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Abstract A large-eddy simulation study was performed to characterize turbulence in sparse,
row-oriented canopies. This was accomplished by simulating a set of heterogeneous row-
oriented canopies with varying row vegetation density and spacing. To determine the effects
of heterogeneity, results were compared to horizontally homogeneous canopies with an equiv-
alent ‘effective’ leaf area index. By using a proper effective leaf area index, plane-averaged
mean velocities and bulk scaling parameters contained only small errors when heterogeneity
was ignored. However, many cases had significantly larger second- and third-order velocity
moments in the presence of heterogeneity. Some heterogeneous canopies also contained dis-
persive fluxes in the lower canopy that were over 20 % as large as the turbulent flux. Impacts
of heterogeneity were most pronounced in the cases of large row leaf area density and widely
spaced rows. Despite the substantial amount of open space in the sparse canopies, vertical
velocity skewness and quadrant-hole analysis indicated that the flow behaved predominantly
as a canopy layer even though integral length scales at the canopy top no longer followed
mixing-layer scaling. This was supported by the fact that similar composite-averaged coherent
structures could be readily identified in both the heterogeneous and homogeneous canopies.
Heterogeneity had an effect on coherent structures, in that structure detection events were
most likely to occur just upwind of the vegetation rows. In simulations with large row spac-
ing, these structures also penetrated deeper into the canopy when compared to the equivalent
homogeneous canopy.
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370 B. N. Bailey, R. Stoll

1 Introduction

The exchange of momentum between the atmosphere and vegetative canopies plays an impor-
tant role in many atmospheric processes. Near the land surface, the presence of the canopy
has a strong influence on the transport of momentum, heat, moisture, and the distribution and
concentration of particles and pollutants. The density of canopies plays a critical role in the
characteristics of these transport processes in and above the canopy (Finnigan 2000; Poggi
et al. 2004a; Dupont and Brunet 2008; Huang et al. 2009).

Many researchers have studied momentum and scalar transport in crop and forest canopies
grown in dense arrangements where the mean spacing between individual plants is smaller
than the plant height (e.g., Finnigan 2000; Cescatti and Marcolla 2004; Poggi et al. 2004a,b;
van Hout 2007; Thomas and Foken 2007; Yi 2007; Cava and Katul 2008; Dupont and Brunet
2008; Finnigan et al. 2009). Similarly, windbreak/shelterbelt flows where canopy elements are
effectively isolated have also received considerable attention (e.g., Wilson 1985; Wang and
Takle 1995; Judd et al. 1996; Patton et al. 1998). However, many perennial crops are grown
in moderately sparse, row-oriented arrangements, the classical example being a grapevine
canopy. These types of canopies lie in an intermediate range between dense canopy arrange-
ments and isolated windbreaks. Increasingly, many perennial crops traditionally grown in
dense canopy arrangements are undergoing transition to sparse, row-oriented canopies (Lauri
2009; Talaie et al. 2011). This has been driven by recognition of the benefits of increased
sun exposure (e.g., Tarara et al. 2005) as well as current and future interest in mechanized
harvesting methods. In addition, many row-oriented annual crop canopies that are dense
when mature are sparse early in their growth cycle (e.g., corn, tomatoes). In forestry systems,
selective logging practices can also result in sparse canopies (Novak et al. 2000). Despite
the prevalence and importance of sparse canopies, relatively little is known about how the
architecture of these canopies affects the transport of momentum and scalars in and above
them. This information is critical towards improving the understanding of how canopy drag
on plants is affected by canopy architecture, how pollen and airborne plant pathogens move
through canopies, and how canopy architecture affects the transport of heat, water vapour,
and carbon dioxide.

Past studies of flow dynamics in dense canopies have identified important features that
dominate the production and dissipation of energy: highly coherent turbulent motions with
length scales on the order of the canopy height that appear to dominate turbulent fluxes
near the canopy (Finnigan 2000), and short-circuiting of the turbulent energy cascade in
the canopy due to small-scale canopy element vortex shedding (Poggi et al. 2004b; van
Hout 2007; Cava and Katul 2008). These features combine in a non-linear way, resulting
in high turbulence intensities and intermittency that contribute to a generally poor under-
standing of the link between small-scale and large-scale flow features (Poggi et al. 2004b).
The mixing-layer analogy has been a particularly popular explanation for the intermittency
of canopy turbulence and the existence of canopy-scale coherent structures (Raupach et al.
1996; Finnigan 2000; Finnigan et al. 2009). Experimental and numerical studies have con-
cluded that this analogy breaks down when the canopy density falls below a critical value
(Novak et al. 2000; Dupont and Brunet 2008; Huang et al. 2009). One explanation given for
this is that the canopy flow undergoes transition from a mixing-layer dominated flow to a
rough-wall boundary-layer dominated flow (Huang et al. 2009). A second related explana-
tion based on experimental data is that, as canopy density decreases, the spacing between
canopy elements (e.g., trees) becomes more important (Novak et al. 2000). These explana-
tions have remained mostly conceptual and have yet to address the role of canopy organization
(i.e., specific geometry). Instead, the focus of studies examining canopy density has either
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been on simulations of continuous, horizontally homogeneous canopies (Dupont and Brunet
2008; Huang et al. 2009) or wind-tunnel and water-channel studies of closely spaced
arrays of cylinders (Novak et al. 2000; Poggi et al. 2004a). All these studies demonstrated
a clear dependence of turbulence statistics on canopy density. The experimental studies
(Novak et al. 2000; Poggi et al. 2004a) also found evidence of a direct impact of horizon-
tal canopy geometry on flow dynamics. Novak et al. (2000) showed that turbulent integral
length scales in the canopy have a dependence on the spacing between canopy elements.
Poggi et al. (2004a) found an increase in spectral energy at length scales corresponding to the
element diameter, which they associated with spectral short circuiting. The numerical stud-
ies examining canopy density effects represented the canopy as horizontally homogeneous,
therefore, they did not include any possible effects of horizontal canopy heterogeneity. Some
numerical studies have indicated an importance of representing horizontal canopy geometry
(Yue et al. 2007; Bohrer et al. 2009; Schlegel et al. 2012). The study of Bohrer et al. (2009)
demonstrated that randomly distributed tree-scale heterogeneity affects mean canopy flow
scaling parameters and the structure of the canopy velocity field in the canopy roughness
sublayer.

In windbreak/shelterbelt flows, the effects of an individual plant structure are localized
to the region near the windbreak. These flows are commonly characterized by an upwind
freestream region, a region in which the flow field is modified from its freestream state, and a
downwind region in which the flow field has approximately recovered to its freestream state
(Plate 1971). The dominant turbulent motions are thought to be coherent eddies produced
at the windbreak top, which are analogous to the coherent motions of a spatial mixing layer
(Zhuang and Wilson 1994). Although much less frequently examined, flows consisting of
an array of equispaced windbreaks have also been studied (McAneney and Judd 1991; Judd
et al. 1996; Patton et al. 1998; Wilson and Yee 2003). For sufficiently small spacing intervals
(!20–30 windbreak heights; Plate 1971), the flow does not return to an equilibrium state
between successive windbreaks. In this case, the mean flow field consists of standing wave-
like structures with a period equal to the windbreak spacing (Wilson and Yee 2003). The
structure of forest edge/clearing flows has many similar features to windbreak flows. They can
be essentially considered as a very thick windbreak. At the forest-clearing interface, the flow
field experiences an abrupt transition, followed by a recovery zone that extends around 20–30
canopy heights downstream. As has often been observed behind windbreaks, recirculation
zones are commonly found in the wakes of a forest-to-clearing transition (Cassiani et al.
2008; Huang et al. 2011). When present, the recirculation zone is likely to have a substantial
impact on scalar dispersion.

Our study seeks to examine the flow dynamics within canopies of intermediate sparse-
ness, or canopies that lie between the relatively well-studied dense or ‘closed’ canopies and
isolated windbreaks/shelterbelts. The objective of the study is to understand how canopy
architecture interacts with the flow field to determine momentum fluxes and the general
structure of turbulence in and above sparse, organized canopies. In particular, the case
of a two-dimensional (2D) row-oriented canopy, characteristic of perennial crops trained
using a trellis system, is explored. This is accomplished using large-eddy simulation (LES)
that approximately resolves the canopy geometry. The simulations were used to provide
insight into general flow behaviour of sparse canopies, as well as to determine the effect
of varying row leaf area density (LAD) and row spacing on flow statistics and the struc-
ture of the turbulent flow. To understand the importance of resolving the general structure
of the canopy, the results are contrasted with simulations that neglect horizontal canopy
heterogeneity.
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1.1 Large-Eddy Simulation of Canopy Flow

Large-eddy simulation has become a popular tool for the study of canopy-flow dynamics
(Shaw and Schumann 1992; Kanda and Hino 1994; Patton et al. 1994; Su et al. 1998; Watanabe
2004; Yue et al. 2007; Dupont and Brunet 2008; Bohrer et al. 2009; Finnigan et al. 2009;
Huang et al. 2009). LES solves the low-pass-filtered Navier–Stokes equations, where the filter
removes turbulent motions with length scales smaller than a characteristic filter width, ∆.
This method allows for control of meteorological conditions and canopy geometry, and has
advantages over other approaches such as K-theory and field or wind-tunnel experiments in
that it provides three-dimensional, time-resolved velocity fields with high spatial resolution.

