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Abstract The structure of turbulent flows along a transition between tall-forested canopies
and forest clearings continues to be an active research topic in canopy turbulence. The difficul-
ties in describing the turbulent flow along these transitions stem from the fact that the vertical
structure of the canopy and its leaf area distribution cannot be ignored or represented by an
effective roughness length. Large-eddy simulation (LES) runs were performed to explore the
effect of a homogeneous variation in the forest leaf area index (LAI) on the turbulent flow
across forest edges. A nested grid numerical method was used to ensure the development of
a deep boundary layer above the forest while maintaining a sufficiently high resolution in
the region close to the ground. It was demonstrated that the LES here predicted first-order
and second-order mean velocity statistics within the canopy that agree with reported Rey-
nolds-Averaged Navier–Stokes (RANS) model results, field and laboratory experiments. In
the simulations reported here, the LAI was varied between 2 and 8 spanning a broad range
of observed LAI in terrestrial ecosystems. By increasing the forest LAI, the mean flow prop-
erties both within the forest and in the clearing near the forest edge were altered in two
fundamental ways: near the forest edge and into the clearing, the flow statistical properties
resembled the so-called back-facing step (BFS) flow with a mean recirculation zone near the
edge. Another recirculation zone sets up downstream of the clearing as the flow enters the tall
forest canopy. The genesis of this within-forest recirculation zone can be primarily described
using the interplay between the mean pressure gradients (forcing the flow) and the drag force
(opposing the flow). Using the LES results, a simplified analytical model was also proposed
to explain the location of the recirculation zone inside the canopy and its dependence on the
forest LAI. Furthermore, a simplified scaling argument that decomposes the mean velocity
at the outflow edge into a superposition of ‘exit flow’ and BFS-like flow with their relative
importance determined by LAI was explored.
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1 Introduction

Recent studies have shown that fragmented landscapes are becoming one of the most wide-
spread features of the modern world (Laurence 2004) with important consequences to land–
atmosphere interactions. On a local scale, (i.e. <1 km), such fragmentation influences
the up-scaling of fluxes and meteorological states from patchy surfaces (Klaassen 1992;
Albertson and Parlange 1999a, b) and affects a large number of biotic and abiotic processes,
including tree mortality, seed and pollen deposition in gaps (with direct consequences to
plant community development and gene flow) and enhanced dry deposition of atmospheric
pollutants. An abrupt roughness transition from one extensive uniform region to another,
where the discontinuity is a well-defined edge normal to the wind direction, represents the
simplest and yet most fundamental of surface changes in fragmented landscapes and serves
as a starting point for exploring how the bulk flow properties adjust to such disturbances.

Given its importance, it is of no surprise that early laboratory (Antonia and Luxton 1974)
and field (e.g. Raynor 1971; Bergen 1975) experiments, as well as second-order closure mod-
elling studies (e.g. Rao et al. 1974), focused on the growth of the internal boundary layer, a
region defined by the influence of the abrupt jump in the surface shear stress due to a jump in
the aerodynamic roughness length (see the review in Garratt 1990). Albertson and Parlange
(1999a, b) used a large-eddy simulation (LES) to investigate the effects of small changes of
roughness on the vertical momentum flux. However, transitions between tall-forested cano-
pies and forest clearings present an added level of complexity because the ‘morphological’
signature of the forest on the flow disturbance at downstream distances cannot be ignored
and a single roughness length cannot represent its effect.

Over the past three decades, a number of field experiments have reported observations on
mean flow properties near tall-forested edges, though their spatial sampling remains rather
restricted to a few tower locations and a few profile levels (Irvine et al. 1997; Flesch and
Wilson 1999; Detto et al. 2007). LES has now sufficiently matured to permit exploring the
effects of forest edges on flow disturbances within the canopy at sufficient spatial resolution.
Recent evidence of such a success is the agreement between LES computations reported
in Yang et al. (2006a, b) and the TKE component budget measurements in a wind tunnel
reported by Morse et al. (2002). Moreover, LES have been used to explore a similar problem,
flow behind shelterbelts (Patton et al. 1998), with satisfactory agreement with measurements
reported in Judd et al. (1996).

In reality even within the restricted scope of an idealized abrupt transition across an
extensive forest–clearing interface, a large number of processes such as topography, atmo-
spheric stability, patch sizes, upper atmospheric conditions and boundary-layer depth, three-
dimensional distribution of the foliage and tree spacing all confound general conclusions.
However, exploring the joint effect of all these processes is well beyond the scope of a single
study.

The effect of increasing forest LAI on the bulk flow properties within the forest canopy
and the clearing is among the least explored variables despite direct and indirect evidence
of the large impact of LAI on the basic structure of the mean flow field. For example, early
smoke release experiments by Bergen (1975) reported recirculation zones near a forest–grass
interface, results confirmed by wind-tunnel studies in Raupach et al. (1987) who also reported
the onset of ‘rotor-like’ motion near the edge. Field experiments by Irvine et al. (1997) did
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not reveal any recirculation zone, while Flesch and Wilson (1999) found an intermittent
recirculation but concluded that the flow could be described as exit flow rather than a recircu-
lating one. However, using Reynolds-Averaged Navier-Stokes (RANS) model calculations,
the same authors (Wilson and Flesch 1999) found a substantial recirculation zone close to
the ground. Our comparison with the work of these two authors showed that a mean adverse
flow possibly existed close to the ground. Liu et al. (1996) concluded that an intermittent
recirculation was present in the wind-tunnel experiment of Chen et al. (1995), and using a
k − ε RANS model they showed that this recirculation was dependent on the forest LAI.
Using detailed field experiments on the mean momentum budget near a dense and sharp
forest edge, Detto et al. (2007) argued that an intermittent recirculation zone may exist given
the similarities between the flow from a dense forest into a clearing and the back-facing step
(BFS) flow. However, only indirect evidence in support of this analogy was provided because
their gradient measurements were conducted at only a single point near the forest edge. It is
clear that the interplay between the forest LAI and the onset of a recirculation zone remains
an open problem.

