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Dryland vegetation is often spatially patchy, and so affects wind flow in complex ways. Theoretical mod-
els and wind tunnel testing have shown that skimming flow develops above vegetation patches at high
plant densities, resulting in little or no wind erosion in these zones. Understanding the dynamics of skim-
ming flow is therefore important for predicting sediment transport and bedform development in dryland
areas. However, no field-based data are available describing turbulent airflow dynamics in the wake of
vegetation patches. In this study, turbulent wind flow was examined using high-frequency (10 Hz) sonic
anemometry at four measurement heights (0.30 m, 0.55 m, 1.10 m and 1.65 m) along a transect in the lee
of an extensive patch of shrubs (z = 1.10 m height) in Namibia. Spatial variations in mean wind velocity,
horizontal Reynolds stresses and coherent turbulent structures were analysed. We found that wind
velocity in the wake of the patch effectively recovered over �12 patch heights (h) downwind, which is
2–5 h longer than previously reported recovery lengths for individual vegetation elements and two-
dimensional wind fences. This longer recovery can be attributed to a lack of flow moving around the
obstacle in the patch case. The step-change in roughness between the patch canopy and the bare surface
in its wake resulted in an initial peak in resultant horizontal shear stress (sr) followed by significant
decrease downwind. In contrast to sr , horizontal normal Reynolds stress (u02) progressively increased
along the patch wake. A separation of the upper shear layer at the leeside edge of the patch was observed,
and a convergence of sr curves implies the formation of a constant stress layer by �20 h downwind. The
use of sr at multiple heights is found to be a useful tool for identifying flow equilibration in complex aero-
dynamic regimes. Quadrant analysis revealed elevated frequencies of Q2 (ejection) and Q4 (sweep)
events in the immediate lee of the patch, which contributed to the observed high levels of shear stress.
The increasing downwind contribution of Q1 (outward interaction) events, which coincides with greater
u02 and wind velocity, suggests that sediment transport potential increases with greater distance from the
patch edge. Determining realistic, field-derived constraints on turbulent airflow dynamics in the wakes of
vegetation patches is crucial for accurately parameterising sediment transport potential in larger-scale
dryland landscape models. This will help to improve our understanding of how semi-vegetated desert
surfaces might react to future environmental and anthropogenic stresses.
� 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The extreme nature of drylands means that semi-arid vegeta-
tion is often patchy and dynamic through time and space, due to
complex relationships between plants, soil and transport processes
(Meron et al., 2004; Wainwright, 2009; Bailey, 2011; Getzin et al.,
2014). Vegetation elements provide drag on the overlying airflow,
thus affecting wind velocity profiles and significantly complicating
aeolian dynamics on desert surfaces (Ash andWasson, 1983; Wolfe
and Nickling, 1993; Wiggs et al., 1994, 1995; King et al., 2005).
Shifts in vegetation structure resulting from grazing, fire and
climatic changes are known to have a significant impact on the
potential for sediment mobility (Li et al., 2008; Sankey et al.,
2012), and therefore have important implications for landscape-
scale change in many dryland systems (Thomas et al., 2005;
Wang et al., 2009; Stewart et al., 2014).

Patchy dryland vegetation modulates the erodibility of the sur-
face and the erosivity of the wind through three primary mecha-
nisms (Wolfe and Nickling, 1993). First, vegetation can directly
shelter sediment from the wind by covering a fraction of the sur-
face and providing a lee-side wake (e.g. Al-Awadhi and Willetts,
1999; Leenders et al., 2007). Second, vegetation acts to trap wind-
borne particles, thus reducing flux and providing loci for sediment
deposition (e.g. Gillies et al., 2000, 2014; Okin et al., 2006;
Davidson-Arnott et al., 2012). Finally, vegetation directly affects
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wind velocity profiles by acting as a form of roughness that results
in the growth of a boundary layer downwind (Greeley and Iversen,
1985).

The impact of boundary layer growth on meso-scale erosion
patterns depends strongly on the type of flow regime (Wolfe and
Nickling, 1993). When isolated roughness elements populate the
surface (<16% cover; Wolfe and Nickling, 1993), each plant sheds
turbulent eddies by diverting windflow around and above each
plant (Judd et al., 1996; Sutton and McKenna-Neuman, 2008;
Suter-Burri et al., 2013; Lee et al., 2014). This increases drag, thus
raising shear stress and the aerodynamic roughness (z0), and
potentially enhancing erosion locally (Ash and Wasson, 1983). An
arch vortex with a reverse surface flow direction can develop
directly downwind of individual elements, upwind of a flow stag-
nation region where the outer flow reattaches to the ground
(Sutton and McKenna-Neuman, 2008; Walter et al., 2012). In
wake-interference flow (c. 16–40% cover; Wolfe and Nickling,
1993), the increased drag and thus shear stress resulting from
the presence of multiple elements may only be partly absorbed
by the plants themselves, resulting in stress transference to the
inter-canopy surface and potentially greater sediment transport
(Breshears et al., 2009; Dupont et al., 2014). In the case of skim-
ming flow (>�40% cover; Wolfe and Nickling, 1993), the increased
drag from the vegetation acts to displace z0 upwards (establishing
a zero-plane displacement height, d), which simultaneously
extracts momentum from the surface wind and increases wind
shear stress above the canopy (e.g. Wasson and Nanninga, 1986;
Gillette and Stockton, 1989; Wiggs et al., 1994; Gillies et al.,
2002; Crawley and Nickling, 2003; Gillette et al., 2006; Dupont
et al., 2014). The absorption of additional stresses by the plants
therefore decreases the erosion potential at the surface. Fig. 1 dis-
plays the different flow regimes and their associated theoretical
wake developments.