Although LES has provided significant contributions to the understanding of turbulence
structure in dense canopies (e.g., Watanabe 2004; Fitzmaurice et al. 2004; Huang et al. 2009;
Finnigan et al. 2009), sparse canopies have received considerably less attention. Tradition-
ally, LES models of canopy flow treat the canopy as continuous, horizontally homogeneous
volumes of vegetation under the assumption that energetic eddies are much larger than the
length scales of vegetative elements (e.g., Dwyer et al. 1997; Patton et al. 2003; Huang et
al. 2009; Finnigan et al. 2009). However, as the mean spacing between vegetative elements
becomes larger, the assumption of the canopy being horizontally homogeneous becomes
suspect (Novak et al. 2000; Yue et al. 2007; Bohrer et al. 2009). In these canopies, the inter-
action between vegetative elements and open air likely has some effect on flow in the canopy,
although the overall importance of these interactions is not currently well understood. It
is possible that accounting for large-scale voids between vegetation may be important in
capturing trends in flow statistics as the canopy becomes sparse.

In LES of canopy flow, the effects of the canopy are commonly represented by the addition
of a drag term in the filtered momentum equation. This drag term arises because the direct
influence of individual canopy elements (e.g., leaves, branches) is not explicitly resolved
(Raupach and Shaw 1982; Finnigan and Shaw 2008). Traditionally, the drag force term is
assumed to be a function of a spatially uniform drag coefficient, the local leaf area index
(a function of height only), and the square of the local wind speed (Shaw and Schumann
1992). This force is then partitioned in each coordinate direction by the local wind velocity
components.

Previous researchers have questioned the assumption of horizontal heterogeneity and have
used various methods to improve the representation of canopy structure. Patton et al. (1995)
was perhaps the first to use LES and resolve canopy heterogeneity. This study found that for
a dense canopy with flow orthogonal to the row direction, various canopy representations
yielded nearly identical horizontally-averaged statistics. Yue et al. (2007) performed LES
of a relatively dense corn canopy where the spatial arrangement of individual plants was
approximately resolved and drag from stems and leaves was accounted for independently.
Their numerical representation of plant elements had an impact on horizontally-averaged
statistical profiles, as well as on turbulence structure, although it is unclear whether these
differences arose from resolving spatial canopy structure or from the representation of drag.
Bohrer et al. (2009) also decomposed the canopy drag force into stems and leaves and reduced
the volume and cell-surface area for grid cells that contained tree stems. The reduced cell
surface areas and volume provided a mechanism to represent realistic flow acceleration or
deceleration in the canopy trunk space. Bohrer et al. (2009) found that their canopy model
produced mean turbulence statistics in good agreement with observations but they did not
examine the difference between their model and a more traditional horizontally homogeneous
canopy representation.
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2 Numerical Simulation

The LES numerical code used in this study is described in detail in Stoll and Porté-Agel
(2006a, 2008), and only a brief description of the main features is given here. The numerical
treatment solves the rotational form of the low-pass filtered Navier–Stokes equations

∂ ũi

∂t
+ ũi

!
∂ ũi

∂x j
− ∂ ũ j

∂xi

"
= −∂#p∗

∂xi
− ∂τi j

∂x j
+ Fi + Di , (1)

where, the tilde (˜) denotes the LES filtering operation at filter width ∆, ũi (using index
notation: 1 = u = streamwise, 2 = v = spanwise, 3 = w = wall-normal) is the filtered
velocity component in the i th direction, xi = x, y, z is the spatial coordinate in the i th
direction, p̃∗ = p̃ + 1

2 ũ j ũ j is the filtered dynamic pressure, Fi is a general forcing term, Di
is the drag force imposed on the flow as a result of canopy elements, and τi j is the subgrid-
scale (SGS) stress tensor defined as τi j = !ui u j − ũi ũ j . In Eq. 1 the effects of viscous,
buoyant, and Coriolis forces have been neglected. Due to the high Reynolds numbers in
the canopy sublayer and the focus on near-canopy dynamics, viscous and Coriolis forces are
expected to be small and are therefore assumed to be zero. Likewise, although thermal effects
might play an important role in canopy momentum transport, they are neglected as they are
not a focus of the study.

The SGS stress τi j must be parametrized as a function of the resolved velocity field.
In this study, the SGS stress is modelled using the scale-dependent Lagrangian dynamic
Smagorinsky model developed by Stoll and Porté-Agel (2006a). This model dynamically
adjusts the SGS model coefficients along fluid particle trajectories making it ideally suited
for LES of complex canopy flows. Previously, it has been successfully applied to other
horizontally heterogeneous flows including surface roughness transitions under neutral and
thermally stratified conditions (Stoll and Porté-Agel 2006a, 2009) and for flow over sinusoidal
hills (Wan et al. 2007).

The domain of size Lx×L y×Lz is discretized onto a uniform grid of spacing∆x , ∆y, ∆z .
The grid is staggered in the vertical direction and collocated in the horizontal directions.
Horizontal derivatives are computed using a Fourier pseudospectral differencing scheme, a
popular method for LES of both homogeneous and heterogeneous canopies (Patton et al.
1998; Yang et al. 2006a,b; Yue et al. 2007; Cassiani et al. 2008; Finnigan et al. 2009).
Vertical derivatives are calculated using second-order central differences, time integration
is performed using a second-order Adams–Bashforth scheme, and the non-linear terms in
the code are fully de-aliased using the 3/2 rule (Canuto et al. 1988). Test filtering for the
scale-dependent procedure is performed using a sharp spectral cut-off filter at scales of 2∆

and 4∆, where ∆ =
$
∆x∆y∆z

%1/3.
The lateral boundary conditions are assumed to be periodic, resulting in an infinitely

repeating canopy in the horizontal directions, and the upper vertical boundary is a zero-stress
rigid lid. Boundary conditions at the land surface require specification of the surface stress as
a function of the local, instantaneous filtered velocity at the lowest computational level. This
stress is specified by applying Monin–Obukhov similarity theory locally at every point at each
timestep. Although Monin–Obukhov similarity theory is strictly only valid for homogeneous
steady flows, it has been widely used in LES of the atmospheric boundary layer (ABL) due to
the lack of a well-accepted alternative (e.g., Mason and Callen 1986; Albertson and Parlange
1999; Stoll and Porté-Agel 2006a,b; Yue et al. 2007). In canopy flows, the surface boundary
condition is not expected to have a strong impact on flow dynamics for two reasons. First,
the presence of the plant canopy results in elevated shear stress far in excess of the surface
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shear stress (see, for example, Shaw and Schumann 1992, or Fig. 5) and second, Stoll and
Porté-Agel (2006b) found that the effects of the surface boundary condition on flow dynamics
are confined to the lowest few grid levels.

The effects of the canopy have been represented by the addition of a canopy drag term
in the momentum equation, which arises due to the fact that the effects of individual canopy
elements have not been explicitly resolved (Raupach and Shaw 1982; Finnigan and Shaw
2008). The focus of this study is on the impact of canopy architecture on flow dynamics and
not on the development of new LES canopy-drag models. Therefore, a well-established drag
model that can be easily manipulated for this purpose has been chosen over some of the more
recently suggested approaches (e.g., Shaw and Patton 2003; Chester et al. 2007; Yue et al.
2007; Bohrer et al. 2009). The drag force is calculated as

Di = cd a ũi #V , (2)

where cd is the drag coefficient, a is the leaf area density, and Ṽ is the scalar wind speed. The
drag force is imposed on computational nodes where canopy vegetation exists. By using a
horizontal grid spacing that is on the scale of the plants, the canopy structure can be approx-
imately resolved (see Fig. 2). For this study, flow in row-oriented canopies characteristic of
grapevines grown on trellis/training systems that are oriented in parallel rows are simulated.
Section 2.1 includes further details of how different canopy geometries were created.

2.1 Canopy Geometries

Here, different canopy geometries were created by manipulating the leaf area density, a,
in Eq. 2. LAD is prescribed at every computational node (L AD = 0 where there is no
vegetation). Two different canopy representations were used to determine the impact that
canopy heterogeneity has on flow dynamics: a continuous representation and a discontinuous
representation. The discontinuous representation specifies the LAD as homogeneous in the
spanwise direction, a “square-wave” function in the streamwise direction, and a continuous
function of height in the vertical direction. This effectively breaks the canopy up into parallel
rows of vegetation separated in the streamwise direction by open space. The chosen LAD
profile is based on measured values from a vertical shoot positioned (VSP) grapevine canopy
reported by Gladstone and Dokoozlian (2003), and is shown in Fig. 1. The profiles were then
uniformly scaled to achieve the desired leaf area index (LAI) values. The LAI is a vertically
integrated measure of the density of a row, and is defined as

L AI =
h&

0

a(z) dz, (3)

where h is canopy height. L AI = 0 at streamwise locations corresponding to spaces between
rows, and some non-zero value within vegetation. Hereafter, for the discontinuous canopy,
given LAI values refer only to the value corresponding to streamwise locations within vege-
tation, which is uniform in any given row.