Since analogies to BFS flows are used here, the main characteristics of this kind of tur-
bulent flow are briefly described. Turbulence in BFS flows is generally produced by a mean
velocity gradient perpendicular to the main flow direction. Depending on what causes this
velocity gradient, two types of turbulence regimes, both present in BFS flows, are often
distinguished: (i) free turbulence, and (ii) wall turbulence. The free turbulence occurs imme-
diately downstream of the step and is produced by the fact that a mass of fluid with relative
high velocity is forced to move along a mass of fluid with a relative low velocity (such as
the recirculation zone). The wall turbulence occurs in the vicinity of the bottom wall. Often
labelled as the simplest reattaching flow (e.g. Simpson 1989), the mean and turbulent flow
fields of BFS remain fairly complex because the mean momentum balance is governed by
a number of processes, including mean pressure gradients, advective terms, and turbulent
stresses. In BFS, the upstream boundary layer detaches at the sharp corner and a mixing
layer with intense shear stresses (free-shear layer) develops between the fast flowing upper
part of the flow and the low-momentum lower part of the flow (Simpson 1989). BFS flows
are characterized by a recirculating region between the step and reattachment point with neg-
ative horizontal velocities near the bottom. Another secondary recirculation region occurs
in the immediate vicinity of the step corner. The mean reattachment point occurs where the
streamline originating at the step edge impinges on the bottom wall. The statistical properties
of turbulence for BFS flows have been studied extensively over the past two decades (Armali
et al. 1983; Nakagawa and Nezu 1987; Simpson 1989; Chun and Sung 1998) and continue
to be the subject of active experimental and numerical studies (Scarano et al. 1999; Spazzini
et al. 2001; Kostas 2002; Piirto et al. 2003; Dejoan and Leschziner 2004; Furuichi et al. 2004;
Nezu 2005; Schram et al. 2004; Sheu and Rani 2006).

The fundamental characteristics of the mean flow properties as a function of forest LAI
will be explored using LES and the analysis focuses on two inter-related questions concerning
possible recirculation zones near the edge and inside the forest canopy:

(1) To what extent does the flow near the forest edge into the clearing increasingly share
important attributes with BFS flows (including the recirculation zone for the mean stream-
lines) as the forest LAI increases?

(2) Under what conditions does a recirculation zone set up downstream of the clearing inside
the tall forest canopy. Can the formation of this recirculation zone be primarily described
by inviscid flow calculations, at a minimum retaining the interplay between the mean
pressure gradients (forcing the flow) and the drag force (opposing the flow)?
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It should be noted that these two recirculation zones have not been observed in previous
LES studies. To explore these two questions, detailed simulations were conducted for a for-
est-clearing configuration that resembles the experimental set-up in Detto et al. (2007) for
neutral atmospheric stability with the exception that the forest LAI progressively increases
in simualtions. As discussed in Asner et al. (2003), terrestrial ecosystem LAI ranges from
1.3 ± 0.9 for deserts to 8.7 ± 4.3 for tree plantations, with temperate evergreen forests
(needle-leaf and broadleaf) displaying the highest average LAI. Hence, the LES runs con-
ducted here roughly span this entire range (2–8). To interpret the results, a simple analytical
theory that predicts the onset of recirculation inside the canopy is proposed and tested against
the LES results. Furthermore, simplified scaling arguments that decompose the mean velocity
adjacent to the edge, but within the clearing, into a superposition of ‘exit-flow’ and BFS-like
flow with their relative importance determined by the forest LAI are also explored.

2 The Large-eddy Simulation

Currently, LES is the state-of-the-art computational tool for investigating the structure of
turbulence in a wide variety of settings, including plant canopies. Its use for modelling the
atmospheric boundary layer dates back to the pioneering work of Deardorff (1972). Since
then, developments in LES have proliferated (e.g., Moeng 1984; Schmidt and Schumann
1989; Mason and Thomson 1992; Sullivan et al. 1996; Kosovic 1997; Porte-Agel et al.
2000).

The use of LES as a tool to investigate turbulent flows inside and above forested canopies
has rapidly expanded since the seminal work of Shaw and Schumann (1992) as evidenced
by the large-number of studies thus far (e.g. Dwyer et al. 1997; Su et al. 1998, 2000; Shen
and Leclerc 1998; Patton et al. 2001; Albertson et al. 2001; Yang et al. 2006a, b).

2.1 The Equations

A modified version of the LES code described in Albertson (1996) and Albertson and Par-
lange (1999a, b) is used. The code solves the filtered Navier–Stokes equations written in
rotational form (Orszag and Pao 1974) as,

∂�ui

∂t
+�u j

(
∂�ui

∂x j
− ∂�u j

∂xi

)
= −∂pc

∂xi
− ∂π

∂xi
− ∂τi j

∂x j
+ Fi , (1)

where t is time, �ui is the filtered velocity in direction xi and the total velocity is ui = �ui +u′′
i

with u′′
i representing the subgrid-scale (SGS) or unresolved velocity. The τi j is the trace-free

SGS stress defined as,

τi j = (
ui u j −�ui�u j

) − δi j

3
(ukuk −�uk�uk) . (2)

The first term on the right-hand side of Eq. 1 is an imposed large-scale pressure gradi-
ent, which is uniform throughout the domain and is aligned in the streamwise direction (i.e.
∂pc/∂xi = 0 for i = 2, 3) and drives the flow. The total pressure per unit density, p, is
therefore decomposed as, p = pc +�p+ p′′. The quantity π is the modified resolved pressure
defined as

π = p + δi j

3
(ukuk −�uk�uk) + 1

2
�ui�ui , (3)
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which is obtained to ensure that the continuity (∂�ui/∂xi = 0) is satisfied throughout the
flow. To recover the true pressure, the SGS kinetic energy q = (ukuk −�uk�uk) /2 is required,
but is not explicitly solved here; instead it is estimated following the standard dynamic
approach (Germano 1992; Germano et al. 1991) as suggested by Sagaut (2002, p. 112, see
also Xie et al. 2004), where q = (�ui −�̃ui

)
/2; the tilde ∼ represents a test filter and is usually

taken to be twice the scale of the grid. The trapezoidal integration rule discussed in Gullbrand
and Chow (2003) is used for this purpose.

The SGS stress is parameterized using a simple Smagorinsky (1963) model

τi j = −2νT �Si j , (4)

where �Si j = (
∂ ūi/∂x j + ∂ ū j/∂xi

)
/2 is the resolved strain-rate tensor and νT is the stan-

dard eddy viscosity given by νT = (CS�)2
∣∣�S∣∣, ∣∣�S∣∣ = (

2�Si j�Si j
)1/2

is the magnitude of the
resolved strain-rate tensor, and CS is the Smagorinsky constant known to depend on several
factors (see e.g. Scotti et al. 1993; Sagaut 2002). In simulations of homogeneous turbulence,
the predicted theoretical value is CS ≈ 0.18 but this value is known to be large when simu-
lating boundary-layer flows and a value as low as CS = 0.1 has been used (see e.g. Lesieur et
al. 2005). An intermediate CS = 0.14 is used here. The � = (�x�y�z)

1/3is the filter width
following Deardorff (1970). The Smagorinsky model approach neglects, at the SGS level,
the short-circuiting of the energy cascade in the inertial subrange due to the presence of the
canopy. Other models can be used to account for this effect with an extra term in the equation
for the SGS turbulent kinetic energy (e.g. Patton et al. 1998; Shaw and Patton 2003).

