited directional deviation, and presence of transport activity. Although the transport data are not
described in this paper, the Wenglor activity records shown in Figure 9 were used solely in this paper
to identify periods when transport was most active. All anemometer data were normalized by the
data from T2B1.5 to portray relative spatial trends (normalizing equations are found in the respective
figure descriptions). Missing data during runs 6–8 are due to sensor malfunctions.
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Figure 9. Time series of incident wind speed (upper solid grey line with black 60 s running mean, upper
left axis, m s−1), direction (middle dashed grey line with black 60 s running mean, right axis, degrees),
and saltation intensity (bottom grey bars, bottom left axis, counts s−1) on 13 April (top graph) and
15 April (bottom graph). Wind speed and direction are from T2B1.5m and Saltation Intensity is from W1
(Figure 7). Runs are indicated on the top of each graph. The Wenglor (model YH08PCT8) laser particle
counter (80 mm path length, 0.6 mm beam width, laser sampling beam was placed 0.031 m above
the surface, located 5 m seaward from the LWD on T1, and aligned toward the incoming transport
direction of 150◦) was used to measure saltation intensity (counts −1).
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Velocity data from the sonic anemometers were rotated to account for yaw and pitch alignments
relative to the incident streamlines [4,35–37]. Yaw rotations used the following equations:

u1 = u cos α + v sin α (1)

vc = −u sin α + v cos α (2)

α = tan−1
(

V
U

)
(3)

in which u1 and vc are yaw adjusted values, alpha (α) is the time-averaged angle derived from U and
V, which are the time-averaged velocity vectors for the sampling interval.

The yaw rotation transforms the horizontal coordinates toward a resultant speed such that the
spanwise signal has zero mean. Pitch rotations used the following equations:

uc = u1 cos ϕ + w sin ϕ (4)

wc = u1 sin ϕ + w cos ϕ (5)

ϕ = tan−1
(

W
U1

)
(6)

in which uc and wc are pitch and yaw adjusted values. Phi (ϕ) is the angle of the incoming streamline
relative to the sensor plane (mounted horizontally) derived from U1, which is the mean horizontal
velocity in the streamwise direction after yaw rotation, and W is the time-averaged vertical velocity
vector from the original time series for the sampling interval. Fluctuating components (u′, v′, w′) were
calculated as follows:

u′ = uc −Uc (7)

v′ = vc −Vc (8)

w′ = wc −Wc (9)

in which Uc, Vc, Wc are the time-averaged velocity vectors for the sampling interval derived from the
yaw and pitch adjusted data.

Turbulent stresses and other flow parameters were then calculated from the rotated component
time series. Reynolds kinematic normal stresses (u′2, v′2, w′2) were calculated as the variance of the
velocity components (uc, vc, wc) using Equation (10) while the standard deviation was calculated as
the square root of the variance (VAR) using Equation (11):

VAR(uc) = (uc −Uc)
2 = u′2 (10)

σuc =
√

VAR(uc) =

√
u′2 (11)

Turbulent Kinetic Energy (TKE) (m2·s−2) quantifies the total kinetic energy of the fluctuating flow,
or how much the airflow deviates from its mean components, using Equation (12):

TKE =
1
2

[(
u′2
)
+
(

v′2
)
+
(

w′2
)]

(12)

Kinematic Reynolds stress (RSk) is the time-averaged covariance of the streamwise and vertical
fluctuating components, which characterizes the average vertical flux of streamwise momentum, using
Equation (13):

RSk = −u′w′ (13)

The parameterization in Equation (13) assumes that there is relatively little fluctuation in the
spanwise direction (e.g., as in a wind tunnel), but with natural flows across LWD, there can be
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significant spanwise wind energy. The horizontal kinematic Reynolds stress (RSHk) captures the degree
of correlation between the additional spanwise and vertical fluctuations using Equation (14) [3,35]:

RSHk =

√
u′w′

2
+ v′w′

2
(14)

Turbulence Intensity (in the streamwise direction) is characterized by the coefficient of variation
(CVuc ), which assesses the magnitude of wind speed fluctuations relative to the mean flow using
Equation (15):

CVuc =
σuc

Uc
(15)

For the sake of simplicity, all future references to u, v, w and U, V, W in this paper should be
considered as referring to the yaw and pitch adjusted values (with the subscripts dropped) unless
specifically noted.