To illustrate the effect of canopy structure on momentum transport, simulations were
performed in which row spacing and row LAI were varied. A total of four row spacings with
values of 1.0, 2.0, 3.0, and 6.0 m were simulated. For each row spacing, a simulation was run
for L AI = 1.0 and 3.0. With the exception of the 6-m row spacing, these values represent
a wide range of overall canopy densities that are observed in actual grapevine canopies
(see Johnson et al. 2003). The cases with 6-m row spacings were chosen to illustrate the
characteristics of a very sparse canopy. Canopy height and row width were fixed for all
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Fig. 1 Leaf area density profile
of individual rows of a grapevine
crop on a vertical shoot
positioned trellis/training system.
Symbols (open square) and (open
circle) represent row L AI = 1.0
and 3.0, respectively

simulations, and were chosen to be 2.0 and 0.5 m, respectively. A constant drag coefficient
value of 0.5 was chosen for all simulations. When a constant value of cd is chosen, the precise
value of cd is unimportant since, in the context of the type of drag model used in this study, cd
acts to uniformly scale the LAD profile. Thus, this value only affects the apparent density of
the canopy that can be quantified by cd L AI . The chosen value of cd = 0.5 is consistent with
values found in the literature (e.g., Thom 1968; Cescatti and Marcolla 2004), and results in
physically reasonable cd L AI values. The authors also note that, in real canopies, cd varies
with position as well as wind speed, among other potential factors (Cescatti and Marcolla
2004) and that the product cd a should have a stochastic distribution (Finnigan and Shaw
2008). In this study, cd has been assumed constant and the product cd a has been assumed
to have a smooth distribution to keep the focus on row-scale heterogeneity.

To directly assess the impacts of canopy heterogeneity on the flow, “equivalent” hori-
zontally homogeneous canopy simulations were performed for each of the discontinuous
geometries presented above. The LAD profile shown in Fig. 1 was used in the continuous
canopy representations, however it was scaled to have an effective LAI equivalent to the
corresponding row-resolved simulations. The effective LAI can be interpreted as an average
LAI for the entire discontinuous canopy and is defined as

L AI = L AI
!

Vr

Vt

"
= L AI

!
rw

rw + rs

"
, (4)

where rw and rs are row width and spacing, respectively. The ratio Vr/Vt is the overall volume
occupied by vegetation (Vr) per unit volume of canopy (Vt). Table 1 gives the effective LAI
values for each chosen canopy geometry.

Simulations are named according to the following convention: [R/H] L AI · rs, where R
indicates row-resolved cases and H indicates horizontally homogeneous cases. For example,
the densest row-resolved simulation where L AI = 3 and rs = 1 m is named R3.1. Simulation
names for all cases are given in Table 1.

2.2 Simulation Details

Simulation input parameters are given in Table 2. In all the simulations, the flow is driven by
a spatially and temporally constant pressure gradient in the streamwise direction. The simu-
lations were initialized with an approximate mean streamwise velocity profile (exponentially
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Table 1 Vineyard geometry cases and their respective labels, effective leaf area indices, and line markers

L AI rs (m) Case L AI Case Marker

3.0 1.0 R3.1 1.000 H3.1

3.0 2.0 R3.2 0.600 H3.2

3.0 3.0 R3.3 0.429 H3.3

3.0 6.0 R3.6 0.230 H3.6

1.0 1.0 R1.1 0.333 H1.1

1.0 2.0 R1.2 0.200 H1.2

1.0 3.0 R1.3 0.143 H1.3

1.0 6.0 R1.6 0.077 H1.6

Table 2 LES input parameters

Nx × Ny × Nz Lx × L y × Lz (m3) h (m) rw (m) cd zo (m) Fx (m s−2)

192 × 192 × 160 48 × 48 × 16 2.0 0.5 0.5 5 × 10−3 0.025

Nx × Ny × Nz is the number of grid points, Lx × L y × Lz is the domain size, h is the canopy height,
rw is the row width, cd is the canopy drag coefficient, zo is the aerodynamic roughness length, and Fx is the
streamwise pressure gradient

decaying profile in the canopy matched to a logarithmic profile above). The initial velocity
fields were given random noise with variance on the order of u2

∗. The simulations required
approximately 10 eddy turnover times (ts u∗ L−1

z ≈ 10) to reach a quasi-steady state, which
was defined as the time for the integral of the turbulent momentum flux profile to become
constant. The simulations were performed for approximately 75 eddy turnover times at quasi-
steady state (T u∗ L−1

z ≈ 75), which equaled about 30 min of physical simulation time.
To maximize the domain size, it is desirable to use the minimum number of points to define

the rows. Patton et al. (1998) used a single point to represent a windbreak (i.e., a single row),
a choice that provides the maximum horizontal domain size for a given number of horizontal
grid points. In studies using Reynolds-averaged Navier–Stokes (RANS) techniques, it is also
common to represent a windbreak by a single point or Dirac-delta function (e.g., Wilson
1985). Yue et al. (2007) used three points to define the width of a plant, a choice likely
dominated by the desire to resolve plant stems independently of leafy regions. To assess the
minimum number of points required to resolve row structure and the general grid dependence
of simulation results, three simulations were performed that used 1, 2, or 3 points to define
the width of a row for a single geometry (case R3.3). Results (not shown) indicated that there
were noticeable differences between the one- and two-point row representations (specifically
in terms of higher-order velocity moments and dispersive fluxes) and minimal differences
between the two- and three-point row representations. Thus, the present LES uses two grid
points to define a row due the observation that further grid refinement has little influence on
results. A schematic of the chosen numerical grid layout for the row-resolved cases is given
in Fig. 2.

Ideally in large-eddy simulation of the ABL, the computational domain should be large
enough to capture the full range of eddies that significantly contribute to turbulent fluxes.
This requires a vertical domain height greater than or equal to the boundary-layer height
and a horizontal extent greater than the boundary-layer height. The vertical and horizontal
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Mean Flow

Fig. 2 Numerical representation of the simulated canopy (row-resolved). Rows repeat infinitely in the direc-
tion of the mean flow and extend continuously in the horizontal direction perpendicular to the mean flow.
Symbol (filled circle) represents computational nodes, and (×) represents nodes at which non-zero LAD is
imposed

resolutions required to resolve the canopy make this difficult. Many LESs of canopy flows
have used Lz ≈ 3h and Lx ≈ 3Lz (e.g., Shaw and Schumann 1992; Kanda and Hino
1994; Patton et al. 1995; Dwyer et al. 1997; Yue et al. 2007). It should be noted that since
ABL canopy flows are generally treated as inviscid, the physical height of the domain is
unimportant and instead the ratio of h to Lz controls turbulent flow dynamics. For example,
although the domain height of Shaw and Schumann (1992) was over five times larger than
that of Yue et al. (2007), the flows are dynamically similar since the ratios of h to Lz were
approximately the same. A cornerstone assumption inherent in a truncated domain height is
that outer-layer structures have little influence on structures within the roughness sublayer
(or the ‘attached eddy hypothesis’; Townsend 1976).

In this study, the domain height was chosen to lie well below the boundary-layer height
but still “sufficiently” larger than the canopy height. The present study uses a grid of Nx ×
Ny × Nz = 192×192×160 to discretize a domain of size Lx × L y × Lz = 24h ×24h ×8h.
To assess whether the chosen domain size was large enough, each simulation was performed
using half the number of grid points in each direction with a domain that was half the size
in each direction (Lx × L y × Lz = 12h × 12h × 4h). Additionally, a single simulation was
performed (case R3.3) that used twice the number of grid points in each direction and was
twice the length in each direction (Lx × L y × Lz = 48h ×48h ×16h). Results indicated that
the same conclusions could be made from any of the domain size choices (results from the
largest domain are shown in select figures where relevant). The range of domain sizes tested
represents an increase in the dynamic range of nearly an order of magnitude. Since results
hold over this range, we feel that results are relatively robust to domain size.

3 Numerical Results

3.1 Notation and Averaging

It is necessary at this point to define how statistics are formed from LES fields. We define
the time averaging operator as
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φi = 1
T

t=T&

t=0

φi (t ′) dt ′, (5)

For time-averaged statistics presented in the following sections, t = 0 is the time at which the
simulated flow field reaches a quasi-steady state and T is the total quasi-steady simulation
time. The horizontal averaging operator is formally defined as

⟨φi ⟩ = 1
A

&&

R

φi dx dy, (6)

where R is a region in the x–y plane that is large enough to remove spatial variations due to
plant structure, and A is the area of region R (here, A = Lx × L y). A departure from the
horizontal average is denoted by a single prime, and is defined as

φ′
i = φi − ⟨φi ⟩. (7)

In keeping notation consistent with numerous previous numerical and experimental studies
(e.g., Raupach and Shaw 1982; Poggi and Katul 2008; Calaf et al. 2010), a departure from
the horizontal average of a temporally-averaged field is denoted by a double prime, and is
defined as

φ
′′
i = φi − ⟨φi ⟩. (8)

We define the following stress tensor (sum of turbulent and dispersive stresses and neglecting
viscous stress) as

Ti j =
'
⟨ũ′

i ũ
′
j ⟩ + ⟨τi j ⟩

(

I

+ ⟨u′′
i u′′

j ⟩
II

, (9)

where term I is the total turbulent component of the stress (sum of resolved and SGS compo-
nents) and term II is the dispersive component of the stress. Note that the SGS contribution
to the dispersive stress is zero due to temporal averaging (i.e., ui − ũi = 0). The dispersive
stress is identically zero in the case of a truly horizontally homogeneous flow, and can be
non-zero in flows that contain regions where spatial means differ from local temporal means
(Raupach and Shaw 1982; Finnigan and Shaw 2008). The concept of dispersive stresses will
be further introduced and explored in Sect. 3.3.