For consistency with the literature, index and meteorological notations are used inter-
changeably noting that streamwise, spanwise and vertical directions respectively, are
i(= 1, 2, 3), or (x, y, z). Following Shaw and Schumann (1992), the drag-force term is
modelled as

Fi = −Cda |�u| ui , (5)

where a(x, y, z) is local leaf area density, i.e. area of plant surface for unit volume of space
and Cd(= 0.2) is an isotropic drag coefficient (here taken from Katul and Albertson 1998).
Note that L AI (x, y) = ∫ h

0 a(x, y, z)dz, where h is the canopy height.
In these equations, the Coriolis force is neglected. This assumption was used in several

LES studies for flow over and within a forested canopy (see e.g. Shaw and Schumann 1992;
Yang et al. 2006a, b; Watanabe 2004; Dwyer et al. 1997). However, as pointed out by Wilson
and Flesch (1999), the Coriolis force can be significant when modelling mean wind directions
deep inside the canopy. Neutral atmospheric stability is assumed, thus avoiding the need to
specify a heat forcing term (i.e. the gravitational term in the vertical momentum equation is
neglected).

2.2 Numerical Methods and Specification

Equation 1 is solved on two nested computational staggered grids; the first one has a resolu-
tion Nx × Ny × Nz on a domain Lx × L y × Lz that covers what can be considered a neutrally
stratified boundary layer; the second grid covers a domain close to the surface Lx × L y × lz

that is only a small vertical fraction of the boundary layer (i.e. lz = βLz with β << 1) and
has an effectively finer resolution nx × ny × nz .

The solution on each grid uses a pseudo-spectral method (Moin et al. 1978) with spectral
differentiation in the two horizontal directions and finite difference in the vertical direction.
A full de-aliasing is used in the spectral domain (see e.g. Canuto et al. 1988). As common in
pseudo-spectral methods, the continuity equation is used to derive a Poisson equation for the
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modified pressure �π that is then solved through a two-dimensional Fourier transform in the
horizontal plane and a tri-diagonal matrix algorithm in the vertical direction (see e.g. Orlandi
2000). The time advancement uses a second-order explicit Adam-Bashforth scheme (see e.g.
Orlandi 2000; Canuto et al. 1988).

Following the approach discussed in Khanna and Brasseur (1997) and Sullivan et al.
(1996), the first grid communicates by a one-way coupling with the second grid hence sim-
ply giving initial and top-boundary conditions to the refined grid. This procedure allows
for a higher resolution both vertically and horizontally without an excessive increase in the
memory requirement and computational time since the two simulations are run in parallel.
This two-grid strategy allows us to satisfactory resolve the canopy and the flow immediately
above the canopy without the need of imposing artificial boundary conditions at the top
of the small domain of interest. We note for example that in other simulations (e.g. Shaw
and Schumann 1992; Dwyer et al. 1997; Patton et al. 2001) a frictionless rigid lid was
imposed not far above the canopy, thus resulting in steeper vertical gradients of stress
than those expected in the atmospheric boundary layer. More recently, Yang et al. (2006a)
specified the forcing of the flow through the upper one-sixth of their computational
domain (extending for six canopy heights). This second approach solves the problem gen-
erated by the rigid lid but, close to the forcing layer, the mean velocity profile is strongly
altered with respect to the profiles observed in the atmospheric boundary layer (Yang et al.
2006a).

Periodic boundary conditions are used in the horizontal directions and zero vertical veloc-
ity is imposed at the ground surface. Here, the stresses are computed from a prescribed
roughness length and the resolved horizontal velocity at one-half grid spacing above the
surface (see Albertson and Parlange 1999a, b), an approach that is commonly used in LES of
the planetary boundary layer (e.g., Moeng 1984; Schmidt and Schumann 1989). The external
grid uses a frictionless rigid lid at the upper boundary.

The coarse-grid simulations extend for 500 m vertically and about 1,050 m×1,050 m hor-
izontally while the fine-grid simulations extend 75 m vertically. A 20 m tall forest covers
homogeneously the first half of the horizontal domain in the downstream direction.

For the coarse-grid simulations, a grid of 64 × 64 × 121 is applied and the forest has been
simulated as a distributed drag force extending vertically for 32 × 64 × 5 nodes. This config-
uration gives an aspect ratio between the horizontal and vertical spacings (�x/�z,�y/�z)
of about 4. This aspect ratio should not introduce significant deviations from the isotropic
grid solution (Scotti et al. 1993; Kaltenbach 1997). However, this point was investigated by
running a simulation with a grid of 128 × 128 × 121 and no overall sensitivity to the grid
size, at the elevations where the boundary conditions are transferred to the more resolved
grid, was found.

For the fine-grid simulations, a 128×128×44 grid was used and the forest was introduced
as a distributed drag force extending for 64 × 128 × 12 grid nodes. With this configuration,
the aspect ratio between the horizontal and vertical cell size in the fine grid is about 4.7.
Although this is acceptable, we further investigated possible effects of the grid anisotropy
and size using a simulation with a resolution of 256 × 256 × 44 and corresponding aspect
ratio below 2.4. These simulations did not reveal any significant differences in the statistics
relevant to the study objectives.

The roughness length of the grass clearing was set at z0 = 0.1 m and is significant
only in the fraction of the domain not covered by the canopy; otherwise the important sink
of momentum is in the upper layers of the canopy and it is explicitly resolved by the drag
force.
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Table 1 Basic characteristics of the simulated canopies

Experiment Vertical shape Inflow edge (extension) Outflow edge LAI

1 Forest Smooth (0.4h) Sharp 2
2 Forest Smooth (0.8h) Sharp 4
3 Forest Smooth (1.2h) Sharp 6
4 Forest Smooth (1.6h) Sharp 8
5 Constant Smooth (1.6h) Sharp 8
6 Constant Sharp Sharp 8

The resolution in all simulations was �x = �y ∼= 0.4h, �z ∼= 0.08h

3 Numerical Experiments

The forest configuration reported above resembles the Duke Forest set-up (e.g. Ellsworth et
al. 1995; Katul and Albertson 1998; Albertson et al. 2001). However, we emphasise that LAI
will be varying across simulations and no attempt is made to reproduce the same forest density
a(x, y, x) reported in Katul and Albertson (1998). The basic configurations of the numerical
experiments are reported in Table 1. The canopy shape refers to the vertical distribution of
the canopy leaf area density and the dimensionless forest leaf area density reported in Fig. 1
is scaled with the LAI to have a unit integral. Table 1 reports the type of horizontal transition
between the free air and the canopy. Most simulations here used a smooth transition at the
grass-to-forest transition—gradually increasing from LAI=1 towards the highest density
level over a distance listed in parentheses in Table 1. This transition minimizes the Gibbs
instabilities. The singular difference between the smooth transition and the sharp one is an

Fig. 1 Variations of the normalized canopy leaf area density with height. Solid circles and continuous line
represents the normalized leaf area density used in LES simulations
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obvious small downwind shift in the equilibrium profiles inside the canopy, and this effect
will be fully discussed below.

