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Abstract The Regional Atmospheric Modeling System (RAMS)-based Forest
Large-Eddy Simulation (RAFLES), developed and evaluated here, is used to explore the
effects of three-dimensional canopy heterogeneity, at the individual tree scale, on the statis-
tical properties of turbulence most pertinent to mass and momentum transfer. In RAFLES,
the canopy interacts with air by exerting a drag force, by restricting the open volume and
apertures available for flow (i.e. finite porosity), and by acting as a heterogeneous source of
heat and moisture. The first and second statistical moments of the velocity and flux profiles
computed by RAFLES are compared with turbulent velocity and scalar flux measurements
collected during spring and winter days. The observations were made at a meteorological
tower situated within a southern hardwood canopy at the Duke Forest site, near Durham,
North Carolina, U.S.A. Each of the days analyzed is characterized by distinct regimes of
atmospheric stability and canopy foliage distribution conditions. RAFLES results agreed
with the 30-min averaged flow statistics profiles measured at this single tower. Following
this intercomparison, two case studies are numerically considered representing end-mem-
bers of foliage and midday atmospheric stability conditions: one representing the winter
season with strong winds above a sparse canopy and a slightly unstable boundary layer; the
other representing the spring season with a dense canopy, calm conditions, and a strongly con-
vective boundary layer. In each case, results from the control canopy, simulating the observed
heterogeneous canopy structure at the Duke Forest hardwood stand, are compared with a test
case that also includes heterogeneity commensurate in scale to tree-fall gaps. The effects
of such tree-scale canopy heterogeneity on the flow are explored at three levels pertinent to
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biosphere-atmosphere exchange. The first level (zero-dimensional) considers the effects of
such heterogeneity on the common representation of the canopy via length scales such as
the zero-plane displacement, the aerodynamic roughness length, the surface-layer depth, and
the eddy-penetration depth. The second level (one-dimensional) considers the normalized
horizontally-averaged profiles of the first and second moments of the flow to assess how
tree-scale heterogeneities disturb the entire planar-averaged profiles from their canonical
(and well-studied planar-homogeneous) values inside the canopy and in the surface layer.
The third level (three-dimensional) considers the effects of such tree-scale heterogeneities
on the spatial variability of the ejection-sweep cycle and its propagation to momentum and
mass fluxes. From these comparisons, it is shown that such microscale heterogeneity leads
to increased spatial correlations between attributes of the ejection-sweep cycle and measures
of canopy heterogeneity, resulting in correlated spatial heterogeneity in fluxes. This heter-
ogeneity persisted up to four times the mean height of the canopy (hc) for some variables.
Interestingly, this estimate is in agreement with the working definition of the thickness of
the canopy roughness sublayer (2hc–5hc).

Keywords Atmospheric modelling · Atmospheric boundary layer · Backscatter ·
Biosphere–atmosphere interactions · Land-surface heterogeneity · Large-eddy simulation ·
Tree canopy · Turbulence · Regional Atmospheric Modeling System

1 Introduction

Atmospheric turbulence controls the exchange of moisture, CO2 and other gases from plant
canopies into the atmosphere, and also affects the onset, propagation and termination of a
diverse array of biological transport phenomena, such as seed dispersal, pathogen spread,
and the dispersion of volatile organic compounds. Not surprisingly, the interplay between
land-surface heterogeneity and turbulent mass and energy transport has received significant
attention across a wide range of heterogeneity scales varying from the macroscale (created by
differences between geographic regions), the mesoscale (as a result of differences between
land cover types), and more recently the microscale, at which canopy variability is the result
of a mosaic of forested and grassy patches [O(200 m)] (e.g., Collins and Avissar 1994; Li
and Avissar 1994; Dias and Regnier 1996; Fisch et al. 1996; Liu and Avissar 1996; Scanlon
and Albertson 2003; Bou-Zeid et al. 2007; Juang et al. 2007; Cassiani et al. 2008; Detto et al.
2008; Dupont and Brunet 2008b).