3.2 Velocity Moment Profiles

To examine the effects of canopy geometry on mean velocity moments, vertical profiles of
horizontally- and temporally-averaged velocity statistics are presented in this section. Vertical
profiles are normalized either by the mean wind speed at the canopy top (Uh), or by the canopy
friction velocity (u∗ = max(|⟨ũ′w̃′⟩ + ⟨τ13⟩|)1/2). Values of Uh and u∗ are tabulated in
Table 3. Figure 3 shows profiles for wind speed, vertical momentum flux, resolved velocity
variance, and resolved velocity skewness for the row-resolved canopies. For clarity, only
results from representative cases are shown, where cases not shown follow the same trends.
For comparison, Fig. 4 gives these same statistics for the horizontally homogeneous canopies.
Figures 3 and 4 are presented for the purpose of depicting trends in velocity moments as
canopy geometry is varied, with different canopy representations presented separately for
clarity. Figure 5 shows a comparison of velocity moment profiles for three cases, with both
canopy representations plotted on the same axes. The three cases correspond to the densest
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Table 3 Bulk scaling parameters for each horizontally homogeneous and row-resolved canopy geometry

Row-resolved Homogeneous

L AI rs (m) Case Uh (m s−1) u∗ (m s−1) d (m) L AI Case Uh (m s−1) u∗ (m s−1) d (m)

3.0 1.0 R3.1 1.80 0.592 1.58 1.000 H3.1 1.73 0.592 1.60

3.0 2.0 R3.2 2.00 0.595 1.48 0.600 H3.2 1.81 0.591 1.54

3.0 3.0 R3.3 2.13 0.592 1.42 0.429 H3.3 2.06 0.591 1.45

1.0 1.0 R1.1 2.19 0.595 1.42 0.333 H1.1 2.21 0.592 1.41

3.0 6.0 R3.6 2.60 0.591 1.27 0.230 H3.6 2.46 0.588 1.35

1.0 2.0 R1.2 2.57 0.591 1.33 0.200 H1.2 2.59 0.592 1.33

1.0 3.0 R1.3 2.86 0.591 1.29 0.143 H1.3 2.90 0.591 1.28

1.0 6.0 R1.6 3.70 0.591 1.17 0.077 H1.6 3.63 0.591 1.18

The friction velocity is computed as u∗ = max(|⟨ũ′w̃′⟩ + ⟨τ13⟩|)1/2, and the displacement height (d) is
computed by the centre-of-pressure method (Thom 1971; Jackson 1981)

canopy, the canopy with largest row LAI and spacing, and the canopy with the lowest row
LAI and highest row spacing (i.e., the sparsest canopy).

3.2.1 Wind Speed

The mean wind-speed profiles presented in Fig. 3a demonstrate that the strength of the
inflection in the velocity magnitude profile at z = h is directly related to overall canopy
density. Larger canopy densities result in a stronger instability at the canopy top. Even for the
lowest canopy density, there is still a clear inflection at z = h. The trends in the inflection at
the canopy top agree with past experimental and numerical results (e.g., Poggi et al. 2004a;
Huang et al. 2009). A relatively strong secondary velocity maximum is also observed in the
lower canopy, which is likely due to the low-drag understorey (Shaw 1977).

Figure 5a shows that resolving row structure has little (if any) effect on the mean stream-
wise velocity for all geometries considered in this study. An analogous observation was also
made in the LES study of Patton et al. (1994), who studied a set of infinitely repeating wind-
breaks oriented perpendicular to the mean flow. This result would suggest that the mean flow
is dominated by overall canopy density, and not on the specifics of canopy heterogeneity.
This follows naturally when considering the way in which drag is represented. Since the drag
term added to Eq. 1 arises from filtering out local heterogeneity over a volume, it follows that
using a filtered LAI (i.e., the effective LAI) should recover mean dynamics. Although this is
the case for perpendicular flow, the study of Yue et al. (2007) indicates that this may not to
be true in the case of rows oriented parallel to the mean flow, although one cannot be certain
that this is due to resolving the row structure and not their drag model. Additionally, domain
size appears to have a minimal effect on the mean streamwise velocity.

3.2.2 Turbulent Momentum Flux

Figure 3b shows the normalized total turbulent flux (resolved plus subgrid) for each of the
row-resolved simulation cases. Above the canopy, the normalized turbulent momentum flux
profile is not influenced by changes in effective LAI. In this region, the momentum flux
linearly decreases from its maximum value located near the canopy height to a value of zero
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(c)

(a)

(d) (e)

(b)

Fig. 3 Row-resolved canopy representation: comparison of velocity moment profiles for representative canopy
geometries. a Wind speed; b turbulent momentum flux (sum of resolved and SGS components); c resolved
streamwise velocity variance σ 2

u = ⟨(ũ′)2⟩; d resolved vertical velocity variance σ 2
w = ⟨(w̃′)2⟩; e resolved

vertical velocity skewness σ 3
w = ⟨(w̃′)3⟩. R3.1 (thick solid line); R3.3 (thick dotted line); R3.3 (384×384×320)

(red thick dotted line); R3.6 (thick dashed line); R1.1 (thin solid line); R1.3 (thin dotted line); R1.6 (thin dashed
line)

at the domain height. As a result, the normalized momentum flux profile above the canopy
is uniquely determined by the ratio of the domain height to the canopy height (Lz/h).

Within the canopy, the turbulent momentum flux is highly influenced by canopy density.
In the canopy, the momentum flux becomes increasingly negative with decreases in effective
LAI. This agrees with previously reported results (Poggi et al. 2004a; Dupont and Brunet
2008; Huang et al. 2009) and supports the conclusion that increased canopy density tends to
suppress turbulent stress through increased drag. Furthermore, in the two densest geometries
(R3.1 and R3.2) the stress at the ground is essentially zero, meaning that all mean stress has
been removed by the canopy before reaching the ground.

The horizontally homogeneous canopy representation predicted a smaller momentum
flux than the row-resolved representation (see Fig. 5b). For small row LAI or spacing,
this difference was minimal, but was exaggerated as row LAI and spacing were increased.
The largest differences occurred at the largest row LAI and spacing (R3.6), for which the
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(a) (b)

(c) (d) (e)

Fig. 4 Horizontally homogeneous canopy representation: comparison of velocity moment profiles for rep-
resentative canopy geometries. a Wind speed; b total vertical momentum flux (sum of resolved and SGS
components); c resolved streamwise velocity variance σ 2

u = ⟨(ũ′)2⟩; d resolved vertical velocity variance

σ 2
w = ⟨(w̃′)2⟩; e resolved vertical velocity skewness σ 3

w = ⟨(w̃′)3⟩. H3.1 (thick solid line); H3.3 (thick dotted
line); H3.6 (thick dashed line); H1.1 (thin solid line); H1.3 (thin dotted line); H1.6 (thin dashed line)

normalized momentum flux was over 50 % larger for the row-resolved canopy simulation
below z/h = 0.5. This result can likely be attributed to the fact that, although the effective
LAI is equivalent, the sparse canopy contains a substantial amount of open space where the
flow is not directly affected by drag elements. Larger turbulent fluxes occur in these open
areas, which contribute to larger horizontal averages. It is possible that the case with large
row spacing but low row LAI (R1.6) does not show a large influence from heterogeneity due
to low density canopy elements that do not significantly affect the flow field.

The within-canopy momentum flux profile trends have direct implications on the dis-
placement height. The displacement height can be interpreted as the vertical distance the
logarithmic scaling region is effectively displaced upward by the presence of the canopy. It
is commonly computed by subtracting the normalized integral of the momentum flux pro-
file (z ≤ h) from the canopy height (Thom 1971; Jackson 1981). Since the momentum flux
decreases within the canopy as canopy density is increased, the displacement height increases
(see Table 3). Furthermore, since the horizontally homogeneous canopy representation
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(a) (b)

(c) (d) (e)

Fig. 5 Comparison between the row-resolved (red lines) and horizontally homogeneous (black lines) canopy
representations for two canopy geometries. a Wind speed; b total vertical momentum flux (sum of resolved
and SGS components); c resolved streamwise velocity variance σ 2

u = ⟨(ũ′)2⟩; d resolved vertical velocity

variance σ 2
w = ⟨(w̃′)2⟩; e resolved vertical velocity skewness σ 3

w = ⟨(w̃′)3⟩. R3.1 (thick solid line); R3.6
(thick dashed line); R1.6 (thin dashed line); H3.1 (thick solid line); H3.6 (thick dashed line); H1.6 (thin dashed
line)

underpredicts the momentum flux in cases of large row LAI and spacing, the displacement
height is correspondingly over-predicted. However, these differences were less than 6 %,
which suggests that in an integral sense the profiles in Fig. 5b show good agreement although
local differences can be significant.

3.2.3 Variance

As the effective LAI is increased, resolved variance in the streamwise velocity component
tends to be damped in the canopy. This damping of the streamwise velocity variance cor-
responds to the decrease in wind speed and smaller momentum flux previously discussed.
A similar observation can be made regarding the vertical velocity variance.

For the horizontally homogeneous canopy, it is expected that statistics at any given
height should be a monotonically increasing/decreasing function of canopy density. This
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is confirmed by Fig. 4 and previous studies (Poggi et al. 2004a; Huang et al. 2009). However,
for a heteogeneous canopy this is not necessarily true, as illustrated clearly by Fig. 3d. The
vertical velocity variance profiles within the canopies of R3.6 and R1.6 are nearly identical
even though their overall density is highly dissimilar. Several cases are out of the expected
order, as profiles do not change smoothly when canopy density is varied. This indicates a high
level of influence by heterogeneity on the vertical velocity variance, particularly within the
canopy. This can also be seen in Fig. 5d, as there is high sensitivity to canopy representation
for large row LAI and spacing.