The simulations reported in Table 1 use upper boundary and initial conditions from a
larger domain simulation. Therefore, a short discussion of the results obtained from the
larger domain using a coarse grid and an intermediate LAI (=4) is first presented, followed
by results from the fine-grid simulations in the canopy sublayer for progressively increasing
LAI.

3.1 Coarse-grid Simulation

The two primary statistics obtained by averaging the velocity and shear stress over time and
horizontal planes are displayed in Fig. 2. Hereafter, such averaging is represented by 〈 〉xyt .
The turbulent field is not statistically homogeneous along the mean wind direction because
of the clearing-forest transition; hence, averaging across horizontal planes is questionable.
However, we expect that these statistics will not be completely different from those of a
turbulent flow over a homogeneous canopy allowing a rough evaluation of the simulation.

Figure 2a shows the scaled mean velocity as function of the scaled vertical coordinate.
Here zi is the boundary-layer depth and

us1 = ∣∣〈u(x, y, h + �z, t)w(x, y, h + �z, t)〉xyt

∣∣1/2
,

is a velocity scale computed at the first level above the canopy height. It is evident that the
presence of the drag in half of the domain retards the flow below the canopy top. Above the
canopy, the mean flow tends to assume a logarithmic profile, and values above z = 0.9zi

are not shown since a ‘damping layer’ is used to absorb fluctuations close to the lid (see e.g.
Mason and Thomson 1987). Figure 2b shows the scaled mean correlation between w′ and u′
as a function of the scaled vertical coordinate. Here, primed quantities are fluctuations from
the averaged state e.g. w′ = w − 〈w〉xyt . Note that even for this coarse resolution, most of
the stress is resolved. The total stress decays properly to zero at the top of the domain with
a near constant slope. Figure 2c shows the scaled turbulent kinetic energy (TKE), defined
here as

〈
u′

i u
′
i

〉
xyt /2. As for the stress, most of the TKE is resolved. Recall that the subgrid

TKE has been evaluated dynamically. In short, the overall profiles from the coarse resolution
resemble boundary-layer flows over a canopy.

Fig. 2 Plane and time-averaged values of the mean streamwise velocity (a), turbulent stresses (b) and tur-
bulent kinetic energy (c) as a function of normalized height. zi is the boundary-layer height. In (b) and (c)
dashed lines are the resolved predictions, dotted lines the subgrid-scale components and continuous lines the
total values. us1 is a velocity scale defined in the text
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Fig. 3 Time and crosswind averaged values of: (a) mean horizontal velocity 〈�u〉yt /us2; (b) mean vertical

velocity〈�w〉yt /us2; (c) pressure 〈�p〉yt /u2
s2, as a function of the normalized height above the ground for exper-

iment 2 (see Table 1). zi is the boundary-layer height. Edge indicates the horizontal location of the forest
boundaries. In (a) the position of the boundary between coarse and refined simulation is indicated. us2 is a
velocity scale defined in the text

Figure 3 presents the time and crosswind averaged statistics, and hereafter, angled brack-
ets 〈 〉yt represent such averaging. Figure 3a shows the mean velocity 〈u〉yt contours scaled

with us2 = ∣∣〈u(x∗, y, h + �z, t)w(x∗, y, h + �z, t)〉yt

∣∣1/2, with x∗ being the coordinate
of the canopy-to-grass edge minus three canopy heights. The 〈u〉yt contours, as a function
of elevation above ground and downwind distance from the clearing-to-forest canopy edge,
are shown. The canopy (L AI = 4) can be identified on the left half of the figure while the
clearing is on the right half. With this resolution and LAI, no mean recirculation is evident.
The horizontal dashed line here shows the embedded grid boundaries (i.e. the position where
the velocity is passed to the fine-grid simulation). Figure 3b shows the mean vertical velocity
〈w〉yt contours scaled with us2 plotted as a function of elevation above ground and down-
wind distance from the clearing-to-forest canopy edge. Note the positive mean velocity at the
clearing-to-forest edge and the negative value at the forest-to-clearing edge. For reference,

123



442 M. Cassiani et al.

Fig. 4 Variations of the instantaneous velocity in the streamwise direction (�u) across horizontal sections at
four elevations above ground for LAI=8 and resolution 256 × 256. Node 128 (on the x axes) marks the
forest-to-clearing edge. Dark and bright grey correspond to lower and higher velocities, respectively. Areas
of negative velocities are bounded by a continuous line. (a) close to the ground; (b) Fourth node above the
ground, corresponding to h/3; (c) Eighth node above the ground, corresponding to 2h/3; (d) Sixteenth nodes
above the ground, corresponding to 4h/3

Fig. 3c shows the variations in the mean pressure field scaled with u2
s2 and plotted as the

variation from its averaged value over the simulation domain. Recall that in this case, only
gradients are important.

3.2 Fine-resolution Simulations

The main objective of this work is to investigate the singular effects of canopy LAI on the
mean flow across forest edges focusing on two regions—the flow inside the forest canopy
and the flow near the outflow forest edge. Before starting a quantitative analysis on aver-
aged quantities, a qualitative picture of the instantaneous velocity field is presented. Figure
4 shows the snapshots of the instantaneous streamwise velocity at four different elevations
above the ground surface using simulations with the maximum LAI (= 8). For this qualitative
analysis, the horizontal resolution of 256×256 is used. Figure 4a–c represent the flow below
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Fig. 5 Comparison between statistics from LES runs (LAI=2, 4, and 8, see Table 1) and various experiments
with different canopy densities: Duke pine forest (circle), corn (triangle), hardwood forest (inverse triangle),
rice (diamonds), rods (squares) and spruce forest (crosses). Results are plotted as a function of the normalized
elevation where h is the canopy height. Direction of the arrow indicates an increase in LAI for the simulations

the canopy top while 4d shows the flow above the forest. Modelled canopy drag in the first
half of the domain (up to 128 nodes in the x direction) reveals the expected slow down of the
flow, but more important is the complete shift in turbulence “texture” as the flow traverses the
forest edge into the clearing. Inside the canopy, several areas of weak negative instantaneous
velocity can be recognized as coherent regions bounded by continuous black lines. Increasing
the elevation above the ground decreases the total area covered by negative velocity. Similar
areas of negative velocity are present for lower LAI (2–6) (not shown here) but the total area
of coverage decreases with decreasing LAI. The effects of this variation on the mean flow
characteristic will be explored in detail later. More intense negative velocities are observed
after the forest-to-clearing edge. Here the negative velocities appear to resemble BFS-like
effects with a separation and mean recirculation (e.g. Nakagawa and Nezu 1987; Simpson
1989) and, as before, the total area covered by negative velocity decreases with decreasing
LAI. As expected, the areas with negative velocity tend to disappear near the forest top.
However, the presence of the canopy drag can be seen since the turbulence “texture” remains
completely different above the canopy and above the clearing (Fig. 4d).