However, heterogeneity at an even finer scale, viz. the scale of tree crowns and tree-fall
gaps [O(5–50 m)], has rarely been considered despite its potential impact on these exchanges
as well as the dislodging of inertial particles such as seeds and pollen in forested ecosystems.
It has been recently demonstrated that such small-scale heterogeneity effects may change
the far tail of the dispersion probability density function of seed and pollen (Bohrer et al.
2008b). Moreover, these finer scales may pose challenges to the interpretation of tower-based
eddy-covariance flux measurements, though their effects have rarely been considered in the
long-term monitoring of scalar fluxes (Baldocchi et al. 2000), except at a few sites (Katul
et al. 1999; Oren et al. 2006). Footprint methods that are commonly used to relate point obser-
vations on towers to sources that are contributing to these tower-measured fluxes (Raupach
1989a,b; Hsieh et al. 2000, 2003; Rannik et al. 2000; Schäfer 2002) still encounter challenges
over heterogeneous canopies though the effects of some types of heterogeneity are receiving
increased attention (Finnigan 2004; Foken and Leclerc 2004; Kruijt et al. 2004; Sogachev
et al. 2005; Detto et al. 2006; Belcher et al. 2008).
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There are good reasons why the impacts of these fine-scale heterogeneities on turbulent
fluxes have not been historically explored. Turbulent mixing within the atmosphere is often
thought to be sufficiently effective in ‘averaging-out’ the influence of fine-scale variability
(i.e. at scales where the heterogeneity length scale is much smaller than the largest flux-
transporting eddies). However, inside forested canopies, flux-transporting eddies occur at a
scale comparable to the crown size (Raupach et al. 1996; Katul et al. 1998; Katul and Chang
1999; Massman and Weil 1999; Finnigan 2000; Poggi et al. 2004c; Launiainen et al. 2007).
Experimental investigations in the field are logistically difficult to carry out given the high
resolution and the three-dimensional nature of the required data, but computational simula-
tion methods, especially Large-Eddy Simulations (LES), and computational infrastructure
have now progressed enough to permit preliminary assessments of these effects, the subject
of this study.

In recent years, a number of LES reported on some of the effects of canopy heterogeneity
on the flow statistics, representing these effects through the bottom boundary condition to
the flow (Bou-Zeid et al. 2004, 2007; Stoll and Porte-Agel 2006b). Some LES studies have
resolved the mean vertical structure of the leaf area density profile in a horizontally homo-
geneous canopy (e.g., Shaw et al. 1988; Su et al. 1998; Shaw and Patton 2003), and more
recently, LES studies have combined vertical structure with horizontal heterogeneity (e.g.,
Albertson et al. 2001; Kanda et al. 2004; Yang et al. 2006a,b; Cassiani et al. 2008; Dupont and
Brunet 2008b). The main outcome is that the vertical canopy structure and ‘large horizontal
gaps’ do indeed modify turbulence from its planar-homogeneous form inside and above the
canopy layer. Yue et al. (2007, 2008) have shown that plant-scale grid resolution improves
the flow simulation within the canopy, perhaps indicating that finer scale heterogeneity plays
a significant role. However, within the context of these sub-tree-scale effects, the existing
formulations within current LES use several assumptions that may not be advantageous when
exploring such fine-scale heterogeneities. For example, the assumption of horizontal, patch-
level homogeneity, i.e., horizontal heterogeneity, exists only between patch types at a scale
much coarser than the diameter of individual tree crowns and the height of the canopy. Exist-
ing formulations only deal with a horizontally constant, mean vertical profile of leaf area
density within a patch type. Moreover, many canopy LES have a restricted vertical domain
and do not include a dynamic representation of the full boundary-layer eddies. Finally, exist-
ing canopy LES models assume that the vegetation mainly exerts drag on the flow but do not
account for the canopy’s effective volume (i.e., the canopy has infinite porosity). Hence, to
make progress on the issues of fine-scale heterogeneity, the existing LES formulations must
be revised.