Theoretical calculations (e.g. Raupach, 1992; Okin, 2008) and
experimental measurements (Minvielle et al., 2003; Leenders
et al., 2007; Youssef et al., 2012; Gillies et al., 2014; Wu et al.,
Fig. 1. Flow regimes and associated theoretical wake development, shown in schemat
regimes on average z0 (aerodynamic roughness) and d (displacement height) per plant
2013, p. 66).
2015; Mayaud et al., 2016) suggest that protective wakes down-
wind of individual vegetation elements extend to approximately
7–10 h (where h is the height of the element). Wind dynamics in
the wakes of more substantial vegetation patches, where skim-
ming flow is in operation, are less well studied, excepting some
wind tunnel studies (e.g. Burri et al., 2011; Youssef et al., 2012;
Suter-Burri et al., 2013) and a few field and modelling studies of
forest edges (e.g. Gash, 1986; Liu et al., 1996; Frank and Ruck,
2008). Belcher et al. (2003) provided a useful model for describing
the adjustment of a turbulent boundary layer to the step-change in
surface roughness represented by a forest patch, focusing mainly
on the above-canopy zone. Wind tunnel and modelling experi-
ments have also been conducted to understand flow behaviour
around backward-facing steps (e.g. Le et al., 1997; Wengle et al.,
2001), although these configurations often have more extensive
low-velocity zones and delayed reattachment points compared to
vegetated cases due to their almost parallel-to-wall streamlines.
To our knowledge no field-based study has characterised flow
recovery and turbulence in the wake of a real dryland vegetation
patch. This is a significant gap in the literature, given the increasing
evidence that high-frequency turbulence is an important driving
force behind aeolian sediment entrainment and transport in the
boundary layer (Butterfield, 1991; Sterk et al., 1998; Namikas
et al., 2003; Schönfeldt and von Löwis, 2003; Baas and Sherman,
2005; Leenders et al., 2005; Baddock et al., 2011; Weaver and
Wiggs, 2011; Wiggs and Weaver, 2012; Chapman et al., 2013).

Wind erosion models form a key part of our understanding of
sediment transport dynamics on partly vegetated surfaces, and
are crucial for assessing the potential vulnerability of dryland
regions to soil degradation (Okin et al., 2006; Ravi et al., 2011). A
wind erosion model presented by Okin (2008) recognises the
inherent irregularity of vegetation patterning in drylands, and
emphasises the controlling influence of the size of ‘gaps’ or ‘corridors’
in the vegetation structure. The Okin model assumes that plants
are porous objects, such that surface shear velocities in the wake
of plants can be greater than zero and recover asymptotically.
ic plan and side view. Shaded areas are wake regions. The effect of different flow
unit is shown (adapted from Wolfe and Nickling, 1993, p.57, and Suter-Burri et al.,
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Whilst the Okin model shows good agreement with aeolian sand
flux data at the plant/patch scale (Li et al., 2013; Sankey et al.,
2013), its parameterisation of shear stress recovery downwind of
a vegetated patch is based on two-dimensional wind fence and
drag plate data from Bradley and Mulhearn (1983). In reality,
two-dimensional fences represent a far simpler aerodynamic
problem than three-dimensional live plants (Leenders et al.,
2007), yet robust field data on the aerodynamic impact of vegeta-
tion patches is still lacking. Since changes to the distribution,
geometry and scale of patches are thought to have significant
effects on sediment transport and the evolution of dynamic
vegetated landscapes (Okin and Gillette, 2001; Bergametti and
Gillette, 2010; von Hardenberg et al., 2010; Sankey et al., 2012;
Stewart et al., 2014), it is important to parameterise patch-
induced skimming flow in models such as Okin’s (2008) as
accurately as possible.