Figure 5 compares the flow statistics reported in several field and laboratory experiments
with the flow statistics computed by the LES here at location x∗. These measurements span a
wide range of LAI values (2–6) and h (0.12–25 m), and include a corn canopy (Wilson et al.
1982), a hardwood forest (Meyers and Baldocchi 1991), a rice canopy (Katul et al. 2001), a
Spruce forest (Amiro 1990), a pine plantation (Katul and Chang 1999), and densely arrayed
steel rods in a flume (Poggi et al. 2004). Complete details of these experiments can be found
in Katul et al. (2004) and will not be repeated here. The field measurements are scaled with
the local measured u∗ and canopy height while the LES results have been scaled with us2,
representing here the local u∗. The LES simulations agree with the observed flow statistics
lending confidence to the realism of these simulations.

Figure 6 shows the spatial variation of the horizontal mean velocity (scaled with us2) as
LAI increases (see Table 1, first four cases). With an LAI=2, no recirculation zones are
observed in agreement with previous LES results reported by Yang et al. (2006a) despite dif-
ferences in canopy density distribution, forcing method, and subgrid-scale parameterization.
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Fig. 6 Contours of the mean streamwise velocity 〈u〉yt scaled with us2 for different LAI values. Top to
bottom: experiment 1, 2, 3, 4 (see Table 1; LAI = 2, 4, 6, 8). Grey areas correspond to negative velocity; h
is the canopy height

With this value of LAI, it appears that the ‘exit flow’ model is a good approximation for the
outflow at the forest-to-clearing edge. In the second panel (LAI=4), a small recirculation
zone is observed at the outflow edge, showing that the ‘exit flow’ approximation is no longer
reasonable because the recirculation structures become a dominant contributor to the average
velocity at this LAI (see also Fig. 4). At the inflow edge the contours of the mean horizontal
velocity at LAI=4 are similar to the ones simulated for LAI=2, but the isolines are closer
to each other suggesting a stronger decrease in mean velocity over a comparable distance.
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A further increase in LAI (=6) completely changes the behaviour of the flow inside the can-
opy. A weak recirculation zone can be observed extending for about 8h and characterized
by a width much larger than the mixing length for canopy turbulence. The behaviour at the
outflow edge is similar to the one at LAI=4, although an increase in the recirculation area
and intensity can be noted. Increasing the LAI to 8 does not significantly change the overall
patterns. However, the recirculation inside the canopy increases its extension. At the forest-to
clearing edge, a small increase in the recirculation area is noted suggesting an asymptotic
limit is approached.

The results in Fig. 6 have been obtained with the leaf area density profile reported in
Fig. 1 and a smooth transition in the streamwise direction at the clearing-to-forest edge; this
is somewhat arbitrary. To further explore the influence of these two factors on the mean
flow and in particular on the recirculation inside the canopy we performed two simulations
with L AI = 8; experiments 5 and 6 in Table 1. The results are reported in Fig. 7 along
with the standard configuration result for reference. The results from a constant density but
smooth transition simulation show completely different velocity isolines at the clearing-to-
forest edge. In particular, we observe the disappearance of the so-called low-level jet (Wilson
and Flesch 1999; Li et al. 1990) associated with the vertical profile of the leaf area density
(i.e. the small leaf area density close to the ground generated higher wind speed and with a
constant leaf area density profile this feature disappeared). However, inside the canopy, the
recirculation zone retains a similar extension while appearing closer to the clearing-to-forest
edge. This is expected because the constant leaf area density profile has more foliage near
the ground and exerts more drag on the horizontal mean velocity in this zone. Eliminating
the smooth transition, Fig. 7c shows no major changes for the forest canopy flow except a
minor shift towards the clearing-to-forest boundary for the onset of recirculation. As expected
no visible changes are observed at the forest-to-clearing edge. Hence, from this sensitivity
analysis, the onset of a recirculation inside the canopy is weakly dependent on the precise
characteristic of the transition and mainly depends on LAI values.

To further evaluate our simulations, we compare the simulation results at the two edges
with experiments and RANS simulations reported elsewhere. The published RANS simu-
lations of Wilson and Flesch (1999) for the experiments by Raynor (1971) and Flesch and
Wilson (1999) provide the necessary data and RANS model output. We did not attempt
to reproduce these experiments and simulations precisely. However, comparison is possible
because one of the leaf area density profiles used in our LES simulations is similar to that used
by Wilson and Flesch (1999). We selected, among our simulations, the LES runs with Cd L AI
values closest to those of Wilson and Flesch (1999). Figure 8, left, shows the comparison
with the simulations and experiments at the clearing-to-forest transition. The vertical profiles
refer to different distances from the edge. All the results were scaled with the respective mean
velocity at x ≈ 6h, z = 2h. In Wilson and Flesch (1999), the Coriolis force was considered;
therefore, the magnitude of the horizontal velocity vector is shown. Despite these differences
and other minor differences in leaf area density profiles (our profile is less dense near the
ground and more dense in the vicinity of z = (3/4)h), reasonable agreement is observed
with both the RANS model calculations and the experiments of Raynor (1971). In particular,
the low-level jet noted in the RANS model calculations and the measurements in Raynor
(1971) was resolved by the LES here. Li et al. (1985) reported similar findings using RANS
model calculations, but these results are not repeated. Figure 8 shows further comparisons
with the simulations of Wilson and Flesch (1999) for the forest-to-clearing transition (right).
Both simulations are scaled with the respective mean velocity at z = h and one canopy
height before the forest-to-clearing transition. Based on their reported Cdah, our simula-
tions conducted with an LAI=4 should be of similar density. For reference, the LES results
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Fig. 7 Contours of the mean streamwise velocity 〈u〉yt scaled with us2 and for LAI = 8 and different
clearing-to-forest edge conditions. (a) clearing-to-forest transition and forest type density (experiment 4);
(b) smooth clearing-to-forest transition and vertically constant leaf area density (experiment 5) and (c) sharp
clearing-to-forest transition and vertically constant leaf area density (experiment 6,). Grey areas correspond
to negative velocities; h is the canopy height

with LAI=8 are also included. The simulations here and the RANS model calculations in
Wilson and Flesch (1999) agree on the existence of a recirculation zone below z/h = 0.2.
However, the LES simulations show a shorter mean recirculation zone when compared to
the RANS model results in Wilson and Flesch (1999). Similar results (not reported here)
were also obtained by Liu et al. (1996) using a K − ω RANS model, who noted a reversed
mean velocity in the domain area bounded by z = 0.03h to 0.15h, and x = 1h to 2h. These
authors also noted that recirculation was present for LAI=10 but disappeared for LAI=4.
They argued that while the mean recirculation was visually observed in their experiment, the
hot wire anemometers used were not able to register it. The presence of this recirculation
will be further discussed in Sect. 5.