Fluctuating velocity components (u′ and w′) were used to produce quadrant plots that show the
stress geometry of turbulent flow in graphical form (Figure 10).

Quadrant activity was classified as ‘significant’ if the stress event exceeded one standard deviation
(i.e., a hole size of H = 1) [38]. Thus, only large contributions to the Reynolds stress are considered
significant and included in the analysis (e.g., [39]).
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Figure 10. Quadrant plot with ±u′ and ±w′ axes. Quadrant 1 (Q1) is associated with outward
interactions (u′ > 0, w′ > 0), quadrant 2 (Q2) with ejections (u′ < 0, w′ > 0), quadrant 3 (Q3) with inward
interactions (u′ < 0, w′ < 0), and quadrant 4 (Q4) with sweeps (u′ > 0, w′ < 0).

3. Results and Discussion

3.1. Flow Dynamics over LWD

Flow properties over the LWD are compared to conditions over the beach with no LWD using
normalized quantities. All runs were averaged to establish a baseline from which to assess deviations
from the mean (normalized) state. For example, differences in time between the various runs can
be assessed relative to the overall mean for all runs, and similarly, the relative deviation of T1 away
from T2 for all runs provides an indication of the influence of LWD on flow dynamics. A summary of
observed flow properties averaged over the eight selected runs (Figure 9) is provided in Table 2 and a
complete list of flow properties for individual 10-min runs is found in Appendix A. Average incoming
wind speed at the reference station for all eight runs was 4.8 m s−1 while average incoming wind
direction was 28◦. Figure 11 is based on the data in Table 2 and portrays graphically the quantities at
T1 (LWD) in terms of the percent difference from T2 (the reference site with no LWD). Percentages
indicate a relative decrease (negative) or increase (positive) of flow quantities.

LWD fronting the foredune had a clear and measurable effect on flow over the upper beach and
was highly effective at altering flow characteristics measured at both 1.5 and 0.5 m (Figure 11). Overall,
there were consistent decreases in mean wind speed (S), spanwise normal stress (v′2), turbulent kinetic
energy (TKE) at T1 (with LWD) relative to T2 (without LWD). Similarly, there was a consistent increase
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in turbulence intensity (CVu) at T1. These differences in flow dynamics in the presence of LWD indicate
that the enhanced roughness exerts additional drag on the flow field, extracting energy from the mean
flow (i.e., decrease in S and TKE) and converting it to enhanced turbulent motion (i.e., increase in CVu).
Also noteworthy is the near 60% increase in w′2 on the beach resulting from flow deflection up and over
the LWD, despite the small magnitude of the vertical motions relative to the horizontal components.

Table 2. Average flow properties for all runs including surface slope angle and incident flow
angle (degrees), resultant 3D wind speed (S, m s−1), flow streamline angles (degrees), Normal
Reynolds stresses (u′2, v′2, w′2, m2 s−2), turbulent kinetic energy (TKE, m2 s−2), Horizontal kinematic
Reynolds stress (RSHk, m2 s−2), and coefficient of variation (CVu). Flow angle is relative to crestline
(0◦ alongshore, 90◦ onshore). Streamline angles and surface slope angles are relative to horizontal (0◦).