This study aims to collect field-based, empirical data on the
recovery of turbulent wind flow in the lee of a live, three-
dimensional vegetation patch. Improved parameterisations of flow
turbulence and sediment transport potential in vegetation patches
in large-scale dryland landscape models are key for enhancing cur-
rent understanding of how semi-vegetated desert surfaces might
react to future environmental and anthropogenic changes.
2. Methods

2.1. Field site

The field study was carried out in the southwestern Kalahari
Desert in Namibia (Fig. 2), �4 km north of the Auob River
(25�2901500 S, 19�4003500 E). The experimental site was located in a
farmer’s field on raised, flat terrain populated mainly by Stipa-
grostis amabilis grasses and Rhigozum trichotomum shrubs. The
patch of vegetation chosen for this study was made up of dense
grass and shrub cover separated from a non-vegetated area by a
short, highly permeable wire fence. The vegetation patch on the
upwind side was approximately 70 m � 70 m, with a mean surface
cover of �80%, a mean height of 1.10 m and a standard deviation of
0.11 m (large shrubs) and 0.08 m (grasses). Mean surface cover and
height were assessed by recording the height and canopy width of
each plant within nine 4 m2 quadrats place at random locations
within the patch. Heavy grazing on the downwind side of the cattle
fence had resulted in a distinct patch of reduced vegetation cover,
which was raked to clear any remaining nonerodible elements for
the purposes of the experiment (Fig. 2b).
2.2. Experimental setup

Three 3D sonic anemometers (Campbell CSAT-3) were deployed
at the study site to collect wind velocity data (u, horizontal; v ,
spanwise; and w, vertical) at a sampling frequency of 10 Hz. A
mobile anemometer array (Fig. 2c) was erected with two sonic
anemometers fixed onto a mobile steel mast to allow the array
to be moved along a transect downwind of the patch edge, in
two setups. In setup 1, the anemometers were mounted at heights
of 0.30 m and 1.10 m. A height of 0.30 m corresponds to a balance
between capturing turbulence that occurs close to the surface,
whilst minimising the interference of saltating sand with the sonic
measurement path (Weaver and Wiggs, 2011). A height of 1.10 m
corresponds to the average element height (1 h) of the vegetation
patch. In setup 2, the anemometers were erected at heights of
0.55 m and 1.65 m, representing 0.5 h and 1.5 h of the average
patch height respectively. The downwind distance from the patch
edge, in terms of average patch height, is referred to as ‘hd’. The
mobile array was progressively moved downwind from the patch
edge, such that wind velocity was recorded at all four heights at
six locations: 1 hd, 4 hd, 7 hd, 11 hd, 15 hd and 20 hd.

A third anemometer was mounted at 1.40 m height (mean
patch height + 0.30 m) and placed 8 h (8.80 m) upwind and 30 h
(33.0 m) to the side of the measurement transect. By being located
above the vegetation patch to capture the skimming flow at the
same relative height as the near-surface measurements in the
patch wake (i.e. 0.30 m height), this third anemometer provided
reference wind data against which the mobile anemometry data
could be normalised. Fig. 2d demonstrates that this reference
reflected an undisturbed measurement of uniform flow over the
patch. The anemometers were all aligned parallel with the prevail-
ing wind direction and level in the horizontal plane. To ensure suf-
ficient data were acquired for subsequent analysis, each setup was
run for a minimum of 20 min.
2.3. Data analysis

Mean approach wind velocities as measured by the reference
anemometer during each measurement setup ranged from
2.57 m s�1 to 3.70 m s�1. In order to ensure that the airflow
detected at each measurement location had interacted with
roughly the same length of upwind patch (�70 m), the datasets
were filtered to exclude approach wind directions >5� from the
mean wind direction throughout the course of the experiment
(cf. Mayaud et al., 2016). Following the application of the 5� thresh-
old filter, the remaining datasets for each setup were 5.5–15.0 min
long, which is in accordance with the recommendations of van
Boxel et al. (2004) for capturing the full range of turbulent eddies
to accurately represent boundary layer processes. Since Reynolds
stress calculations are somewhat dependent on the interval length
used, calculations from 5.5-min subsets of longer measurement
runs were compared to those derived from the full run periods.
Results did not vary by more than ±1.3%. All wind flow parameters
were normalised by the appropriate measurement recorded simul-
taneously by the upwind reference anemometer at 1.40 m height.
Normalisation is indicated using the ‘norm’ subscript for each
parameter.

The sonic anemometer data were post-processed to correct for
any minor errors in aligning the anemometer heads into the mean
approach wind flow. The streamwise frame of reference was
rotated in accordance with the local streamline angle using yaw
rotation (cf. van Boxel et al., 2004; Walker, 2005; Weaver and
Wiggs, 2011; Chapman et al., 2012). Subsequent to yaw rotation
correction the average spanwise velocity was zero (�V = 0), and so
no further analysis of this component was undertaken. There is
much discussion in the literature (e.g. Lee and Baas, 2012) about
the necessity to correct for pitch in sonic anemometer datasets,
which forces the average vertical velocity to zero ( �W = 0). The pur-
pose of this study is to characterise the behaviour of wind flow hor-
izontal to the surface, rather than along the plane of the
streamlines, so pitch rotation was omitted here. The application
of roll rotation remains disputed practice for three-dimensional
flow over non-uniform terrain (Kaimal and Finnigan, 1994; Lee
and Baas, 2012), but the need for such a rotation is obviated by
accounting for the spanwise flow component when calculating
shear stress (see Eq. (1)).