Up to this point, much of the discussion has centred on the mean longitudinal velocity.
Next, the effects of LAI on the mean vertical velocity are considered. In Fig. 9, a comparison
between the mean vertical velocity, 〈w〉yt , for LAI=2 and 8, (experiments 1 and 4) is pre-
sented. The overall difference is not large but consistent with the preceding figures. At greater
LAI the higher drag force significantly slows down the flow thus allowing the change in sign
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Fig. 8 Left panel: vertical profiles of mean streamwise velocity 〈u〉yt immediately after the clearing-to-forest
edge. us3 is the velocity at x ≈ 6h, z = 2h. Symbols: experiment of Raynor (1971). Open square, x ≈ 2h;
open diamonds, x ≈ 4h; open triangle, x ≈ 6h. Dashed lines: RANS simulations of the same experiment by
Wilson and Flesch (1999). Continuous lines: present simulations (experiment 4) LAI=8. The arrow shows
the direction of increasing distance from the edge for the simulations. Right panel: vertical profiles of mean
streamwise velocity 〈u〉yt immediately after the forest-to-clearing transition. us4 is the velocity at z = h
and x one canopy height before the forest-to-clearing transition. Long dashed line: RANS simulations of the
Manning experiment by Wilson and Flesch (1999). Continuous line: present simulation with LAI=4. Short
dashed lines: present simulations with LAI=8

Fig. 9 Contours of mean vertical velocities 〈�w〉yt scaled with us2, (a) LAI=8 and (b) LAI=2. Experiments
1 and 4; h is the canopy height
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Fig. 10 Contours of mean pressure 〈�p〉yt scaled with u2
s2 and plotted as a variation from its volume-averaged

value (see text); (a) LAI=8 and (b) LAI=2. See experiments 1 and 4; h is the canopy height

of the vertical velocity within the recirculation inside the canopy. A stronger positive veloc-
ity is observed for the greater LAI immediately at the forest-to-clearing boundary consistent
with the onset of another recirculation zone.

More interesting is the mean pressure field reported in Fig. 10; this is scaled with u2
s2and

plotted as a departure from its averaged value over the simulation volume. For LAI=8, the
pressure field inside the canopy close to the ground shows a local maximum at x/h = 20. The
adverse pressure gradient between 10h < x < 20h is consistent with the onset of a recircu-
lation. This feature is completely absent in the simulation with LAI=2 (no recirculation).
No clear qualitative distinction can be observed in the pressure field after the outflow edge.

3.3 Mean Momentum Balance for the Fine Grid

The relative importance of the various terms in the time-averaged longitudinal mean momen-
tum balance is explored next so as to isolate the key processes responsible for the onset of
recirculation. The resolved-scale mean momentum equation can be written as (using x, y, z
coordinates):

0 = −〈�u〉yt
∂ 〈�u〉yt

∂x
term 1

−〈�w〉yt
∂ 〈�u〉yt

∂z
term 2

− ∂pc

∂x
−

〈
∂�p
∂x

〉
yt

term 3

− Cda 〈|�u|�u〉yt
term 4

−
∂

〈�u′�u′〉
yt

∂x
−

〈
∂τxx

∂x

〉
yt

term 5

−
∂

〈�u′�w′〉
yt

∂z
−

〈
∂τxz

∂z

〉
yt

term 6

. (6)

As before, angle brackets denote an average over time and crosswind direction and the
prime denotes a fluctuation of any variable from this average, e.g. �u = �u′ + 〈�u〉yt . Terms
1 and 2 represent the advection by the mean flow in the streamwise and vertical directions,
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respectively; term 3 represents the pressure gradient; term 4 is the canopy drag force; terms
5 and 6 are the turbulent transport from both resolved and subgrid scales in the streamwise
and vertical directions, respectively.

The contours of each term for experiment 4 are presented in Fig. 11, with all values scaled
with u2

s2/h. The sum of all the terms was verified to be near zero at all points in the spatial
domain thereby lending confidence to the averaging intervals chosen here.

We start our analysis here by discussing the terms in the mean momentum balance imme-
diately after the forest-to-clearing edge. Apart from the drag that is absent, all the terms
have comparable magnitude and therefore none of them can be neglected in this region. This
prevents any simplified analytical treatment in this zone. However, expanding the argument
in Detto et al. (2007), we propose in Sect. 5 a simple superposition model to explain the mean
flow dynamics in this area as a function of forest LAI. For small LAI, the flow resembles an
exit flow, while for large LAI, the flow includes BFS-like signatures. For infinite LAI, the
flow becomes identical to a standard BFS flow. Hence, for any intermediate LAI, it should
be possible to compute the mean velocity as a weighted average of these two end-member
states where the weights vary with LAI.

Inside the forest canopy, the pressure gradient and the drag force are the two dominating
terms inside the recirculation area between z < 0.5h and 10h < x < 20h (Fig. 11). Changes
in sign of the pressure gradient correspond to a change in the mean velocity within the recir-
culation area between z < 0.5h and 10h < x < 20h, which also corresponds to an area of
positive drag force.

All the terms for the mean momentum balance in the zone just before the onset of recir-
culation i.e. 0 < x/h < 10 are presented in Fig. 12a. Advection in the vertical direction
(term 2) and turbulent transport in the streamwise direction (term 5) are much smaller when
compared to all the other terms in the balance and can be neglected. Based on this figure,
a balance between pressure (term 3) and drag force (term 4) can be hypothesized near the
ground (z < 0.1h) across a horizontally integrated streamline for 0 < x/h < 10. This bal-
ance is in agreement with the analysis of Holland (1989) for a deep forest. In this region, the
mean longitudinal velocity can be approximated as a free shear and its vertical gradients can
be neglected relative to the horizontal. Although the turbulent stress (term 6) and advection
(term 1) can be comparable to the mean pressure gradient at some locations, their overall
contribution to the mean momentum balance becomes negligible when horizontal averaging
is applied in this region. Note that when the sign change is considered, neglecting terms 6
and 1 becomes even more reasonable because of cancellations.