The domain height has some impact on the velocity variance profiles. The effect is most
evident above the canopy where a clear increase in streamwise and vertical velocity variances
is observed in Fig. 5. An increase in domain height appears to allow for higher turbulence
levels above the canopy. This is likely due to decreased effects of the “no-stress” upper
boundary condition near the canopy.

3.2.4 Skewness

The vertical velocity skewness in the lower canopy tends to decrease as overall canopy
density is increased, while the peak in the profile is effectively displaced upwards. The large
negative vertical velocity skewness characteristic of canopy flows is commonly attributed to
the dominance of “sweep” events, or high momentum fluid moving downward in the canopy.
Thus one interpretation for the decreased skewness in the lower canopy when canopy density
is increased is that turbulence structures produced near the canopy top do not penetrate into
the canopy as easily in a dense canopy, and their effect is localized to near the canopy top.
This is supported by decreased stress levels in the lower canopy in the dense canopy cases
(see Fig. 3b).

Canopy heterogeneity has the greatest impact on vertical velocity skewness. Every geom-
etry showed a noticeable sensitivity to canopy representation. As with previously discussed
profiles, the largest differences between the homogeneous and row-resolved canopy rep-
resentations were seen between R3.6 and H3.6. Figure 5d, e suggest that vertical velocity
statistics are greatly affected by the presence of canopy heterogeneity in the form of increased
turbulence levels and skewness. As a result, canopy heterogeneity is also likely to have an
effect on the vertical mass and scalar transport.

Domain height has an effect on vertical velocity skewness. Similar to the velocity variance,
the impact of domain height is largest above the canopy. Positive skewness is lower above
the canopy when the domain height is increased, which indicates the effect of the canopy on
the ratio of sweeps to ejections propagates upward further in the larger domain simulations.

3.3 Dispersive Fluxes

For homogeneous canopies, it is often convenient to apply the horizontal averaging operator
to flow variables (e.g., Sect. 3.2). This effectively eliminates spatial variability in the horizon-
tal direction, particularly heterogeneity at the plant scale. While horizontally averaging the
conservation equations reduces the problem from three-dimensions to one and focuses mod-
elling efforts on vertical transport, the non-commutativity of the horizontal average results
in an additional stress term similar to the Reynolds stress, commonly referred to as the dis-
persive stress (Raupach and Shaw 1982). Physically, the dispersive stresses arise from areas
of the flow where local temporal means differ from spatial means.

Often, the dispersive component of the stress is neglected. The presumption is usually
made that the dispersive stress is small compared to the turbulent stress. Frequently, this
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(a)

(b)

(c)

(d)

Fig. 6 Temporally- and spanwise-averaged w velocity component normalized by σw = ⟨(w̃′)2⟩1/2
. Results

are shown for a representative area extracted from the middle of the domain. a R3.1; b R3.6; c R1.1; d R1.6

assumption is made out of convenience, since the dispersive stress is difficult to measure
experimentally due to the requirement of a large spatial array of sensors. However, prior
studies have indicated that this assumption may be poor inside certain heterogeneous canopies
(Böhm et al. 2000; Finnigan 2000; Christen and Vogt 2004; Poggi and Katul 2008).

In heterogeneous canopies, significant dispersive fluxes may arise as a result of plant-
scale heterogeneity. This can have a strong influence on the mean velocity field, particularly
the vertical velocity. Figure 6 depicts the normalized vertical velocity in the x − z plane
temporally-averaged and then spatially-averaged in the spanwise direction. A central stream-
wise segment is shown for representative canopy geometries. The presence of the rows acts
to partially divert flow around regions of dense vegetation. Flow in the upper half of the
vegetated region of the canopy is generally diverted upward, while flow in the lower half is
generally diverted downward into the canopy understorey as it impinges upon a row. This
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has the effect of modifying average streamlines in the canopy, which are sinusoidal with
period equal to the period of the rows (i.e., rw + rs). This result generally agrees with the
forest-clearing LES of Cassiani et al. (2008) and Huang et al. (2011) who both found large
positive vertical velocity perturbations around z = h near a clearing-to-forest transition, and
large negative velocity perturbations in the wake of a forest-to-clearing transition. However,
these studies do not report significant negative w perturbations in the lower canopy near the
clearing-to-forest interface, even in the presence of a low-density understorey. This suggests
that the small width of connected vegetation allows for significant downward transport of
mass and momentum into the canopy understorey.

For the smallest row spacing, the perturbations in mean vertical velocity over horizontal
plane-averaged values were very weak. For the largest row spacing, these perturbations
became nearly as large as the standard deviation of the vertical velocity, σw. The magnitude
of the mean vertical velocity in the canopy is also strongly linked to the row LAI. Larger LAI
leads to larger perturbations in mean vertical velocity from horizontally averaged values, a
feature also observed by Cassiani et al. (2008). When correlated with mean perturbations
in the u velocity component, these local perturbations in mean w velocity contribute to
dispersive fluxes.

3.3.1 A Note on Streamwise Vortices

In past wind-tunnel and numerical studies of boundary-layer flows with large roughness
elements, researchers have acknowledged the presence of persistent streamwise vortices
corresponding to mean spanwise heterogeneity (Brunet et al. 1994; Reynolds et al. 2007;
Finnigan et al. 2009). Brunet et al. (1994) noted that, despite inflow conditioning in a wind
tunnel, these structures could not be eliminated. In the LES study performed by Finnigan
et al. (2009), the authors note that increasing horizontal domain size and simulation duration
failed to remove this heterogeneity. These so-called streamwise vortices cause variations in
spanwise transects of u that are approximately sinusoidal with a period of Lz . We also found
that local maxima/minima in u corresponded to local minima/maxima in w, thus they are
negatively correlated. Therefore, even the simulated horizontally homogeneous canopy can
generate dispersive fluxes. As a result, calculating dispersive fluxes from wind-tunnel and
LES data presents a convoluted picture, since spanwise-heterogeneity-induced dispersive
flux structures are superposed onto geometry-induced dispersive flux structures.

It is important to determine the influence of streamwise vortices on dispersive fluxes.
One may mistakenly attribute large dispersive fluxes to canopy heterogeneity when in fact
they may be due to spanwise heterogeneity that is present even in the absence of canopy
heterogeneity. Spanwise heterogeneity in w is small in the lower canopy, and much larger
above the canopy. This suggests that dispersive fluxes in the lower canopy are not associated
with spanwise heterogeneity. In the following section, further assessment is made as to the
importance of mean spanwise heterogeneity on dispersive fluxes.

3.3.2 Dispersive Flux Profiles

To directly examine the impact of the sinusoidal patterns observed in Fig. 6 on dispersive
fluxes, normalized dispersive flux profiles are plotted in Fig. 7a for all of the simulated cases.
The maximum dispersive flux occurs at z/h ≈ 0.4 and increases as both row LAI and spacing
are increased. The trends in the dispersive flux directly relate to the previously observed
patterns in mean vertical velocity. The higher drag that results from denser rows causes
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(a) (b)

Fig. 7 a Normalized dispersive flux; b relative contribution by dispersive flux to the total vertical momentum
flux. R3.1 (thick solid line); R3.2 (thick dashed dotted line); R3.3 (thick dotted line); R3.3 (384 × 384 × 320)
(red thick dotted line); R3.6 (thick dashed line); R1.1 (thin solid line); R1.2 (thin dashed dotted line); R1.3
(thin dotted line); R1.6 (thin dashed line)

larger perturbations in mean velocity fields, resulting in larger dispersive fluxes. Although
both row LAI and spacing influence dispersive fluxes, row LAI seems to be the more important
factor in generating high dispersive fluxes.

An important question when examining vertical transport in sparse canopies, where voids
are expected, is how important these dispersive fluxes are with respect to the total momentum
flux. Following Poggi and Katul (2008), the relative importance of the dispersive flux to the
turbulent flux is evaluated using the parameter

ξ = ⟨u′′w′′⟩
⟨ũ′w̃′⟩ + ⟨τ13⟩

, (10)

which is simply the ratio of the dispersive flux to the turbulent momentum flux (sum of
resolved and SGS components). Figure 7b gives profiles of ξ . Note that the case R3.1 has
been excluded from Fig. 7b, because both turbulent and dispersive stresses are very small in
the lower canopy and thus ξ is not a relevant metric.

Above z/h ≈ 0.5, dispersive fluxes are negligible for all canopy geometries due to large
turbulent stresses. However, in the lower half of the canopy, dispersive fluxes can account
for a significant fraction of the total vertical flux. This is similar to results reported by
Poggi et al. (2004b), who found that in the lower canopy region, dispersive fluxes in a sparse
canopy accounted for up to 30 % of the turbulent momentum flux, whereas dispersive fluxes
were negligible for dense canopies. Böhm et al. (2000), Cheng and Castro (2002), Christen
and Vogt (2004) and Poggi and Katul (2008) all made similar conclusions. We also note that
in the horizontally homogeneous canopy, which contains non-zero dispersive fluxes due to
spanwise heterogeneity, dispersive fluxes were negligible (< 1 %) at all heights in the domain
when compared to the turbulent flux. Thus, we can conclude that the large dispersive fluxes
in the lower canopy are a result of streamwise canopy heterogenity and not mean spanwise
flow heterogeneity.