The remaining velocity data were decomposed into their aver-
age (�U; �V and �W) and fluctuating (u0, v 0 and w0) components, from
which the horizontal (u02) and vertical (w02) components of Rey-
nolds stress were derived. The resultant horizontal shear stress
(sr), which is a more robust estimate of the total shearing force act-
ing on the surface than the traditionally-employed Reynolds shear
stress (s, or �u0w0), was calculated using both the streamwise and
spanwise shear (Lee and Baas, 2012):



Fig. 2. (a) Location map of the field site in the southwestern Kalahari Desert; (b) photograph of the experimental setup downwind of the vegetation patch; (c) schematic
diagram of the experimental setup (not to scale); (d) close-up of the reference anemometer.
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sr ¼ ðu0w02 þ v 0w02Þ1=2 ð1Þ
The local near-surface wind streamline angles along the wake

transect were calculated as:

h ¼ arctan
�W
�U

� �
ð2Þ

From these parameters, the incidence of coherent structures in
the flow was established using conditional-sampling quadrant
analysis (Lu and Willmarth, 1973). This technique defines four dis-
crete categories of momentum exchange based on the relative
signs of u0 and w0. Ejections (Q2 events; u0 < 0, w0 > 0) and sweeps
(Q4; u0 > 0, w0 < 0) contribute positively to the production of Rey-
nolds stress, whilst outward interactions (Q1; u0 > 0, w0 > 0) and
inward interactions (Q3; u0 < 0, w0 < 0) contribute negatively to
Reynolds stress (Smith, 1996). In order to isolate significant bursts
of turbulent stress from weaker background variability (Lapointe,
1992; Clifford and French, 1993), stress events of low magnitude
were removed from quadrant analysis using a threshold criterion
(H). Following previous studies (Bauer et al., 1998; Sterk et al.,
1998; Leenders et al., 2005; Weaver, 2008; Wiggs and Weaver,
2012; Mayaud et al., 2016), the size of H was chosen to be
equivalent to one standard deviation (r) of the resultant
horizontal shear stress (sr), such that a flow structure was only
classified if sr > �H. sr .

95% confidence intervals for the resultant horizontal shear
stress (srCI) and horizontal normal Reynolds stress (u02

CI) were
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established using the standard error of the mean around the rele-
vant parameters (adapted from Lee and Baas, 2016):

srCI ¼ 1:96

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ru0w0ffiffiffiffi

N
p

� �2

þ rv 0w0ffiffiffiffi
N

p
� �2

s
ð3Þ

u02
CI ¼ 1:96

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ru02ffiffiffiffi
N

p
� �2

s
ð4Þ

where N is the sample size. For normalised parameters, the total
confidence interval for each data acquisition was calculated by
summing the confidence intervals for both the local and reference
shear stress parameters.

Shear velocity (u�) can be related directly to the turbulent
momentum flux (Walker, 2005; Lee and Baas, 2016):

u� ¼ ðu0w02 þ v 0w02Þ1=4 ð5Þ
This relationship is important because it allows the aerody-

namic roughness length (z0) to be characterised using sonic
anemometer datasets at single heights, without the need for a full
velocity profile to be measured at multiple heights. The logarith-
mic profile for the inertial sublayer follows the ‘Law of the Wall’
(see King et al., 2005), which can be described by the Karman-
Prandtl velocity distribution:

uz

u�
¼ 1
j

ln
z
z0

ð6Þ

where uz is the mean wind speed at height z (m), and j is the von
Karman constant (dimensionless) equal to 0.4. By rearranging Eq.
(6) and substituting sr for u� (Eq. (5)), z0 can be estimated directly
from the resultant horizontal shear stress at a single height:

z0 ¼ z

ej
uffiffiffi
sr

p ð7Þ

The Law of the Wall is only valid in cases where the internal
boundary layer is in equilibrium with the surface roughness
(King et al., 2005). Therefore, the analysis based on Eqs. (6) and
(7) is only applied to data collected above the vegetation patch
(where the skimming flow is considered in equilibrium with the
patch roughness), and sufficiently far downwind of the reattach-
ment point in the lee of the patch, where the internal boundary
layer has grown in equilibrium with the desert surface.