4 Scaling Analysis of the Recirculation Zone Inside the Forest Canopy

4.1 Basic Equations and Assumptions

The time and crosswind-averaged Navier-Stokes equation is:

U
∂U

∂x
+ W

∂U

∂z
= −∂ P

∂x
−

(
∂

〈
u′w′〉

yt

∂z
+

∂
〈
u′u′〉

yt

∂x

)
+ 〈Fx 〉yt . (7)

For notational simplicity, defined U = 〈u〉yt and similarly for W andP . As before, primes
denote fluctuation from the time and crosswind averaged value i.e. u = U + u′, 〈Fx 〉yt is the
mean drag force, and the other bracket terms are the gradients of turbulent Reynolds stress
and the longitudinal velocity variance, respectively.
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Fig. 11 The terms in the mean longitudinal momentum balance scaled with h/u2
s2. h is the canopy height.

Term 1 is advection in the streamwise direction; Term 2 is advection in the vertical direction; Term 3 is the
pressure gradient force; Term 4 is the canopy drag force; Term 5 is the turbulent transport in the streamwise
direction; and Term 6 is the turbulent transport in the vertical direction
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Fig. 12 Same as Fig. 11 but for a zoom in area just prior to the recirculation (0 < z/h < 0.5; 0 < x/h < 10);
h is the canopy height

Following the analysis in the previous section, only two terms (drag and pressure gradi-
ent) dominate the mean momentum balance in the region near the ground within the forest
canopy bounded between the entrance and recirculation zone. We explore next the onset
of the longitudinal location of a recirculation zone from the entrance and explore how LAI
modulates its occurrence.

4.2 Onset of Recirculation in the Lower-canopy Levels

The most simplified mean momentum balance in this region is given by

Cda |U | U = −∂ P

∂x
. (8)

To determine the onset of recirculation, consider the integral momentum balance from x = 0
(entrance) to x = Ls , the distance at which recirculation begins. The longitudinally integrated
mean momentum balance yields
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x=Ls∫
x=0

U 2dx = P(0) − P(Ls)

Cda
(9)

We arbitrarily assume that the mean velocity can be approximated by a power-law dis-
tribution with an unknown exponent α (> 0) to represent its decay from the entrance U (0)

using

U (x) = U (0)

(
1 − x

Ls

)α

. (10)

Noting that P(Ls) = 0 at the recirculation point and a ≈ L AI/h yields an expression for
the onset of recirculation (normalized by canopy height h) as:

Ls

h
= (2α + 1)

P(0)

U (0)2

1

Cd L AI
. (11)

While α remains unknown, it is possible to derive its lower bound by noting that just
before the recirculation point, both ∂U/∂x → 0 and ∂2U/∂x2 → 0 as x → Ls . These
velocity smoothness constraint arguments in the context of an integral momentum balance
have a longstanding tradition in boundary-layer flows albeit for the vertical direction (e.g.
the Karman-Pohlhausen method, see Panton 1984 p. 570).

We are primarily focusing on first-order and second-order smoothness because terms such
as ∂

〈
u′u′〉

yt/∂x in the mean momentum balance must remain small and bounded (relative to

the drag force and pressure gradient) before x → Ls . To illustrate why a small ∂
〈
u′u′〉

yt/∂x
can be used to derive a smoothness constraint on the mean velocity, consider the isotropic
eddy-diffusivity (K ) first-order closure model for the Reynolds stresses given by

〈
u′

i u
′
j

〉
= −1

2
K

(
∂Ui

∂x j
+ ∂U j

∂xi

)
. (12)

For such an elementary model, ∂
〈
u′u′〉

yt/∂x necessitates smoothness in both ∂U/∂x and

∂2U/∂x2. If such smoothness is not guaranteed, then modelled ∂
〈
u′u′〉

yt/∂x from Eq. 12
may become a dominant term in Eq. 7 near x → Ls (inconsistent with LES). The smoothness
requirements can be readily formulated by first computing ∂U/∂x and ∂2U/∂x2,

∂U

∂x
= −αU (0)(1 − x/Ls)

α−1

Ls
, (13a)

∂2U

∂x2 = −α(α − 1)U (0)(1 − x/Ls)
α−2

L2
s

, (13b)

and noting that as x → Ls , α ≥ 1 and α ≥ 2, respectively, to maintain bounded first and
second derivatives. Hence, this analysis guarantees that the lower value of α is 2.

4.3 Comparison between LES and Scaling Analysis: The Role of LAI

The simplified model in Eq. 11 predicts the onset of recirculation inside the canopy given: (i)
the boundary condition P(0)/U (0)2, (ii) canopy drag attributes (i.e. Cd ), and (iii) leaf area
index. Noting that close to the ground (z/h < 0.1) for the LES runs reported here (see Figs.
7 and 10) P(0)/U (0)2 ≈ 2, L AI = 8, Cd = 0.2, and by assuming α = 2 (its minimum
value), Eq. 11 predicts that Ls/h ≥ 6, in good agreement with LES results especially if
to simplify the analysis we consider the constant density and sharp transition (see Fig. 7).
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Fig. 13 Same as Fig. 4a but for LAI=2 and resolution 128 × 128

Furthermore, as LAI decreases from 8 to 6, Ls/h increases roughly by (8/6) or some 30%,
and this is consistent with the magnitude and directional shift in the LES runs as deduced
from Fig. 6. We emphasize that the value of P(0)/U (0)2 = 2 is not universal and is likely
to depend on external factors such as the geostrophic wind, canopy height, and atmospheric
stability.

5 A Simplified Analysis for the Recirculation Outside the Canopy

Thus far, it was demonstrated by the LES simulations that recirculation zones along the
forest-to-clearing canopy edge are time intermittent consistent with earlier studies (e.g. Raup-
ach et al. 1987; Flesch and Wilson 1999). Moreover, at the forest-to-clearing canopy edge,
the recirculation and exit flow alternate in the spanwise direction (Fig. 4). Hence, a plausible
hypothesise is that the volume fraction occupied by these two different flow structures must
vary with the forest LAI. A qualitative confirmation comes from the comparison in Figs. 13
and 4a. These figures represent horizontal sections of the instantaneous streamwise velocity
close to the ground for LAI=2 (Fig. 13) and LAI=8 (Fig. 4a). For LAI=2, fewer (and
smaller in size) negative velocity zones are present when compared to LAI=8. It was earlier
shown (see Fig. 6) that these zones do not generate any average recirculation in the mean
velocity when LAI=2. With the increase in LAI, the negative velocity zones grow in num-
ber and size until they can generate mean negative velocities (consistent with an intermittent
recirculation).