The Regional Atmospheric Modeling System (RAMS)-based Forest LES (hereafter
referred to as “RAFLES”), which is presented herein, explicitly resolves turbulence in real-
istic, observation-based, three-dimensional (3-D) heterogeneous canopies. RAFLES’ parent
model, RAMS (Pielke et al. 1992), is a regional atmospheric model with grid nesting capa-
bilities that operate as LES (e.g., Avissar et al. 1998; Avissar and Schmidt 1998), and solves
the Navier–Stokes (N–S) equations, using a quasi-hydrostatic approach and the Boussinesq
approximation, on a rectangular, vertically stretched grid mesh.

RAFLES includes a multi-layer, 3-D heterogeneous canopy, allowing for the effects of
leaves and stems on the drag and fluxes and also for the physical barrier created by the stems
and branches. Its typical grid-cell volume, of the order of 1 × 1 × 1 m3 (5 × 5 × 3 m3 was
used here) allows for the simulation of many of the turbulence features that are generated by
tree-crown structures. Its simulation domain, typically on the order of 1 × 1 × 1 km3 (here,
1.28 × 1.28 × 1.41 km3) is large enough to simulate a fully dynamic boundary layer with its
rich eddy-size structure.
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We describe RAFLES and evaluate its performance against field observations; the model
is then used to explore the effects of tree-scale canopy heterogeneity (corresponding to the
micro-γ scale as defined by Orlanski 1975) on the spatial dynamics of ejection and sweep
events for two end-members of atmospheric stability and foliage states.

2 Model Description

2.1 Notation

All variables are decomposed into two components, ϕ = ϕ + ϕ′, where ϕ is the resolved,
grid-averaged component, and ϕ′ is the perturbation from that mean [i.e., the subgrid-scale
(SGS) perturbation] defined such that ϕ′ = 0. For numerical purposes, some variables are
decomposed into a horizontally homogeneous, temporally-averaged reference state, marked
by a subscript “0”, and a heterogeneous, temporally variable perturbation, marked by a sub-
script “p”, i.e., ϕ = ϕ0 +ϕp . Angled brackets, 〈 〉, mark a domain-wise horizontal averaging
and has been used for analyzing the model output and for forcing of the horizontal wind.
A tilde indicates a typical averaging period (also used for data analysis), chosen here to be
30 min for consistency with the common eddy-covariance tower-based averaging periods.

2.2 Governing Equations

RAFLES solves the set of compressible, N–S equations written in quasi-Boussinesq form,
and where pressure is expressed in terms of the Exner function, π :

π = cp

(
p

p00

) Rd
cp

=
cpT

θ
=

cpTv

θv

, (1)

where cp is the specific heat capacity of the air, Rd is the gas constant, p is pressure,p00 =
105 Pa is close to standard sea-level pressure, θ is potential temperature, θv is potential virtual
temperature, T is air temperature, and Tv is virtual temperature. The model reference state
is hydrostatically balanced according to ∂π0/∂z = −g/θv0.

Applying the above-described partitioning between resolved and SGS components to the
N–S equations leads to the following prognostic equation for resolved-scale velocity:

∂ui

∂t
+

1

ρ0

[
−ui

∂(ρ0u j )

∂x j

+
∂(ρ0ui u j )

∂x j

+
∂(ρ0u′

i u
′
j )

∂x j

]

= +δi3g
θvp

θv0
− 2εi jk	 j

(
uk − 〈ugk

〉
)
− θ0

(
∂πp

∂xi

)
+ F(ui ) + Di (V ), (2)

where ui is wind velocity, ρ is air density, t is time, g is acceleration due to gravity, δ is the
Kronecker delta, ugk is the geostrophic wind, the geostrophic pressure gradient is excluded
from πp , and 	 is the angular velocity of the earth. The Einstein notation is used throughout.