In summary, our sonic anemometer data were employed to cal-
culate variations in mean wind velocity, turbulent stresses, and
coherent structures above and downwind of the vegetation patch.
Mean wind velocity changes allow simple interpretations of wind
flow recovery to be made, whilst turbulence parameters and coher-
ent structures provide a more detailed picture of how the airflow
structure varies at different points along the flow trajectory. In
conjunction with aerodynamic roughness calculations made in
zones where flow has equilibrated, these turbulence data can be
used to identify the growth of an internal boundary layer, which
has previously been shown to develop downwind of a step-
change in roughness.

3. Results

3.1. Mean wind velocity

Fig. 3 displays the spatial patterns of mean normalised wind
velocity (U) downwind of the patch. Normalised wind velocities
at each measurement location were interpolated using a
triangulation-based natural neighbour algorithm, with a grid spac-
ing of 0.1 m. The algorithm was chosen because it produced realis-
tic spatial features that were present using several other
commonly used interpolation algorithms, and without obvious
artefacts. Since the reference anemometer was placed at 1.40 m
height, normalised velocities are expected to stabilise below
U = 1.0 at the lowest measurement heights in the patch wake.

The contour plot (Fig. 3a) shows a distinct region of lower wind
velocity (U < 1.0) near the surface (<�0.7 h) until �6 hd. At average
patch height (i.e. 1 h) and above, there was a region of lower wind
velocity from 0 to 12 hd, followed by a marked zone of increased
velocity (U > 1.0) from 14 to 20 hd. These differences relative to
the reference anemometer likely result from the expansion of the
wind flow into the gap in the lee of the patch, and from the differ-
ent roughness represented by the patch compared to the bare sur-
face in its wake; these points are explored further in relation to
Fig. 4. The semi-logarithmic vertical profiles of U at each measure-
ment location (Fig. 3b) were noticeably kinked up to a distance of
15 hd, suggesting that airflow was disrupted, with a large amount
of retardation near the surface, to at least this distance downwind
of the patch edge.

Fig. 4 displays the best-fit normalised mean wind velocity
curves (U) in the patch wake. The data at the four measurement
heights were fitted using a saturating exponential function because
this generally describes the recovery of wind flow downwind of an
obstruction (Bradley and Mulhearn, 1983). Also presented is the
recovery rate published by Okin (2008, corrected in Li et al.,
2013) for parameterising surface shear stress downwind of a plant,
based on the wind fence and drag plate data of Bradley and
Mulhearn (1983).

The curves at 0.30 m and 0.55 m height were similar in shape,
recovering to �90% of their exponential saturation values (deemed
to represent effective flow recovery; Okin, 2008) at 12–13 hd. In
comparison, Okin’s (2008) curve recovers more quickly at �10 hd,
and reported windflow recovery distances downwind of solitary
elements are between 7 and 9 hd (Leenders et al., 2007; Gillies
et al., 2014; Wu et al., 2015; Mayaud et al., 2016). The recovery
curves at 1.10 m and 1.65 m height were much shallower than at
0.30 m and 0.55 m height due to a smaller initial leeside reduction
in wind velocity.
3.2. Turbulent stresses

Fig. 5 displays variations in normalised resultant horizontal
shear stress (srnorm), normalised horizontal normal Reynolds stress
(u02

norm) and streamline angle variations from the horizontal plane,
downwind of the patch edge. Vertical velocity variations were
roughly an order of magnitude smaller than the horizontal compo-
nents of flow in this study (cf. Sterk et al., 1998; van Boxel et al.,
2004; Leenders et al., 2005; Weaver and Wiggs, 2011; Mayaud
et al., 2016), so play only a very minor role in flow dynamics. Ver-
tical normal Reynolds stress (w02) data are therefore not presented
here.

Values of srnorm (Fig. 5a) were generally highest in the immedi-
ate lee of the patch, particularly at greater measurement heights,
and decreased with increasing downwind distance. Stress curves
at all heights converged further downwind, starting with the
curves at the two lowest heights around 15 hd, and progressive
convergence at greater heights. This indicates the progressive equi-
libration of the new internal boundary layer forming in response to
the smoother desert surface (Belcher et al., 2003). A constant stress
layer was observed at 20 hd, corresponding to the equilibrating
semi-logarithmic vertical profiles ofU shown Fig. 3b. This constant
stress layer displayed lower shear stress values than the constant
stress layer above the vegetation patch (i.e. srnorm < 1) due to the
lower surface roughness of the bare sand surface compared to
the vegetation. The impact of the changing surface roughness on
wind flow was also evident from shear velocity (u�) calculations



Fig. 3. (a) Contour plot of normalised mean wind velocity (U) at all measurement locations (in terms of patch height, h) downwind of the patch. Black circles represent
anemometer locations; (b) Vertical profile of U at the six measurement locations along the wake transect (note that x axis is logarithmic).