T1 (LWD) T2 (No LWD)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Surface slope angle (o) −4 −4 −23 −23 −4 −4 −37 −37
Flow angle (o) 24.5 29.8 24.6 28.6 26.8 28.2 32.7 30.1

Streamline angle (o) −3.6 −4.0 −8.7 −10.0 −0.3 −2.6 −16.3 −15.4
S 2.99 4.20 3.15 3.62 4.41 4.87 3.50 4.14

u′2 1.72 2.45 1.58 1.81 2.15 2.46 1.69 2.03
v′2 1.05 2.25 1.68 1.86 2.21 2.47 1.92 2.32
w′2 0.11 0.18 0.25 0.32 0.04 0.12 0.36 0.50

TKE 1.44 2.45 1.76 2.00 2.20 2.52 1.99 2.38
RSHk 0.16 0.17 0.49 0.47 0.16 0.22 0.72 0.78
CVu 0.56 0.47 0.53 0.46 0.38 0.37 0.46 0.41

Geosciences 2018, 8, x FOR PEER REVIEW  10 of 20 

 

 
Figure 11. Percent difference in normalized flow quantities over the beach (calculated as: (T1 − 
T2)/T2B1.5) between similar anemometer locations on T1 (LWD) and T2 (no LWD) over all runs and 
flow quantities: resultant 3D wind speed (S, m s−1), normal kinematic Reynolds stresses ( , , , 
m2 s−2), turbulent kinetic energy (TKE, m2 s−2), horizontal kinematic Reynolds stress ( , m2 s−2), and 
the coefficient of variation (CV ). (a) Beach 1.5 m; (b) Beach 0.5 m. 

LWD fronting the foredune had a clear and measurable effect on flow over the upper beach and 
was highly effective at altering flow characteristics measured at both 1.5 and 0.5 m (Figure 11). 
Overall, there were consistent decreases in mean wind speed (S), spanwise normal stress ( ), 
turbulent kinetic energy (TKE) at T1 (with LWD) relative to T2 (without LWD). Similarly, there was 
a consistent increase in turbulence intensity (CV ) at T1. These differences in flow dynamics in the 
presence of LWD indicate that the enhanced roughness exerts additional drag on the flow field, 
extracting energy from the mean flow (i.e., decrease in S and TKE) and converting it to enhanced 
turbulent motion (i.e., increase in CV ). Also noteworthy is the near 60% increase in  on the 
beach resulting from flow deflection up and over the LWD, despite the small magnitude of the 
vertical motions relative to the horizontal components. 

The 50% reduction in  at T1B0.5 can be attributed to two primary factors. First, the 
LWD-induced drag close to the sand surface reduces overall mean and fluctuating energy because 
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Figure 11. Percent difference in normalized flow quantities over the beach (calculated as:
(T1 − T2)/T2B1.5) between similar anemometer locations on T1 (LWD) and T2 (no LWD) over all
runs and flow quantities: resultant 3D wind speed (S, m s−1), normal kinematic Reynolds stresses
(u′2, v′2, w′2, m2 s−2), turbulent kinetic energy (TKE, m2 s−2), horizontal kinematic Reynolds stress
(RSHk, m2 s−2), and the coefficient of variation (CVu ). (a) Beach 1.5 m; (b) Beach 0.5 m.
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The 50% reduction in v′2 at T1B0.5 can be attributed to two primary factors. First, the LWD-induced
drag close to the sand surface reduces overall mean and fluctuating energy because the wind slows
down within the LWD matrix (Table 2). Second, spanwise fluctuations are subdued because the
individual logs act as physical barriers to lateral flow, and therefore the wind is directed up and over
the LWD. In this way, spanwise fluctuating energy is transformed into vertical fluctuating energy.
The strong increase in w′2 at T1B0.5 (Figure 12, bottom) supports this assertion.
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Figure 12. Beach (T1B and T2B) Quadrant plots (1 Hz) for all runs (80 min, n = 4800). Each plot 
includes data from all eight runs to better visualize the gross distribution of  components in the 
quadrant plots. However, only those fluctuations deemed to be significant (>1 standard deviation) 
are shown in the plots (total number in each quadrant is indicated by the values in the corners). The 
top right-hand corner also displays the mean incident flow angle (0° is alongshore, 90° is onshore), 
and wind speed (S) for all eight runs. 