Although the dispersive flux increases as row spacing is increased, the relative contribution
to the total flux by the dispersive flux does not necessarily follow this behaviour. The turbulent
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flux increases at a faster rate than the dispersive flux as row spacing is increased. Although
it may be difficult to directly interpret trends in ξ , some general conclusions can be made.
For geometries in which row spacing is small or row LAI is small, dispersive fluxes are
negligible. However, for large row LAI or spacing, normalized dispersive fluxes were over
20 % as large as the normalized turbulent momentum flux near mid-canopy height. Recall that
the homogeneous canopy representation also underpredicted the turbulent momentum flux
by up to 50 % near mid-canopy height in the case of H3.6/R3.6. This suggests that resolving
large-scale voids between vegetation may be important in terms of predicting correct total
momentum fluxes (sum of turbulent and dispersive components).

Since non-zero dispersive fluxes have the potential to increase the total flux (see Eq. 9),
bulk parameters derived from the flux profile may also be affected. Including dispersive
fluxes in friction velocity calculations (u2

∗ = max|T13|) had little impact, and is a result of
negligible dispersive fluxes at the canopy top (see Fig. 7b). In terms of integral quantities
such as the canopy displacement height, dispersive fluxes also had a negligible effect due to
the fact that most of the area under the momentum flux profile is in the upper canopy where
dispersive fluxes are small. Displacement heights that included dispersive fluxes resulted in a
reduction in d of no more than 2 % compared to d values that only included the turbulent flux.
This follows logically from the observation that mean streamwise velocity profiles show little
sensitivity to canopy heterogeneity (Fig. 5a). It is also noted that since U , u∗ and d are not
significantly affected by canopy heterogeneity, the aerodynamic roughness length zo should
also be unaffected (Stull 1988). From this we conclude that, for the range of sparse canopy
geometries studied here, assuming horizontal homogeneity results in minimal errors in these
scaling parameters, which are commonly used in bulk parametrizations.

Domain height had a slight influence on dispersive fluxes. Increased domain height resulted
in a small increase in dispersive fluxes within the canopy due to canopy heterogeneity. Slightly
smaller ξ values are seen with increased domain height, although this is a combined effect
of changes due to dispersive and turbulent fluxes.

3.4 Turbulence Structure

Identifying and understanding coherent turbulent structures in canopy flows has become a
primary focus of many canopy transport studies. This is motivated by the need to explain and
model the unique turbulent dynamics within the canopy layer. These dynamics include highly
coherent turbulent eddies that appear to be exceptionally efficient at transporting momentum
and scalars even in the presence of small gradients.

For the geometries and flow configuration considered in this study, there are two primary
types of structures to consider with regards to fluxes near the canopy. The first are mixing-
layer-like structures that give considerable contributions to turbulent fluxes and are thought
to be generated by an inviscid instability mechanism at the canopy top (Raupach et al. 1996;
Finnigan 2000; Finnigan et al. 2009). According to Finnigan et al. (2009), these structures
consist of an upstream head-down hairpin vortex that generates strong sweep events paired
with a downstream head-up hairpin vortex that generates weaker ejection events. The second
type of structures are “standing” wavy structures that form as a result of row structure and
can give considerable contributions to dispersive fluxes. These two types of structures are
explored in the following sections.

As the canopy becomes very sparse and undergoes transition to a pure boundary layer,
structures produced by wall shear may also become important near the canopy (Robinson
1991). The following section also presents evidence that these structures are not expected to
be important near the canopy for the range of geometries considered in this study.
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3.4.1 Turbulent Length Scales

Some of the most important parameters to understand in any turbulent flow are the characteris-
tic turbulent length scales and their association with turbulent fluxes. Assuming applicability
of the mixing-layer analogy, the high shear region created by the presence of the canopy
creates Kelvin–Helmholtz-like coherent vortices that are advected in the streamwise direc-
tion. Λx is interpreted as the mean streamwise separation distance between these coherent
structures (Shaw et al. 1995; Raupach et al. 1996), and is thought to be the dominant turbulent
length scale in dense canopies. A commonly used method of estimating this length scale is to
relate Λx to the integral length scale of the w velocity component at the canopy top. This is
often determined from one- or two- point autocorrelation functions (among other methods,
see Shaw et al. 1995). The two-point zero time-lag autocorrelation function for the vertical
velocity is defined as

rww(x, y, z; zR) = w(x, y, z)w(0, 0, zR)

(w′2(z))1/2(w′2(zR))1/2
, (11)

where zR is a reference height. The two-point integral length scale is found by integrating
the autocorrelation function along a streamwise transect at the canopy top

L ..
w =

∞&

0

rww(x, 0, h; h) dx, (12)

which is related to Λx by a factor of 2π (Raupach et al. 1996). By analogy with a true mixing
layer, Λx is expected to scale linearly with the shear length scale Ls = Uh/(dU/dz)z=h .
Raupach et al. (1996) found that Λx = 8.1Ls by performing a linear regression analysis
on experimental data. Figure 8 plots the relationship between Ls and Λx calculated from
the autocorrelation function for the simulated canopies as well as data obtained from the
LES studies of Huang et al. (2009) and Dupont and Brunet (2008). Results are shown only
for the homogeneous canopies as integral length scales showed little sensitivity to canopy
representation (see Fig. 9). The studies of Novak et al. (2000), Dupont and Brunet (2008),
and Huang et al. (2009) all found that above a normalized shear length of about Ls/h = 0.6,
the linear relationship between Ls and Λx failed to hold and Λx/h asymptoted to a value
near 5.0. Each study concludes that below some critical canopy density, there is not a strong
enough inflection in the mean velocity profile to generate the mixing-layer structures and
thus at this point the flow no longer resembles a mixing layer. The simulated canopies of
the present study behave similarly to that of Novak et al. (2000); Dupont and Brunet (2008)
and Huang et al. (2009), in that after some critical canopy density, Λx is approximately
independent of Ls. The shear-independent value of Λx/h is approximately the same for the
past studies as well as the present LES.

To assess whether the shear-independent value of Λx/h truly corresponds to the pure
boundary-layer case, a simulation was performed with identical input parameters as the
previously described canopy cases, except that L AD = 0 everywhere (i.e., a ‘no-canopy’
case). The value of Λx for this case is indicated by a dashed line in Fig. 8. For the sparse
canopy cases, Λx indeed asymptotes to this rough-wall boundary-layer value. The integral
length in a turbulent boundary layer scales as κz, where κ is the von Karman constant (Pope
2000). Λx/h should be on the order of the theoretical value 2πκ , which is consistent with
Fig. 8.

The present LES supports the conclusions of Dupont and Brunet (2008) and Huang et
al. (2009) that the shear-independent behaviour of Λx observed in sparse canopies can be
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Fig. 8 Relationship between Λx and Ls for a wide range of canopy densities, where Λx is calculated from the
two-point autocorrelation function rww at a reference height of z = h. (circle) Present LES; (triangle) Dupont
and Brunet (2008) LES; (square) Huang et al. (2009) LES. Red 0.75 ≤ cd L AI ; yellow 0.5 ≤ cd L AI < 0.75;
green 0.1 ≤ cd L AI < 0.5; blue cd L AI < 0.1. The horizontal dashed line is the Λx /h value corresponding
to the L AI = 0 or “no-canopy” case

attributed to the transition from a canopy flow to a rough-wall boundary-layer flow. It is
important to note that, although Fig. 8 supports this conclusion, the vertical velocity skewness
profiles in Figs. 3e and 4e indicate that sweep events are dominant in even the sparsest canopy
cases (i.e., negative skewness near the canopy). This inconsistency is further investigated in
Sects. 3.4.3 and 3.4.4, which support the conclusion of the present study that even relatively
sparse canopies can continue to behave predominantly as canopy layers.

3.4.2 Dispersive Length Scales

Length scales associated with dispersive fluxes were estimated using spectra of the vertical
velocity. Figure 9 shows compensated w spectral energy density calculated in the streamwise
direction and averaged in the spanwise direction for both canopy representations. Above the
canopy, the energy spectrum resembles that of a turbulent boundary layer, with a classical
Kolmogorov −2/3 isotropic scaling region observed for wavenumbers kx > 3h. Within
the canopy, a −2/3 isotropic region is not present. Vertical velocity spectra obtained from
experiments have produced conflicting results. Some experimentalists have reported a −2/3
region (Amiro 1990), while others have reported that energy is dissipated at a lower or higher
rate at small scales (Amiro 1990; Kaimal and Finnigan 1994). All the present LESs tend
to dissipate energy at a higher rate than the classical Kolmogorov spectrum, an effect that
becomes more pronounced as the effective LAI is increased.

The spectra for the row-resolved canopy representation shows significant spikes for
wavenumbers of kx h > 1, which are absent in the horizontally homogeneous canopy repre-
sentation simulations. These spikes occur at wavenumbers corresponding to the row wave-
length (i.e., rw + rs). The magnitude of these spikes decrease slightly with decrease in row
spacing and, for L AI = 3, are the highest energy waves, indicating that rw + rs is an impor-
tant length scale. Spectral spikes were also observed in the row-resolved simulations of Yue
et al. (2007), who also concluded that these spikes were a result of the periodic nature of
drag elements.