Fig. 4. Best fit regression lines for normalised mean wind velocity (U) at all measurement heights (0.30 m, 0.55 m, 1.10 m and 1.65 m) downwind of the patch. Error bars
represent the standard deviation of the mean. Also shown is Okin’s (2008; corrected in Li et al., 2013) parameterisation of reduced shear stress downwind of a plant.
Table displays function form for the general fitting models at each measurement height.
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(Eq. (5)), with u� = 0.46 m s�1 above the vegetation patch (corre-
sponding to an aerodynamic roughness (z0) of 0.022 m), and
u� = 0.24 m s�1 (z0 = 0.001 m) at 20 hd. In contrast to �u0w0

norm, val-
ues of u02

norm (Fig. 5b) were lowest in the immediate lee of the
patch and increased at greater downwind distances, broadly fol-
lowing the pattern of normalised wind velocity.

The change in airflow structure resulting from the patch/bare
surface transition can also be observed in the streamline angles
of the flow (Fig. 5c). Streamline angles were negative (i.e. the flow
was angled towards the surface as the air expanded into the void in
the lee of the patch) in the immediate lee of the patch until at least
4 hd. At 1 hd at 0.30 m height, horizontal wind flow was negative
for 11.2% of the time, implying that the downward movement of
air occasionally translated into bursts of flowmoving back towards
the patch, whereas at all other measurement locations (including
the above-patch reference anemometer) horizontal wind flow
was negative <0.01% of the time. Whilst this does not imply the
formation of a full recirculation zone, the low wind velocities in
the immediate lee of the patch likely create a zone of semi-
recirculation near the base of the vegetation (e.g. Hagen and
Skidmore, 1971; Cornelis and Gabriels, 2005; Sutton and
McKenna-Neuman, 2008; Lee et al., 2014). From 7 to 15 hd, stream-
line angles increased to �3�, likely resulting from the deflection of
downward-moving wind as the flow reattached to the surface.

Whilst shear stress and streamline angle variation in the airflow
is useful to some extent in characterising wind flow (see Section 4),
previous aeolian studies have highlighted the significance of the
coherency, or structured nature, of turbulence in the context of
plant canopies (e.g. Shaw et al., 1983; Yue et al., 2007) and dunes
(e.g. van Boxel et al., 2004; Leenders et al., 2005; Chapman et al.,
2012, 2013; Wiggs and Weaver, 2012). In order to segregate the
stress budget between different structures in the flow in the patch
wake, quadrant analysis (Lu and Willmarth, 1973; see Section 2.3)
was conducted.



Fig. 5. Variations in turbulence parameters downwind of the patch, at the four measurement heights: (a) normalised resultant horizontal shear stress (sr;norm); (b) horizontal
normal Reynolds stress (u02

norm); (c) streamline angle variation from the horizontal plane. Confidence intervals at the 95% level are shown as vertical bars.
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3.3. Coherent flow structures

Fig. 6 displays the frequency of occurrence of coherent struc-
tures (quadrant events) along the patch wake at the four measure-
ment heights. There was a sharp increase in the frequency of Q4
(sweep) events in the immediate lee of the patch, particularly
nearer the surface, where Q4 events constituted up to 61.8% of
the flow. From 0.55 m to 1.65 m height, there was a high frequency
of Q2 (ejection) events in the immediate lee. Q2 and Q4 events
were also very prevalent above the patch canopy. The dominance
of Q2 and Q4 events progressively decreased with greater down-
wind distance, and Q1 and Q3 event frequencies increased from



Fig. 6. Frequency of occurrence (%) of coherent structures along the patch wake, at the four measurement heights: Q1 = outward interaction (u0 > 0, w0 > 0), Q2 = ejection
(u0 < 0, w0 > 0Þ, Q3 = inward interaction (u0 < 0, w0 < 0), Q4 = sweep (u0 > 0, w0 < 0). Mean quadrant values above the patch are also shown for reference.

Table 1
Quadrant frequencies in unperturbed flow over bare, flat surfaces, as reported in
previous studies.

Study Measurement height
(m)

Quadrant frequency range (%)

Q1 Q2 Q3 Q4

Mayaud et al. (2016) 0.30 19–26 31–39 8–16 33–37
Weaver (2008) 0.30 19–22 31–33 16–19 29–32

1.50 19–23 32–36 18–22 22–27
Leenders et al. (2005) 2.0 23–27 22–33 11–18 33–36
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<15% in the immediate lee to reach 15–30% at most heights around
15–20 hd. The equilibration of flow was evident from the stabilisa-
tion of all quadrant curves by 20 hd, supporting evidence from the
measure variations in sr (Fig. 5). The quadrant frequencies at 20 hd

in this study are similar to previously reported quadrant frequen-
cies in unperturbed flow over bare, flat surfaces (see Table 1).
4. Discussion