Figure 12. Beach (T1B and T2B) Quadrant plots (1 Hz) for all runs (80 min, n = 4800). Each plot includes
data from all eight runs to better visualize the gross distribution of RSHk components in the quadrant
plots. However, only those fluctuations deemed to be significant (>1 standard deviation) are shown in
the plots (total number in each quadrant is indicated by the values in the corners). The top right-hand
corner also displays the mean incident flow angle (0◦ is alongshore, 90◦ is onshore), and wind speed (S)
for all eight runs.

The roughness drag induced by the LWD matrix created a strongly sheared flow zone between
the sand surface and the flow layer above the LWD matrix. However, net RSHk remained nearly the
same at T1 and T2 (Figure 11b). Wind speed and TKE were smaller at T1 by about 30%, indicating an
extraction of mean energy from the flow (Figure 11b). The quadrant plots (Figure 12) show that the
magnitude of w′ occurrences at T1B0.5, remained relatively small compared to the magnitude of u′,
despite a 60% increase in the absolute value of w′2 from T2 to T1. Even though the increase in w′ is
relatively small, it is visible on the T1B0.5 quadrant plot, which shows an orientation favoring a Q2:Q4
alignment. In contrast, RSHk is not affected as much as the other quantities at T1B0.5. The actual w′

values are simply so small relative to u′ that the contribution to RSHk from the increase in w′2 is minor
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and nearly balanced by the −13% decrease in u′2. Net RSHk therefore remains nearly unchanged
despite the increased drag and shear, and conversion of mean to turbulent energy.

LWD did not have the same effect on flow over the stoss slope of the dune. The majority of
changes on the dune are within 10% of the reference values and are generally less pronounced than
over the beach as documented in Figure 13 (thematically identical to Figure 11). Notable reductions
in w′2 and RSHk are most likely the result of the presence of a 1.8 m tall scarp on T2, rather than
the influence of LWD. The larger scarp on T2 generates greater vertical fluctuations (w′, Figure 14)
and disrupts flow modulations (e.g., topographically forced flow compression, acceleration, and
streamline curvature) that inhibit turbulent motions [14,25,40,41]. This influence makes attributing
changes to flow properties on the dune to the presence of upwind LWD problematic, and should not
be interpreted as absolute, but rather as a general characterization. Still, the minimal change to all
other flow properties suggests that characteristic flow modulations that occur in the presence of large
dunes are pronounced and dominate flow characteristics, regardless of the presence of LWD upwind
of the dune.
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Figure 13. Percent difference in normalized flow quantities over the stoss slope of the foredune
(calculated as: (T1 − T2)/T2B1.5) between similar anemometer locations on T1 (LWD) and T2 (no LWD)
over all runs and flow quantities: resultant 3D wind speed (S, m s−1), normal kinematic Reynolds
stresses (u′2, v′2, w′2, m2 s−2), turbulent kinetic energy (TKE, m2 s−2), horizontal kinematic Reynolds
stress (RSHk, m2 s−2), and the coefficient of variation (CVu ). Top: Dune-1.5 m (excludes incomplete
datasets from runs 6–8), Bottom: Dune-0.5 m.

The LWD had a more pronounced effect on the flow closer to the beach surface (at 0.5 m) than
immediately above the LWD matrix (at 1.5 m). Figure 15 shows the deviation of the change between
the T10.5 and T11.5 anemometers at the beach and dune stations relative to those on T2. A value
of zero (negative; positive) indicates the change between the T10.5 and T11.5 anemometers was the
same as (greater than; less than) the change between the T20.5 and T21.5 anemometers, even if the
absolute values between transects varied. Reductions in S, u′2, v′2, and TKE on the beach (shown in
Figure 15a) indicate that the drag effect induced by LWD is stronger closer to the surface. The LWD
was also effective at converting mean energy to streamwise turbulent energy at 0.5 m, based on the
increase in CVu. On the dune, all of the flow quantities increased, supporting the observation that flow
adjustments at 0.5 m were dominated by the presence of the dune and not the upwind LWD.
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Figure 15. Average normalized difference in flow quantities (calculated as: {(((T10.5 − T11.5) − (T20.5

− T21.5))/T2B1.5)} at height (0.5 m and 1.5 m) between T1 and T2 at the beach (a) and dune (b) using
the same flow quantities as in Figure 11. Data were normalized to the 1.5 m beach anemometer on T2
(T2B1.5) for each run. The dune values (b) exclude incomplete datasets from runs 6–8.