The left-hand side of this equation is written as a sum of flux terms by substituting the
advective term ρ0u j (∂ui/∂x j ) by its chain-rule equivalent ∂

(
ρ0ui u j

)
/∂x j −ui

(
∂ρ0u j

)
/∂x j ,

and expanding by the reference state density to obtain the momentum flux terms. The model
neglects the vertical components of the Coriolis force (we should note that many canopy LES
neglect the entire Coriolis term). Dissipation is parameterized with the SGS terms. Di (V )

represents the components of the canopy drag force per unit mass that are a function of the
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resolved-scale velocity (described later). In this formulation, the forcing by the geostrophic
wind is transformed from the pressure gradient term (which is initialized in a horizontally
homogeneous manner) to the Coriolis term. F(ui ) represents the sum per unit mass of hor-
izontal wind forcing through the domain, which is comprised of Rayleigh friction and of a
Newtonian nudging term that maintains a mean mesoscale horizontal wind

− F(ui ) = (1 − δi3)
lε f

tε f

(〈ui 〉 − 〈u I i 〉) +
lεr

tεr

(ui − (1 − δi3)〈ugi 〉), (3)

where u I i is the component of the forced mean horizontal wind profile, which is horizontally
homogeneous and is also used as an initial condition, tε f and tεr are the dissipation time
scales for horizontal velocity and gravity waves, respectively, and lε f and lεr are nudging
coefficients for horizontal wind forcing by Newtonian nudging and for Rayleigh friction
(respectively). The coefficients lε f and lεr are horizontally homogeneous but vary verti-
cally throughout the domain; lεr = 0 everywhere except in the five uppermost layers of the
domain, where it decays linearly from one in the topmost layer to zero in the fifth layer from
the domain top. Also, lε f = 1 at elevations above four times the mean canopy-top height, it
decreases linearly from one to zero at heights between four times and three times the canopy
height, and it is zero below that height.

Similar derivations as in Eq. 2 lead to the other conservation equations used in RAFLES;
the equation for conservation of scalars, including heat and moisture, is

∂χ

∂t
=

1

ρ0

⎡
⎣χ∂

(
ρ0u j

)

∂x j

−
∂
(
ρ0u jχ

)

∂x j

−
∂

(
ρ0u′

jχ
′
)

∂x j

⎤
⎦ + Sχ , (4)

where χ is a scalar concentration, and Sχ are the sum of sources and sinks of the scalar.
The prognostic equation for the Exner function is derived from the continuity of energy

(Klemp and Wilhelmson 1978):

∂π

∂t
=

−c2
sp

ρ0θ
2
0

∂
(
ρ0θ0u j

)

∂x j

, (5)

where csp is the effective speed of sound, defined below in Eq. 10.

2.3 Subgrid-Scale Parameterization of Turbulence

The prognostic equation for the SGS (filtered) turbulent kinetic energy (TKE), e = u′
i u

′
i/2, is

derived from the N–S equations by splitting all variables into resolved and SGS components
(Deardorff 1980):

∂e

∂t
+

∂
(
ρ0u j e

)

ρ0∂x j

−
e

ρ0

∂
(
ρ0u j

)

∂x j

=
g

θv

w′θ ′
v − u′

i u
′
j

∂ui

∂x j

−
∂

∂xi

(
u′

i

(
e +

p′

ρ

))

−
8

3
Cdl Al

∣∣V
∣∣ e − ε, (6)

where ε is the TKE dissipation rate, e =
(

ui − 〈̃ui 〉
)2

/2 is the total SGS TKE, and the

fourth term on the right-hand side represents the contribution of the canopy to the drag on
SGS motion (Shaw and Patton 2003). We chose to neglect wake generation because this term
is dependent on the effective size of wake generating elements, which is hard to define in a
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forest with complex foliage distribution structure, and was found to have only a small effect
on the total TKE given the size of leaves (Shaw and Patton 2003).