These spatial zones can also be interpreted as a relative time of existence of one state (i.e.
recirculation or exit flow) at a single location. This implies that the BFS-like flow structure
and the exit flow structure (see Fig. 14) occur with a relative frequency depending on the
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Fig. 14 Sketch of the two extreme flow cases considered in the superposition

forest LAI. To quantitatively analyze the relative contributions of these two flow structures,
without the need of actually distinguishing between crosswind direction and time, we can
define the sample fraction (S f�u<0(x, z)) as the number of measured samples with negative
velocity divided by the total number of samples at a given (x, z) location.

Figure 15 shows S f�u<0 in the immediate vicinity of the forest-to-clearing transition for
two different heights. From Fig. 15, S f�u<0 increases with increasing LAI and, according to
Fig. 4, S f�u<0 decreases with increasing z. For reference, we included the estimates of time
fraction of negative velocity obtained by Flesch and Wilson (1999) for their measurements in
Manning (Alberta). As discussed in Sect. 3.2, Wilson and Flesch (1999) modelled this exper-
iment with RANS using Cd L AI ≈ 3/4, which approximately corresponds to our LAI=4
simulations. In fact, Fig. 15 (right) shows that measurements and LES results are similar,
although the LES predicts a downwind decay of S f�u<0 faster than the measurements. This, in
turn, could be interpreted as a shorter recirculation. However, we did not attempt to simulate
the exact experimental set-up and precise agreements should not be expected. An interesting
point is that, according to our finding, S f�u<0 of about 0.2 at z/h = 0.4 corresponds to an
inversion of the mean velocity component closer to the ground.

Next, we show how the mean flow can be expressed as a superposition of the two extremes:
BFS-like flow and the exit flow, with the relative weights being some unknown function of
LAI. The simulations available here were used to test this hypothesis for LAI=4 and 6
assuming the two ‘end-members’ are the mean flow with LAI=2 and 8 respectively. That is,
for any position (x, z) after the forest-to-clearing edge, the mean velocity can be decomposed
into contributions originating from the BFS-like flow and exit flow using:
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Fig. 15 Sample fraction with instantaneous resolved velocity lower than zero. Here x/h is the normalized
downwind distance relative to the forest-to-clearing transition. Solid symbols are for the Flesch and Wilson
(1999) measurements. Open symbols are for simulations with LAI=2 (open triangle), LAI=4 (open circle),
and LAI=8 (open square)

〈�u(LAI)〉yt = 〈�u(LAIo)〉yt

(
LAIb − LAI

�LAI

)α1

+ 〈�u(LAIb)〉yt

(
LAI − LAIo

�LAI

)α1

. (14)

Here LAIb = 8 (i.e. large BFS-like flow contribution), LAIo = 2 (large exit flow contribu-
tion), �LAI = LAIb −LAIo = 6, and α1 is an unknown exponent to be evaluated empirically
from the LES runs here. An optimum α1 = 0.38 was determined based on the streamwise
mean velocity component.

The scatter plot in Fig. 16a shows the comparison between the LES mean velocity profiles
for the two extremes in the superposition model; LAIb = 8 and LAIo = 2. The scatter
plot in Fig. 16b shows the predictions from the simplified model in Eq. 14 for the region
26h < x < 31h and all z < h. The results support the scaling analysis reasonably well
suggesting that such a linear superposition is reasonable. The scatter plot in Fig. 16c, d
repeats the same comparison but for the mean vertical velocity using the same α1 = 0.38
derived from the longitudinal velocity component. Again, the good agreement independently
confirms earlier arguments about the superposition given that the vertical velocity was not
previously used in the estimation of α1 = 0.38.

6 Summary and Conclusion

How the forest canopy LAI controls the flow across a forest edge was investigated using
one-way nested LES runs. This nesting eliminated the need for an unrealistic ‘lid’ near the
canopy top. The structure of turbulence in the nested simulations was solved at two spatial
resolutions: 8.2 × 8.2 × 1.7 m3 for the 128 × 128 simulations and 4.1 × 4.1 × 1.7 m3 for
the 256 × 256 simulation. The results for the first-order and second-order statistics inside
the forest canopy agree well with several field and laboratory experiments conducted for
homogeneous dense canopies.
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Fig. 16 Top panels: horizontal mean streamwise velocity 〈u(x, z)〉yt scaled with us2 for 26h < x < 31h
and z < h. (a) Scatter plot of the two extreme of the superposition model; (b) Superposition model vs. LES
simulations, LAI=4 (open diamonds) and 6 (open circle). Bottom panels: vertical mean velocity 〈w(x, z)〉yt
scaled with us2 for 26h < x < 31h and z < h; (c) Scatter plot of the two extreme of the superposition model.
(b) Superposition model vs. LES simulations, LAI=4 (open diamonds) and 6 (open circle). The off diagonal
lines bound the 50% errors

Using LES runs, it was shown that by increasing the forest LAI, the mean flow properties
both within the forest and in the clearing near the forest edge are altered in two fundamental
ways. Near the forest edge and into the clearing, a recirculation zone sets up. Deep inside
the forest, another recirculation zone sets up as the flow exits the clearing and enters the tall
forest canopy.

At the forest-to-clearing edge, the BFS-like effects do not lead to a continuous rotor-like
circulation but to intermittent motion whose frequency and size increase with increasing for-
est LAI. However, beyond an LAI=6, increasing LAI has minor impacts on this intermittent
motion. The fraction of time with velocity reversal (due to the intermittent negative velocity)
at the forest-to-clearing transition approximately agrees with the measurements of Flesch
and Wilson (1999). Also, a mean recirculation is predicted accordingly to the RANS model
calculations reported in Flesch and Wilson (1999). These comparisons lend confidence to
the LES results.
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Inside the forest canopy, the horizontal distance at which a recirculation zone begins was
well reproduced using a longitudinal integral momentum balance between the mean pressure
gradient and the drag force. Both the analytical model and the LES runs showed that increas-
ing LAI shifted the onset of the recirculation closer to the inflow forest edge. Furthermore,
this recirculating motion cannot be attributed to a turbulent effect because its longitudinal
size exceeds typical canopy turbulence length scales (e.g. Poggi et al. 2004).

The ecological significance of these recirculation zones is now the subject of an on-going
investigation and will require the addition of dispersion of scalars (e.g. Cassiani et al. 2005,
2007a, b), and solid particles via Lagrangian trajectories driven by the LES motions. A
recirculation zone near the forest edge can enhance seed and pollen deposition in gaps, and
hence, disproportionately affect gap colonization. Furthermore, a recirculation zone inside
the canopy may enhance re-suspension of seeds and pollen from the forest floor, and hence,
increase their probability of uplifting outside the canopy volume. This uplifting was shown
to be a necessary condition for long-distance dispersal (e.g. Nathan et al. 2002; Katul et al.
2005).
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