Although these spectral spikes can be large in magnitude, they contain a relatively small
amount of energy in an integral sense, and therefore do not significantly affect the integral
length scales previously discussed. Similar to perturbations in the mean w, spikes in the
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(a) (b)

Fig. 9 Compensated w spectra for representative vineyard geometries. a Row-resolved canopy representation;
b horizontally homogeneous canopy representation. R3.1 (thick solid line); R3.2 (thick dashed dotted line);
R3.3 (thick dotted line); black lines z = 0.4h (approximate height of maximum dispersive flux); red lines
z = 4h

spectra are minimal for L AI = 1. Aside from the spike corresponding to the row wave-
length, smaller spikes occur at the wavelengths of the sub-harmonics of the wave motions
corresponding to the first spectral spike.

3.4.3 Quadrant-Hole Analysis

Although it is difficult to precisely determine the contributions of coherent structures to
fluxes in canopy flows, one popular method of approximating this importance is through the
use of quadrant-hole analysis (Lu and Willmarth 1973). In this method, two-dimensional
velocity fluctuation vectors are grouped into quadrants; most commonly {u′, w′} vectors are
considered. For example, a vector with positive components of u′ and w′ would be termed
a “Quadrant 1” or “Q1” event because the vector points into the first quadrant. Vectors that
point into Q2 (i.e., −u′ and +w′) are termed “ejection” events and vectors that point into Q4
(i.e., +u′ and −w′) are termed “sweep” events. Only vectors greater than a given magnitude
H (termed the hole size) are considered in quadrant-hole analysis, where H determines the
“size” of structures being analyzed.

Profiles of the relative contributions to the vertical momentum flux of Q2 events to Q4 are
shown in Fig. 10. Note that here fluctuation vectors were calculated as deviations from plane
averages of filtered variables (i.e., {ũ′, w̃′}), and that the hole size was set to a value of H = 0.
Four representative canopy geometries are shown, as well as the L AI = 0 case. In all four
of the canopy cases, similar features can be observed, which are also consistent with several
previous studies examining various canopy types (e.g., Baldocchi and Hutchinson 1987;
Christen and Vogt 2004; Finnigan et al. 2009). In the upper half of the canopy, sweep events
contribute substantially more to the flux than ejection events. Above a height of z/h = 1.5,
ejections begin to dominate sweeps. For the densest canopies (most notably R3.1), it is
observed that a region exists in the lower half of the canopy in which ejections give a larger
contribution to the flux than do sweeps. This region grows vertically with an increase in
overall canopy density. Profiles change slightly when the horizontally homogeneous canopy
representation is used, although the same general characteristics remain consistent. This is
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(a) (b)

Fig. 10 Profiles of the ratio of contributions to the momentum flux by ejection events to sweep events.
a Row-resolved canopy representation; b horizontally homogeneous canopy representation. R3.1 (thick solid
line); R3.3 (thick dotted line); R3.3 (384 × 384 × 320) (red thick dotted line); R1.3 (thin dotted line); R1.6
(thin dashed line); L AI = 0.0 (open circle)

an indication that the general structure of turbulence is not largely influenced by canopy
heterogeneity.

The profile corresponding to the simulation of L AI = 0 illustrates the case of a rough-wall
boundary layer (equivalent to an infinitely sparse canopy). Note that for this case the vertical
coordinate was also normalized by h for consistency, although this is clearly not the relevant
scaling parameter. Without a canopy, ejections dominate sweeps throughout the domain.
The exception to this is near the wall, where the LES surface boundary condition adversely
affects resolved velocity field fluctuations (Stoll and Porté-Agel 2006b). When the profile
corresponding to the “no-canopy” case is compared to the sparsest canopy geometry (R1.6),
we observe that even the sparsest canopy behaves more like a canopy layer than a boundary
layer in the near-canopy region. This suggests that the sweep-generating coherent structures
characteristic of near-canopy flow still dominate the vertical momentum flux in the sparse
canopy cases. This result is in opposition to the conclusion that can be drawn from Fig. 8,
which is that based on integral length scales at the canopy top, the structure of turbulence
in sparse canopies is more like that of a rough-wall boundary layer than a canopy layer. We
conclude that integral length scales at the canopy top are not indicative of the presence of
canopy-layer structures in sparse canopies, and that these structures still dominate turbulent
fluxes as the canopy becomes sparse. Coherent turbulent structure detection will be used in
the next section to further illustrate this point.

3.4.4 Characteristic Eddy Structure

Autocorrelation analysis and vertical velocity spectra have provided a means of determining
the dominant length scales in sparse, organized canopies. To further investigate the impact of
canopy geometry and density on the flow, the spatial structure of turbulence in the canopy is
characterized in this section. In the horizontally homogeneous canopy, conditional averag-
ing techniques have become a popular way of characterizing coherent structures that occur
at random horizontal locations in the canopy (Zhou et al. 1999; Finnigan and Shaw 2000;
Watanabe 2004; Finnigan et al. 2009). These techniques generally involve composite aver-
aging independent realizations of the flow field based on a characteristic trigger event. In this
section, the method of Finnigan et al. (2009) was used to give a graphical representation of
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the structure of turbulence. A coherent turbulent eddy was identified by locating instanta-
neous positive peaks in the pressure perturbation (i.e., p̃′) at the top of the canopy. Regions
of pressure higher than a predefined threshold pressure, pT = αu2

∗, were used to define
local coordinate systems in which the origins, {rx , ry} = {0, 0}, lay at the local maxima
of the pressure regions. Local maxima within a specified radius of a larger maximum were
neglected. Instantaneous volumes of fluctuating velocity fields (i.e., ũi

′) that have local coor-
dinates centred at the local maxima in pressure perturbation were extracted from the domain.
A total of M volumes of size W × W × Lz and centred at {rx , ry} = {0, 0} were extracted
from instantaneous ũi

′ and p̃′ fields and composite averaged to obtain information about
the spatial structure of a “characteristic” eddy. For further details on the detection method,
consult Finnigan et al. (2009).

Figure 11 shows vectors of {ũ′, w̃′} taken from an x − z slice through the centre of the
composite-averaged structure for both canopy representations. This slice is representative
of behaviour throughout the composite structures, and therefore other views are not shown.
Four different canopy geometries representative of the range of tested densities are presented
in Fig. 11. These structures show that, even for a relatively sparse canopy, nearly identical
structures are seen in the dense and sparse canopies. This result, along with the results of
quadrant-hole analysis, indicates that, although in the sparsest canopies the integral length
scale at the canopy top is indicative of rough-wall boundary-layer behaviour, the mixing-
layer-like structures are still present and appear to strongly influence vertical fluxes.

The magnitudes of sweep and ejection vectors from the characteristic eddy depicted in
Fig. 11 remain relatively constant with changes in the effective LAI. The main change as
canopy density is varied is the level of penetration of the structure into the canopy. Along
with the relative elongation of the characteristic eddy shown by the fluctuation vectors, the
visualization of structure penetration is aided by overlaid isocontours of composite-averaged
pressure fluctuations. Conditional averaging illustrates that structures presumably generated
at the canopy top penetrate further into the canopy, a feature consistent with trends in the
“mixing” or shear length scale Ls. This result agrees with Figs. 3e and 4e, which showed that
regions of large negative vertical velocity skewness are localized to near the canopy top in the
denser canopy cases and extend further toward the wall in the sparser canopies. Analogously,
the results of quadrant-hole analysis (Fig. 10) showed that the region in which sweep events
dominated ejection events extended further toward the wall in the sparser canopy cases.

Figure 11 also indicates that structures penetrated further into the canopy in the row-
resolved simulations than in the horizontally homogeneous canopy in most cases. This was
most pronounced in cases of large open spaces between vegetation (i.e., large row spacing).
A similar result was observed in the vertical velocity skewness profile and quadrant-hole
analysis plots, where large negative skewness values and the dominance of sweeps over
ejections extended deeper into the canopy in the row-resolved cases with large row spacing.
This is likely due to the fact that the row-resolved canopies contain a significant fraction of
open space, allowing structures to penetrate further into the canopy on average.

Although the horizontally homogeneous and row-resolved canopy representations yield
very similar characteristic eddy structures, it is possible that canopy heterogeneity may have
an effect on the production of structures. To investigate this, the streamwise locations of
pressure trigger events were recorded. A one-dimensional “row-local” coordinate system
was established in which the centre of a vegetative row is defined as the origin, xℓ = 0. The
position of a pressure trigger event is defined with respect to the nearest vegetative row, thus
xℓ ∈ (−0.5(rw + rs), 0.5(rw + rs)].

Figure 12 gives the row-local locations of pressure trigger events, which correspond to
the pressure spikes used to form the composite structures shown in Fig. 11. For clarity,
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Fig. 11 Vectors of {ũ′, w̃′} corresponding to a slice in the x − z plane through the centre of a composite
eddy formed by conditionally averaging triggered by pressure spikes. The pressure threshold coefficient
used had a value of α = 3.0. Shaded regions show pressure larger than 3u2∗ = pT. The left and right
columns correspond to the horizontally homogeneous and row-resolved canopy representations, respectively.
The number of realizations used to form each structure is given by M
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Fig. 12 Streamwise location of pressure trigger events used to identify coherent turbulence structures. Loca-
tions are given in normalized row-local coordinates, where xℓ/(rs + rw) = 0 corresponds to the centre of
vegetation and xℓ/(rs + rw) = ±0.5 corresponds to the centre of the open space between rows. R3.1 (thick
solid line); R1.1 (thin solid line); R3.6 (thick dashed line); R1.6 (thin dashed line)

only representative canopy geometries are shown. The geometries not shown exhibit the
expected behaviour based on the depicted trend. It is important to note that Fig. 12 does
not necessary show the spatial probability distribution of structures, but more precisely the
spatial proability distribution of pressure spikes that exceeded the specified threshold. The
following interpretation assumes that the magnitude of pressure spikes correlates well with
turbulence structure strength or coherence. If for a given row-local position there was a high
probability of a pressure spike exceeding the threshold, it is probable that coherent structures
at that location are also stronger and more coherent. Conversely, if for a given row-local
position there was a low probability of a pressure spike exceeding the threshold, it does not
necessarily mean that there is a low probability of structures existing in that location, but
instead that structures at that location are generally not strong enough to generate a pressure
spike that exceeds the threshold.