3.2. Flow Steering over LWD

Flow direction on the reference transect at the beach station (T2B1.5 and T2B0.5) shows minimal
deviation from the reference condition at T2B1.5 (Table 3). Flow across the dune profile along T2,
however, was steered towards crest normal, in agreement with previous research on oblique flow over



Geosciences 2018, 8, 147 14 of 20

a stoss slope [13,41–44]. In contrast, flow direction on T1, with LWD, was altered to a much greater
degree than along the reference transect with no LWD (Table 3). Results over T1 at both the beach and
dune locations varied by run and day. Runs 1–4 (13 April), with mean wind angle of 14◦, recorded
mostly onshore steering, while runs 5–8 (15 April), with mean wind angle of 38◦ (0◦ alongshore,
90◦ onshore), recorded alongshore steering at the same locations. Therefore, the predominantly
onshore flow was steered alongshore in a manner similar to deflection in the presence of a scarp [43],
whereas the obliquely alongshore flow was steered towards the dune, similar to findings from other
studies of flow over foredunes [8,41,45–47].

Table 3. Average flow direction deviation (degrees) by anemometer relative to T2B1.5. Negative values
indicate a more alongshore flow while positive values indicate a more onshore flow. T1D1.5 is missing
for runs 6–8 due to a sensor malfunction. † T2B1.5 shows the deviation of the average incoming
approach angle relative to the dune crest to show the obliquity of flow (bold italicized = reference).

T1 (LWD) T2 (No LWD)

Beach
(0.5 m)

Beach
(1.5 m)

Dune
(0.5 m)

Dune
(1.5 m)

Beach
(0.5 m)

Beach †
(1.5 m)

Dune
(0.5 m)

Dune
(1.5 m)

Run 1 −1 1 −8 −5 0 25 7 2
Run 2 10 11 12 9 0 23 4 0
Run 3 10 14 8 6 0 17 11 7
Run 4 14 16 11 10 −1 15 7 3
Run 5 −20 −10 −15 −12 −2 44 2 1
Run 6 −13 −5 −12 −3 33 2 1
Run 7 −10 −2 −10 −2 26 1 1
Run 8 −20 −11 −14 −2 42 3 1

It is possible that LWD on the beach contributed to the observed flow steering patterns, however,
the presence of a larger scarp and taller dune on T2 complicates any causal association. The LWD
matrix as arranged during this study was fairly low in height (<0.5 m) with few stacked logs resulting
in mostly shore-parallel or acute alignments (see Figures 6 and 8a), thus providing a short, non-porous
physical barrier that could steer flow alongshore. The drag-induced flow speed reduction over the
LWD at 0.5 m could create a pressure differential between the faster flow observed on the stoss slope,
thus steering alongshore flow toward the faster and lower pressure flow on the dune. However,
T1B was placed 3.5 m closer to the dune crest than the reference station T2B, which was intentionally
placed farther seaward to avoid effects of the taller scarp (+1 m) and dune (+2.5 m). As a result, the flow
steering over the LWD cannot be conclusively linked to the presence of LWD since the effects of T1B
being placed closer to the dune are unknown. Unfortunately, the incident flow angle for this study did
not vary more than 30◦ and additional data from multiple and highly variable wind approach angles
with similar landward dune characteristics is necessary to fully realize the effects of LWD matrices and
LWD orientation on flow steering.