To evaluate the SGS-covariance terms, RAFLES adopts the Deardorff (1980) SGS para-
meterization (implemented in RAMS by Hadfield et al. 1991) with a backscatter term
(Bhushan and Warsi 2005), which converts TKE to resolved momentum and improved
turbulence scaling at higher resolutions close to the grid-mesh size. The turbulent stress
can be approximated by

u′
i u

′
j = −Km

(
∂ui

∂x j

+
∂u j

∂xi

)
+

2

3
δi j e + α1l2

g

(
∂ui

∂xk

∂u j

∂xk

)
− α2l2

g

(
∂uk

∂xi

∂uk

∂x j

)
, (7)

where lg = (1.52�x�y�z)1/3 is an empirical length scale that characterizes the mesh size
(Patton 1997), �x , �y, and �z are the grid spacings, and α1 = 1/12 and α2 = 0.0336 are
the backscatter coefficients (Bhushan and Warsi 2005; Bhushan et al. 2006). Km and Kh are
the turbulence diffusivity for momentum and scalars (respectively), and along with the other
terms in Eq. 6, they are evaluated according to Deardorff (1980). The transport of TKE can
be approximated by

u′
i

(
e +

p′

ρ

)
= −2Km

∂e

∂xi

, (8)

the scalar flux (including water vapour) is approximated by

u′
iχ

′ = −Kh

(
∂χ

∂xi

)
, (9)

and the vertical flux of virtual temperature is approximated by

w′θ ′
v = −Kh

(
A

∂θl

∂z
+ Bθ

∂q

∂z

)
, (10)

where q is specific humidity, and A and B are empirical functions defined as follows:

A =

{
1 + 0.61q Unsaturated air
1 + 0.61q − Aq Saturated air

(11a)

B =

{
0.61 Unsaturated air

cv

cp T
− 1 Saturated air (11b)

where Aq is a correction for saturated air expressed as:

Aq = 0.622

(
cvqs

Rd T

)(
cv(1 + 0.61q)

cpT
− 1.61

)(
1 +

0.622c2
vqs

RdcpT
2

)−1

. (12)

Here qs is the specific saturation humidity, cv is the latent heat of vaporization, and Km and
Kh are defined as:

Km = 0.1lεe1/2, (13a)

Kh = Km

(
1 + 2

lε

lg

)
, (13b)
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where lε is an empirical length scale for mesh size and dissipation, defined in a convective
boundary layer as:

lε = min

⎛
⎝lg, 0.76ē1/2

(
g

θv

∂θ

∂z

)−1/2
⎞
⎠ . (14)

The dissipation rate is approximated by

ε =

(
0.19 + 0.51lε

lg

)
e

3
2

3lε
. (15)

2.4 Numerical Scheme

Equations 3–7 form a closed set and can be discretized in time and space and solved numer-
ically; RAFLES uses a shaved grid-cell finite volume discretization (Adcroft et al. 1997;
Walko and Avissar 2008). Generally, to convert any flux term with a derivative in the i

direction, the term is multiplied by the aperture area in the plane normal to the derivative,
σi = �x j�xk, where i �= j; i �= k; j < k, ( j, k define the plane normal to i and are
counted only once). Control volume integrals of divergence quantities are transformed to
surface integrals through the application of the Gauss divergence theorem,

∫

�

∇ · ��d� =

∮

σ

�� · d �σ ≡

3∑

i=1

�̇i (σi�i )

�
, (16)

where �� represents any vector variable in the grid cell,
∮

indicates a volume integral over
the grid cell, � = �x1�x2�x3 is the grid-cell volume, and �̇i () represents the difference
between values on parallel faces of a grid parcel.