A distinct near-surface region of lower wind velocity (U < 1.0)
was detected at several heights in the wake of our study patch
(Figs. 3 and 4). The longer recovery length downwind of the patch
(�12 hd) compared with isolated elements of equivalent height
reported in other studies (7–9 hd; Leenders et al., 2007; Gillies
et al., 2014; Wu et al., 2015; Mayaud et al., 2016) can be attributed
to a lack of flow moving around the patch. In contrast, isolated ele-
ments divert wind flow around their sides, leading to faster-
moving airflow that mixes with slower-moving flow in their wakes
via counter-rotating vortices and leads to more rapid recovery
(Sutton and McKenna-Neuman, 2008). In a numerical modelling
study designed to simulate airflow around forest edges, Liu et al.
(1996) also found that the effect of a forest patch on mean wind
velocity could be detected relatively far downwind, up to 22 hd.
Okin’s (2008) recovery curve is based on data from a two-
dimensional wind fence experiment where the change in rough-
ness was not sufficient to engender skimming flow, so the more
significant alteration to flow equilibrium in the patch case exam-
ined in this study understandably results in a longer recovery than
Okin’s curve. This could imply that the potential for sediment
transport downwind of a skimming flow regime is reduced com-
pared to isolated roughness and wake interference flow regimes.

The recovery curves at greater heights (1.10 m and 1.65 m)
were much shallower than at the surface due to a smaller initial
leeside reduction in wind velocity. Flow above the patch was
retarded relative to the bare surface due to the higher roughness
value of the vegetation, which resulted in wind velocities at aver-
age vegetation height (z = 1.10 m) increasing in relative terms
downwind of the patch. The observed slowdown in wind velocity
at 1.65 m height likely resulted from the static pressure at the
downwind edge of the patch increasing as a response to airflow
expanding into the un-vegetated zone below, as well as from the
difference in roughness (Belcher et al., 2003) represented by the
patch (z0 = 0.022 m) compared to the bare surface in its wake
(z0 = 0.001 m at 20 hd).

It should be noted that the range of mean reference wind veloc-
ities recorded during this study was relatively narrow (2.57–
3.70 m s�1). Several windbreak studies (e.g. Hagen and Skidmore,
1971; Wu et al., 2015) have shown that free stream velocity affects
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windbreak performance. In wind tunnel experiments conducted
over a range of wind velocities (5–12.5 m s�1 at an equivalent
real-world height of 10 m), Wu et al. (2015) showed that the zone
of reduced velocity in the immediate lee of a windbreak expands
by up to 3 hd (thus leading to a decreased recovery rate) as the
free-stream velocity increases. Using wind data at 20 hd of our
study patch, where the airflow was broadly in equilibrium with
the bare surface, the wind shear velocity (u� = 0.24 m s�1) and
the aerodynamic roughness (z0 = 0.001 m), Law of the Wall
assumptions suggest that wind velocities at 10 m height (cf.
Hagen and Skidmore, 1971; Wu et al., 2015) were �5.5 m s�1 dur-
ing our experiment. This value is at the lower end of Wu et al.’s
(2015) experimental conditions, which could mean that airflow
recovery observed in the wake of our study patch may differ
slightly at higher wind velocities. However, since the non-
uniform turbulent flows measured in this study likely have high
Reynolds numbers, an increase in wind velocity is unlikely to result
in major changes to the wake structure.

Alongside characterising mean wind velocity, the impact of veg-
etation on driving flow turbulence must also be considered. High
shear stresses observed at multiple heights in the immediate lee
of the patch (Fig. 5a) were likely a result of airflow at the surface
accelerating in response to the lack of vegetation and skimming
flow expanding into the leeside void, leading to a growth of an
internal boundary layer (Greeley and Iversen, 1985; Wiggs et al.,
1994, 1996). The change in wind structure was evident from the
kinked profiles in Fig. 3b, as the flow re-equilibrated to the new
roughness. Flow above the mean patch height (>1.10 m height)
was still responding to the quasi-stable above-canopy drag
induced by the vegetation (Belcher et al., 2003; Tischmacher and
Ruck, 2013), up until 4–7 hd. Nearer the surface, the rapidly declin-
ing shear stress indicated a separation of the upper shear layer, as
previously reported above porous wind fences (e.g. Kim and Lee,
2002). Further downwind, the convergence of stress curves at all
heights and the decline in aerodynamic roughness length suggests
that the new internal boundary layer forming in response to the
smoother surface was progressively equilibrating. The z0 measured
at 20 hd of our study patch (�0.001 m) was very similar to that
measured by Wiggs et al. (1994) above a bare, burnt surface in
the Kalahari (0.002–0.003 m). Above the study patch, our calcu-
lated z0 (0.022 m) was roughly an order of magnitude lower than
Wiggs et al.’s (1994) calculated z0 (0.2 m) above a vegetated sur-
face (z = 0.8–1.0 m), most likely because flow at their vegetated
site had not developed into skimming flow.