3.3. Implications of Flow over LWD for Beach-Dune System Morphodynamics

Analysis of turbulent flow properties over LWD on the beach and on the dune stoss slope provides
the basis for a discussion of the potential implications for sand transport and dune morphodynamics.
The overall effect of the LWD matrix was to reduce near-surface wind speed, Reynolds Normal
Stress, and turbulent energy while simultaneously transferring energy from the mean flow field to the
fluctuating components, as shown by increases in CVu. The increased CVu demonstrates that the LWD
matrix facilitates a transfer of energy from the mean flow to the turbulent fluctuations. This cascade of
energy toward enhanced turbulence might suggest an increased capacity to transport sediment, but
values such as u′2, which have been shown to have a stronger role in sediment transport [9,14,48–51],
decreased over the LWD (Table 2). Similarly, the absolute reduction in streamwise fluctuations relative
to the increase in vertical fluctuations results in RSHk remaining nearly static. Therefore the LWD
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matrix acts effectively as a pseudo-stagnation zone in front of the dune, which can serve as a sink for
sediment deposition.

Changes to flow quantities downwind of the LWD indicate the potential for sediment transport
on the stoss slope of the dune despite the flow alterations caused by LWD on the beach. The increase in
w′2 and RSHk (Figure 15b) as well as Q2 and Q4 occurrences at T1D0.5 compared to T1D1.5 (Figure 14)
confirm that turbulent structures are conveyed toward the bed. The Quadrant occurrences are
consistent with the increase in RSHk as the Q2 and Q4 interactions contribute positively to Reynolds
stress. Turbulent structures conveyed toward the bed are the result of topographic forcing (i.e., flow
compression and streamline concavity) [52]. Thus, transport could still be active on the stoss slope of
the foredune (e.g., [9]) downwind of the LWD.

3.4. Limitations

As LWD matrices are inherently diverse and complex, and since the data collected during this
study span a relatively limited range of conditions, the conclusions are necessarily site and event
specific. It is important to remember that this study monitored wind speeds over a fairly limited
range, averaging 3.7 and 6.1 m s−1 gusting to 11.0 and 12.2 m s−1 which produced highly intermittent
and spatially variable sand transport that may not be representative of conditions during sustained
winds with greater energy. Further research is needed to fully capture the range of conditions that
may prove the importance of LWD in modifying wind and transport conditions across beach-dune
systems. In particular, variations in LWD matrix height, depth, density, and stage of infilling should be
measured to ascertain their effect on flow alterations.

Comparing flow over LWD to flow over a reference transect with no LWD is desirable, but
difficult to achieve in the field. Variations in dune height and topography, presence of a scarp (and
scarp height), vegetation density and variability, and the ability to clear the LWD make comparing
different locations on the beach problematic. Indeed, this study refers to T2 as the reference transect,
yet the highly alongshore nature of flow resulted in the T2 dune station being influenced slightly
by LWD, as evidenced by the coverage density in Table 1. Future experiments would likely benefit
from locating additional instrumentation within, up-, and down-wind of the matrix while referencing
changes in flow conditions relative to fully developed boundary layer flow over the beach, thus
eliminating impacts from variable morphology and the need for a transect with no LWD.

4. Conclusions

The effects of LWD on turbulent airflow over an embayed sandy beach-dune system were
investigated. Sonic 3D anemometry was used to quantify flow and turbulence quantities over and
through a LWD matrix (approximately 12 m wide and <0.5 m in height) fronting the foredune during
highly oblique alongshore flow and limited wind speeds. The main findings are:

• LWD acts as a highly effective flow modifier over the beach by inducing roughness drag that
serves to deflect the incoming flow upward and away from the surface. The absolute magnitude
of near-surface mean wind speed, turbulent kinetic energy, and Reynolds stress are reduced in the
presence of a LWD matrix. In addition, there is a transfer of energy from the mean flow field to
the turbulent fluctuations, such that the overall turbulence intensity increases along with a slight
shift in the quadrant geometry toward Q2/Q4 event activity. These flow modifications would
seem to favor sediment transport potential, but not so in light of the overall reductions in the
mean energy of the flow field. The effect of the LWD matrix on flow considered in this paper
does not include the localized flow patterns around individual pieces of LWD nor the substantial
physical barrier they present to saltating grains.