RAFLES uses a split-time leapfrog discretization scheme (Haltiner and Williams 1980).
After substituting the eddy-covariance terms back into the velocity equation (Eq. 2), this
equation is discretized in space and time as follows:

ui
(t+1) − ui

(t−1)

2�t

+
M

Nts

Nts/M∑

m=1

[
�̇ j

ρ0�

((
ρ0σ j ui u j

)
− ui

(
ρ0σ j u j

)
− ρ0σ j Km

(
�ui

�x j

+
�u j

�xi

)

+

(
ρ0σ j

2

3
δi j e + ρ0σ j l

2
g

(
α1

(
�ui

�xk

�u j

�xk

)
− α2

(
�uk

�xi

�uk

�x j

))))(t−1+m�tm )
]

= δi3g
θvp

θv0

(t)

− 2εi jk	 j

(
uk

(t) − ugk

)
−

θ0

Nts

Nts∑

n=1

[(
�(πp)

�xi

)(t−1+n�ts )

−
�(πg)

�xi

]

+F (ui )
(t) + Di

(
V
)(t)

, (17)

where the superscripts “t”, “t −1”, and “t +1” indicate the timestep and �t is the largest time-
step interval. The time-split method allows different terms of the equation to be integrated
at different timestep intervals. The pressure gradient term is integrated (using Eq. 5) over a
small timestep interval, defined as �ts = �t/Nts , where Nts ≥ 1 is the number of small
timesteps within each large timestep. After each small timestep, ui

(ts ) is updated. This is done
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for numerical stability given the speed of acoustic pressure changes. The same process, only
with an intermediate timestep, �tm , is applied to the advection and eddy-covariance terms.
�tm is defined such that �ts ≤ �tm ≤ �t and �tm = M�ts where M ≥ 1 is an integer.
The same time and space discretization was applied to the other governing equations in the
model (Eqs. 4–6).

Additional stability is achieved in RAFLES by using the Arakawa and Lamb (1977) type-
C staggered grid scheme, and by slowing the effective speed of sound in the model, csp ,
which is used for updating the pressure perturbations (Eq. 5), to

csp = csmin

(
1,

0.95�x Nts

4cs�t

)
, (18)

where cs is the physical speed of sound. In the cases simulated here, csp defaults to the
physical speed of sound due to the high temporal resolution.

2.5 Representation of the Canopy

RAFLES uses explicit canopy information beyond its 3-D leaf area density (LAD) distri-
bution, and additionally includes the stem radius, and 2-D arrays of patch type and canopy
top height. Technically, such canopy information can be explicitly measured from aerial and
satellite photography (Palace et al. 2008), canopy lidar (Lefsky et al. 2002; Hurtt et al. 2004;
Weishampel et al. 2007), and tree sampling (Clark et al. 2008). However, measuring canopy
properties at very high resolution over large domains is costly and laborious and, therefore,
such information rarely exists. As a realistic surrogate in simulation studies, canopy data are
produced with the Virtual-Canopy Generator (V-CaGe), developed by Bohrer et al. (2007).
V-CaGe generates fully detailed virtual canopies based on the observed (from the ground
or by remote sensing) spatial structure (defined through the spatial autocorrelation function
of the observed properties) and structural allometry (defining the empirical relationships
between canopy properties) of the forest canopies that are being simulated. In RAFLES, the
canopy interacts with the flow field by (1) generating obstacles to the flow resulting from
the woody component of the canopy, (2) exchanging heat and moisture and possibly other
scalars with the atmosphere, and (3) dragging the flow with the tree leaves.