All horizontally homogeneous canopy cases yielded an approximately uniform distrib-
ution in terms of streamwise location of coherent structure trigger events (represented in
Fig. 12 by a horizontal dashed line). In cases of small row spacing, pressure spikes that
exceeded the threshold have only a small amount of locational preference, where structures
were most likely to form within the vegetative row. In cases of large row spacing, trigger
events showed high levels of locational preference. Most trigger events occurred just upwind
of the vegetative row, and very few events occurred immediately downwind of the row. Par-
ticularly in the case of large row spacing, production and development of coherent structures
seems to be affected by row heterogeneity. Results suggest that structures are produced at
the top of a row and evolve in the wake of vegetation similar to a spatial mixing layer. It is
probable that after production near vegetation, structures gain strength and coherence as they
evolve downstream of the row, thus resulting in a progressively larger probability of pressure
spikes. This is analogous to the coherent structure model commonly associated with isolated
windbreaks (Zhuang and Wilson 1994). This interpretation is also supported by the work of
Huang et al. (2011), who showed through proper orthogonal decomposition (POD) that the
coherence of the flow increases with downwind distance in the wake of a forest-to-clearing
transition, which is attributed to the increase in the importance of coherent mixing-layer-like
structures. It is probable that this bias in the location of structures has implications on scalar
or particle transport in sparse canopies, as this suggests that vertical transport is likely most
efficient at the upwind side of a row.
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(a)

(b)

(c)

(d)

Fig. 13 Spanwise-averaged {u′′, w′′} vectors for representative canopy geometries. Vectors are drawn to
scale, where the maximum vector magnitude is 0.4 m s−1. a R3.1; b R3.3; c R3.6; d R1.6

3.4.5 Dispersive Flux Structures

Row structure gives contributions to vertical fluxes through standing structures in mean fields.
Figure 13 shows spanwise-averaged vectors of {u′′, w′′} for select row-resolved simulations.
These structures form as a result of the drag force imposed at discrete intervals in the stream-
wise direction. For small row spacing, there is not enough open space to allow the velocity
field to recover, or to significantly increase. In canopy geometries with L AI = 1, drag as
a result of canopy elements is not large enough to cause strong dispersive flux structures to
form. However, in cases of large row LAI and spacing, strong dispersive flux structures form
that can contribute to significant dispersive fluxes.

At the top of the row, high momentum fluid is transported upwards and out of the canopy.
This region is likely responsible for the positive dispersive flux observed above the canopy
in Fig. 7a. These motions appear to be insignificant in terms of the momentum flux due to the
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dominance of the turbulent component of the momentum flux near the canopy top; however
these motions may be important for scalar transport near the canopy top. Downwind of the
row in the upper half of the canopy, strong ejection motions are present that result in the net
negative dispersive flux that was shown in Fig. 7a.

Below a height of z/h ≈ 0.75, high momentum fluid upwind of the row is transported
downward, contributing to a negative dispersive flux. These motions continue downwind
of the trunk-space transporting high momentum fluid downwind of the row downward and
through the row trunk space. These strong sweeping motions are responsible for the large
negative dispersive flux in the lower half of the canopy observed in Fig. 7a. Near the wall,
strong Q3 motions just upwind of the row contribute to the net positive dispersive flux, which
acts to suppress the momentum flux near the wall.

It is important to note that the vectors shown in Fig. 13 correspond to velocity fluctuations,
and thus do not include mean advection. Although recirculation zones appear in Fig. 13,
horizontal advection still dominates streamwise transport and no recirculation zone exists
in the actual flow (i.e., u > 0). This is in contrast to many forest-to-clearing transition
studies that report a pronounced recirculation zone (Cassiani et al. 2008; Huang et al. 2011).
However, it is expected that a sufficient increase in row LAI or decrease in U would result in
a recirculation zone, as suggested by many studies examining flow around windbreaks (Plate
1971).

The discussion of canopy structures is concluded by mentioning that there were no notice-
able effects of domain size on both types of structures just discussed. This suggests that these
near-canopy structures are not directly affected by larger outer-layer structures.

4 Summary

A LES study was performed to examine flow in structured sparse canopies. The focus was
to determine how plane-averaged turbulence statistics and the local structure of turbulence
were affected by canopy heterogeneity. The model canopy consisted of a set of infinitely
repeating rows of vegetation oriented perpendicular to the mean wind direction. To illustrate
the effects of heterogeneity, row spacing and LAI were varied. Simulations were performed
for row LAI ranging from 1.0 to 3.0 and row spacings ranging from 1.0 to 6.0 m. To assess
the impacts of canopy heterogeneity, results were contrasted with horizontally homogeneous
canopies that are equivalent in terms of their overall or effective leaf area index.

In general, the effects of canopy heterogeneity were largest in geometries with large
row LAI and spacing. Profiles of velocity moments showed that the effects of het-
erogeneity were most significant for higher-order moments, while first-order moments
(i.e., mean values) showed good agreement between the row-resolved and homogeneous
canopies indicating an insensitivity to canopy heterogeneity. From a modelling perspec-
tive, this indicates that horizontal canopy heterogeneity should not have to be explicitly
included to accurately approximate the mean flow for the canopy geometries examined here.
The skewness of the vertical velocity component showed that the horizontally homoge-
neous canopy representation substantially underestimated skewness within the canopy in
cases of large row LAI and spacing, which was seen as a potential indicator for under-
lying differences in turbulence structure. The horizontally homogeneous canopy represen-
tation underestimated the normalized turbulent momentum flux by as much as 50 % near
z/h = 0.5, indicating that heterogenity has a significant effect on vertical turbulent transport
in the lower canopy. The horizontally homogeneous canopy representation also underes-
timated the total momentum flux (sum of turbulent and dispersive components) by up to
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an additional 20 % as a result of dispersive fluxes, which were largest near mid-canopy
height. Differences between the row-resolved and horizontally homogeneous canopies are
attributed in part to large open spaces in the heterogeneous canopy. This can cause sig-
nificant local flow accelerations as the flow starts to recover to its freestream state and
then abruptly impacts upon dense vegetation similar to that of a set of repeating wind-
breaks.

An additional mechanism behind the differences in higher-order velocity moments for
the two canopy representations is likely that the nature of turbulent structure production and
development is inherently different. In the horizontally homogeneous canopy, the mixing-
layer-like structures are produced in a similar way as a planar mixing layer. The spatial
distribution of turbulent structures is quasi-uniform, with no spatial preference for the exis-
tence of structures. However, in the case of the highly heterogeneous canopy, structures seem
to be produced off the leeward edge of the top of the row, similar to that of a spatially develop-
ing mixing layer behind a splitter plate. This model for structure production and development
is also analogous to the model commonly presented for isolated windbreaks (Zhuang and
Wilson 1994). This idea is supported by the fact that, using the detection method of Finnigan
et al. (2009), the frequency of detected structures for a given threshold tends to increase
downwind of vegetative rows. This may have important implications for scalar transport in
sparse canopies, as it appears that the most efficient vertical turbulent transport is likely to
occur just upwind of the rows.

Despite the differences in the coherent structure production mechanisms between the
heterogeneous and homogeneous canopies, we identify similar structures and find that the
general nature of turbulence is similar. By examining profiles of vertical velocity skewness
and the ratio of Q2 to Q4 contributions to the momentum flux, it appears that the structure
of turbulence resembles a mixing layer much more than a pure boundary layer even in the
sparsest canopies considered in this study. Furthermore, using the method of Finnigan et al.
(2009), we can readily identify very similar coherent structures in both the heterogeneous and
homogeneous canopies. Surely the transition from a canopy layer to a rough-wall boundary
layer must occur at some canopy density. However, we conclude that there is a wide range
of sparse canopies that behave predominantly as a canopy layer, although integral length
scales calculated at the canopy top do not follow mixing-layer scaling. This is attributed to
integral length scales at the canopy top being poor indicators of length scales associated with
mixing-layer-like structures.

Superposed on these coherent turbulent structures in the heterogeneous canopy are disper-
sive flux structures. These are standing wave-like motions observed in temporally-averaged
fields. These structures are responsible for the dispersive fluxes and have the potential to con-
siderably increase total momentum fluxes. Results indicated that, on average, these structures
tended to transport momentum up and out of the canopy in the upper third of the canopy,
and down into the trunk space in the lower two-thirds of the canopy. By definition, these
structures are not present in a truly horizontally homogeneous canopy, and thus this mode of
momentum transport is absent. The absence of dispersive fluxes in the homogeneous canopy
representation resulted in a reduction in the total momentum flux (sum of turbulent and dis-
persive components) by over 20 % in the lower canopy when row LAI and spacing were large.
In contrast, dispersive fluxes were negligible in the cases of L AI = 1.0, and in the upper
canopy for all geometries.
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