The changing distributions of quadrant events (Fig. 6) along the
measurement transect provide context for the Reynolds stress pat-
terns identified in Fig. 5. The high prevalence of Q2 and Q4 events
in the lee contributed positively to sr calculations, and thus
account for the peak in sr in this region (Fig. 5a). Meanwhile, the
increasing occurrence of Q1 events downwind can be linked to
the observed increase in u02 along the wake (Fig. 5b), since outward
interactions are partly defined as positive deviations away from
mean horizontal flow. The relative changes in turbulent structure
proportions resulting from the presence of vegetation are impor-
tant to quantify, because of the role they are understood to play
in driving sediment transport. In the fluvial domain, a turbulent
‘bursting process’ (relatively greater occurrence of Q2 and Q4
events), has been shown to be a key determinant of transport
(Best and Kostaschuk, 2002), but there is evidence that aeolian sed-
iment transport is better associated with turbulent structures char-
acterised by a positive streamwise fluctuating velocity (u0 > 0, Q1
and Q4 events) (e.g. Sterk et al., 1998; Schönfeldt and von Löwis,
2003; van Boxel et al., 2004; Wiggs and Weaver, 2012; Chapman

et al., 2013). This is why the u02 parameter, which directly accounts
for streamwise variability, is often better correlated with sediment
transport than Reynolds shear stress (Wiggs and Weaver, 2012).
The difference between aeolian and fluvial turbulent processes
driving sediment transport is likely to be due to the greater dispar-
ity in density ratio between sand particles and wind compared
with water (Wiggs and Weaver, 2012).

Whilst no direct links can be made between horizontal turbu-
lence and sediment transport in this study, there is increasing evi-
dence that some turbulent stresses are important driving forces for
aeolian sediment entrainment and transport in complex flows
(Butterfield, 1991; Sterk et al., 1998; Schönfeldt and von Löwis,
2003; Leenders et al., 2005, 2007; Baddock et al., 2011; Weaver
and Wiggs, 2011; Wiggs and Weaver, 2012; Chapman et al.,
2012, 2013). Given that the wind flow in the immediate lee of
the patch did not exist as a well-developed equilibrium boundary
layer, it is not possible to interpret the sediment transport poten-
tial in this zone (Schlichting, 1955). It has been argued that only
the shear stress measured directly at the surface (e.g. using Irwin
sensors) can provide information on erosion potential in non-
equilibrium conditions (Walter et al., 2012). However, as the flow
equilibrated downwind of the reattachment point, the relative
increases in Q1 events, wind velocities and u02 suggest that sedi-
ment transport could develop downwind of the flow recovery
zone.
5. Conclusion

Results from this study show that in the wake of a vegetation
patch that is extensive and dense enough to produce skimming
flow, wind velocity effectively recovers by �12 hd. This is 2–5 h
longer than previously reported recovery distances for individual
vegetation elements and two-dimensional wind fences (e.g.
Raupach, 1992; Minvielle et al., 2003; Leenders et al., 2007; Okin,
2008; Gillies et al., 2014; Mayaud et al., 2016), which can be attrib-
uted to a lack of faster flow moving around the obstacle in the
patch case.

The use of sr measurements at multiple heights was shown to
be a useful tool for characterising airflow structure across the
patch/bare surface transition. The step-change in roughness
between the patch canopy and the bare surface, evident from the
difference in aerodynamic roughness (z0) above the patch
(z0 = 0.022 m) compared to 20 hd (z0 = 0.001 m), caused an initial
peak in resultant horizontal shear stress (sr) as the skimming flow
expanded into the leeside void, followed by a large reduction in sr
as a new internal boundary layer grew. The convergence of sr
across all measurement heights implied the formation of a con-
stant stress layer (i.e. equilibration) by 20 hd.

Quadrant analysis identified elevated frequencies of Q2 (ejec-
tion) and Q4 (sweep) events in the immediate lee of the patch,
which accounts for high sr in this region and a potential enhance-
ment to the ‘bursting process’ in the lee. Whilst it is not possible to
directly link the turbulent wind flow parameters reported in this
study to sediment transport, the increasing contribution of Q1
(outward interaction) events along the patch wake, coinciding with
increasing u02 and wind velocity, suggests that sediment transport
potential most likely increases with greater distance from the
patch edge.

By providing the first field-based dataset of wind flow in the
wake of a real vegetation patch, this research builds on existing
parameterisations to better constrain the effects of vegetation on
turbulent wind dynamics. Since shifts in vegetation structure
relating from environmental and anthropogenic stresses such as
grazing, fire and climatic change could significantly impact sedi-
ment mobility in semi-arid regions (Okin and Gillette, 2001;
Sankey et al., 2012), it is vital to improve our understanding of
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the aerodynamic behaviour of patchy vegetation. The new data
presented here can be integrated into wind erosion and landscape
evolution models, in order to better understand the potential
response of semi-vegetated surfaces to future environmental and
anthropogenic stresses.
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