All open-aperture areas, σi , and mesh-cell volumes, �, are computed and stored during
the initialization of the model. σi and � are reduced wherever hard canopy elements (i.e., tree
stems) partially or completely obstruct a grid-cell face, leading to a proportional reduction
in any flux across that face:

� = �x1�x2�x3 − π
∮

r2
x3

, (19a)
⎧
⎪⎨
⎪⎩

σi = �x j�x3 − 2
x3+0.5�x3∫

x3−0.5�x3

rx3 dx3 i = {1, 2}; i �= j

σi = �x1�x2 − max
∣∣πr2

x3

∣∣x3+0.5�x3

x3−0.5�x3
i = 3

(19b)

where rx3 is the vertical profile of stem radius in the cell. The obstacle-induced face
reduction is considered to be uniform over the face, as if regulated by a Venetian blind.
Similarly, volume reduction of a cell that contains a stem is considered to be uniform, and
any mean scalar quantity in the cell remains centred within the full cell. The volume reduction
leads to compression of the flow. The force balance between the stem-induced drag and the
compression effects determine whether the flow will accelerate or decelerate when moving
into a volume reduced grid cell.
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In this current version, which is limited to the demonstration of its dynamic component,
RAFLES does not resolve a full energy balance to redistribute incoming solar energy in the
canopy. Instead, it prescribes sources of moisture (Sq ) and heat (Sθ ) made consistent with
the observed fluxes at the canopy top but redistributed spatially based on the fraction of light
interception. To determine the magnitude of these fluxes at each location (horizontally) at the
canopy top, the model prescribes a horizontal field of time-constant total fluxes (F), defined
as the sum of the spatially averaged latent and sensible heat fluxes. The Bowen ratio (β)
and albedo (α), which are horizontally heterogeneous, are derived properties of the virtual
canopy (Bohrer et al. 2007).

Following Shaw and Schumann (1992), these prescribed fluxes at the canopy top are dis-
tributed vertically through the depth of the canopy, proportional to the amount of attenuated
light that is absorbed by each grid cell in a vertical column through the canopy. Assuming
light is attenuated exponentially in the vertical direction, a proportionality coefficient (Bhl )
is defined as follows:

above ground:

Bhl = exp

⎛
⎝−αx

canopy top∫

zk

Aldz

⎞
⎠ − exp

⎛
⎝−αx

canopy top∫

zk+1

Aldz

⎞
⎠ , (20a)

at ground level:

Bhl = 1 −

NZcan∑

k=z2

Bhlk , (20b)

where Al is the leaf area per ground area of the canopy at each grid point, k is the vertical
grid-layer index, z1 is the height of the lowest vertical layer in the canopy above ground,
NZcan is the number of vertical layers in the canopy, and αx is an empirical light extinction
coefficient. The sources of moisture and heat in each grid cell are calculated as:

Sθ =
β

(1 + β)

Bhl F

ρcp�z
, (21a)

Sq =

[
1 −

β

(1 + β)

]
Bhl F

ρcv�z
. (21b)

These sources contribute to the potential temperature and moisture, respectively, at each
grid point (vertically and horizontally) in the canopy domain, but do not respond to varia-
tions in their immediate local environment due to turbulent excursions in temperature and
water vapour concentration. Future versions of RAFLES, currently under development, will
include multi-layer surface energy parameterization based on the Ecosystem Demography
model (Moorcroft et al. 2001; Medvigy et al. 2008) and will also account for hydrodynamic
stresses on branches by modelling the water flow through simplified stem-branch systems
(Bohrer et al. 2005a).

The total drag force per unit air mass that the canopy and the forest floor exert on the flow,
Dc, is comprised of three components: the leaf drag, Dl , which includes skin and viscous
drag (Shaw and Schumann 1992; Shaw and Patton 2003), the stem skin drag, Dw , and the
soil drag, Ds . They are expressed by the following relationships:
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Dli = −

(
Cdl +

1.328

(Rl)1/2

)(
Al�x1�x2

�

) ∣∣V
∣∣ ui , (22a)

Dwi =

⎧
⎨
⎩

−Cdl

(
2(�xi �x3−σ j )

�

) ∣∣V
∣∣ ui i = {1, 2}; j = {1, 2}; i �= j,

−Cdl

(
2
∑

j (�xi �x j −σ j )

�

) ∣∣V
∣∣ ui i = 3; j = {1, 2},

(22b)

Dsi =

{
−
(

κ
log(�z/Zrough )

)2 (
�x1�x2

�

) ∣∣V
∣∣ ui i �= 3; at the lowest grid cell,

0 elsewhere,
(22c)

where
∣∣V

∣∣ is the wind magnitude (scalar), Rl is the Reynolds number, and Cdl is an empiri-
cally derived leaf drag coefficient. The bare-soil drag coefficient is parameterized according
to Haltiner and Williams (1980), where Zrough is the bare-soil roughness length, and κ is the
Von Kármán constant.