• Shore-parallel aligned LWD has the potential to cause alongshore flow steering of obliquely
onshore winds, although this depends on incoming flow angle. An alongshore flow steering effect
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of highly oblique incident winds could enhance the decoupling effect of beach and dune sediment
transport pathways described by Bauer et al. [42] minimizing landward transport [53].

• Downwind of the LWD, on the stoss slope of the dune, there is evidence of flow compression
and streamline concavity that conveys turbulent flow structures toward the bed. The presence of
these flow patterns suggests that flow downwind of a LWD matrix responds characteristically to
topographic forcing as would be expected in the absence of LWD, thus providing the potential for
sediment transport on the stoss slope of the dune.
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Appendix A

Summary of observed flow properties for each 10 min run including surface slope angle and
incident flow angle (degrees), resultant 3D wind speed (S, m s−1), flow streamline angles (degrees),
Normal Reynolds stresses (u′2, v′2, w′2, m2 s−2), total kinetic energy (TKE, m2 s−2), Horizontal
kinematic Reynolds stress (RSHk, m2 s−2), and coefficient of variation (CVu). Flow angle is relative to
true north. Streamline angles and surface slope angles are relative to horizontal (0◦).

T1 (LWD) T2 (No LWD)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

surface slope angle (o) −4 −4 −23 −23 −4 −4 −37 −37

13 April 2016
Run 1 (13:35:20–13:45:19)

Flow angle (o) 151 153 145 148 152 153 159 155
S 2.4 3.2 2.3 2.9 3.5 3.8 2.7 3.2

Streamline angle (o) −3 −3 −8 −10 0 −2 −16 −16
u′2 2.03 2.61 1.11 1.61 2.01 2.15 1.41 1.72
v′2 0.63 1.24 0.89 1.15 1.21 1.38 1.17 1.52
w′2 0.08 0.15 0.18 0.24 0.04 0.10 0.27 0.40

TKE 1.37 2.00 1.09 1.51 1.63 1.82 1.43 1.82
RSHk 0.11 0.08 1.61 0.31 0.09 0.10 0.47 0.57
CVu 0.67 0.57 0.53 0.50 0.43 0.41 0.52 0.47
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Table A0. Cont.

T1 (LWD) T2 (No LWD)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Run 2 (13:56:40–14:06:39)
Flow angle (o) 161 161 162 159 151 151 155 151

S 1.8 2.6 2.0 2.4 3.1 3.3 2.2 2.6
Streamline angle (o) −7 −3 −12 −10 0 −2 −15 −14

u′2 1.77 2.59 1.48 1.87 2.17 2.27 1.51 1.71
v′2 0.70 1.20 1.19 1.20 1.66 1.55 1.12 1.27
w′2 0.09 0.21 0.16 0.29 0.06 0.14 0.26 0.37

TKE 1.28 2.00 1.42 1.68 1.95 1.98 1.44 1.68
RSHk 0.19 0.04 1.87 0.25 0.16 0.13 0.43 0.47
CVu 0.96 0.77 0.87 0.72 0.54 0.51 0.68 0.61

Run 3 (14:43:50–14:53:49)
Flow angle (o) 155 158 152 150 144 144 155 151

S 2.6 3.5 2.6 3.2 3.9 4.2 3.0 3.5
Streamline angle (o) −6 −3 −10 −8 0 −1 −15 −13

u′2 2.37 3.86 2.27 3.39 3.46 3.76 2.30 3.02
v′2 1.15 1.97 1.91 1.99 2.66 2.82 1.67 1.90
w′2 0.13 0.23 0.27 0.49 0.07 0.20 0.39 0.70

TKE 1.83 3.04 2.23 2.94 3.10 3.39 2.18 2.81
RSHk 0.24 0.14 3.39 0.53 0.23 0.34 0.66 0.81
CVu 0.73 0.66 0.77 0.72 0.54 0.51 0.60 0.56

Run 4 (15:05:50–15:15:49)
Flow angle (o) 157 159 153 153 141 143 150 146

S 2.1 3.0 2.2 2.7 3.4 3.7 2.6 3.1
Streamline angle (o) −9 −3 −11 −7 0 −2 −12 −12

u′2 1.88 2.82 1.49 2.06 2.91 3.33 2.09 2.46
v′2 0.72 1.13 1.21 1.28 1.46 1.46 1.00 1.19
w′2 0.10 0.19 0.23 0.34 0.04 0.14 0.30 0.45

TKE 1.35 2.07 1.47 1.84 2.21 2.47 1.70 2.05
RSHk 0.27 0.06 2.06 0.30 0.12 0.15 0.45 0.48
CVu 0.75 0.62 0.71 0.61 0.54 0.53 0.62 0.57

15 April 2016
Run 5 (11:22:00–11:31:59)

Flow angle (o) 152 161 157 160 170 172 174 172
S 3.3 4.7 3.5 4.4 4.6 5.2 3.6 4.3

Streamline angle (o) −1 −5 −8 −11 −1 −4 −21 −20
u′2 1.19 1.42 1.11 1.39 1.05 1.29 0.92 1.14
v′2 1.02 2.26 1.81 2.30 2.27 2.63 2.17 2.63
w′2 0.11 0.14 0.23 0.30 0.03 0.09 0.32 0.42

TKE 1.16 1.91 1.57 2.00 1.67 2.01 1.70 2.10
RSHk 0.07 0.16 0.47 0.59 0.13 0.24 0.71 0.70
CVu 0.35 0.27 0.32 0.29 0.23 0.23 0.30 0.27

Run 6 (11:43:54–11:52:53)
Flow angle (o) 147 155 148 157 160 162 161

S 4.0 5.5 4.4 5.4 6.1 4.6 5.4
Streamline angle (o) −1 −5 −6 −1 −3 −17 −16

u′2 1.66 2.27 1.86 1.71 2.13 1.74 1.98
v′2 1.06 2.69 1.81 2.43 2.80 2.43 3.08
w′2 0.11 0.15 0.28 0.03 0.09 0.41 0.49

TKE 1.42 2.56 1.98 2.09 2.51 2.29 2.78
RSHk 0.14 0.27 0.65 0.18 0.24 0.96 0.97
CVu 0.34 0.29 0.33 0.25 0.25 0.31 0.28



Geosciences 2018, 8, 147 18 of 20

Table A0. Cont.

T1 (LWD) T2 (No LWD)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Beach
Lower
(0.5 m)

Beach
Upper
(1.5 m)

Stoss
Lower
(0.5 m)

Stoss
Upper
(1.5 m)

Run 7 (12:09:30–12:19:29)
Flow angle (o) 149 158 155 167 169 172 171

S 3.6 5.2 4.0 5.7 6.3 4.4 5.2
Streamline angle (o) −1 −5 −8 −1 −4 −20 −19

u′2 1.40 1.84 1.57 1.63 1.95 1.33 1.54
v′2 1.36 3.45 2.48 3.80 4.49 3.48 4.26
w′2 0.13 0.17 0.29 0.04 0.09 0.44 0.56

TKE 1.44 2.73 2.18 2.74 3.27 2.63 3.18
RSHk 0.12 0.29 0.73 0.24 0.35 1.06 1.22
CVu 0.35 0.28 0.34 0.24 0.23 0.29 0.26

Run 8 (13:31:00–13:40:59)
Flow angle (o) 144 152 144 152 154 155 155

S 4.1 5.8 4.2 5.6 6.2 4.9 5.7
Streamline angle (o) −1 −5 −6 0 −3 −15 −14

u′2 1.46 2.22 1.78 2.24 2.78 2.23 2.71
v′2 1.78 4.09 2.17 2.19 2.59 2.34 2.73
w′2 0.14 0.23 0.36 0.03 0.09 0.48 0.58

TKE 1.70 3.28 2.16 2.24 2.73 2.53 3.02
RSHk 0.15 0.36 0.71 0.14 0.20 1.05 1.15
CVu 0.32 0.27 0.34 0.28 0.28 0.33 0.30
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