2.6 Initial and Boundary Conditions

Due to limits in computational resources, RAFLES was confined to a small spatial domain
[O(1 km3)] and short time periods (up to a few hours). As with any other limited area model,
RAFLES requires initial and boundary conditions. Cyclic boundary conditions are chosen
at the lateral sides, assuming that the simulation domain is much larger than the length scale
of heterogeneity. A zero-flux condition is set at the top boundary with the vertical velocity
specified to be zero and a free-slip condition specified for horizontal velocity. As explained
above, Rayleigh friction is applied to the upper five grid levels to reduce reflection (Eq. 3), and
at the domain floor, the velocity normal to the floor is specified as no-slip. For initialization,
it is assumed that air pressure, potential temperature, humidity, air density and the horizontal
components of wind velocity over the simulation domain are horizontally (but not verti-
cally) homogeneous. These initial profiles are taken from nearby radiosonde observations
(at the RDU airport, obtained from http://raob.fsl.noaa.gov/) assimilated into a larger scale
regional atmospheric model. The initial horizontal velocity profile between 50 and 200 m
above ground level is fitted to match the canopy-top observations of the mean wind. This
range of heights corresponds to the lower levels of the numerical grid set-up for the RAMS
simulations aimed at providing the regional meteorological background. The initial vertical
component of wind velocity and SGS TKE are set to zero.

2.7 Output

Full snapshots of the simulation data were saved at 0.5 Hz. Perturbations from time and
horizontal-domain averages are calculated and used to evaluate the instantaneous fluxes at
a point. For convenience, the 30-min averages of these fluxes at a point are denoted with
the operator “()t ”, and the horizontal-domain averages of these fluxes are denoted with the
operator “()h”:

(wϕ)t =
(̃
w̄ −

〈
˜̄w
〉) (

ϕ̄ −
〈
˜̄ϕ
〉)

, (23a)

(wϕ)h = 〈(wϕ)t 〉, (23b)

(ϕ)h = 〈̃ϕ〉. (23c)

At selected locations within the simulation domain, high frequency data were stored for
future analyses; these data serve as a spatial sample of ‘virtual eddy-flux towers’ in the
simulation domain and are recorded at 10 Hz, to be consistent with the common sampling
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frequency of eddy-covariance systems. Perturbations from the 30-min averages in each cell
on these ‘virtual towers’ are used to calculate 30-min statistics that are then compared to the
field-based eddy-covariance flux tower observations. For convenience, perturbations from
the 30-min averages at a point (for a virtual or a real tower) are denoted with the operator
“()′t ”, fluxes calculated from these perturbations are denoted with the operator “()t t ” and the
horizontal averages of these fluxes over the 25 ‘virtual towers’ are denoted with the operator
“()th”:

(ϕ)′t = (ϕ − ϕ̃), (24a)

(wϕ)t t = (̃w)′t (ϕ)′t , (24b)

(wϕ)th = 〈(wϕ)t t 〉|25 virtual towers, (24c)

(ϕ)th = 〈ϕ̃〉|25 virtual towers. (24d)

For analysis of the ‘virtual tower’ data, and eddy-flux tower observations, a rotated coor-
dinate system was used, such that the time-averaged rotated longitudinal wind is aligned with
the time-averaged horizontal wind direction,

ũr =
(

ũ1
2
+ ũ2

2
)0.5

. (25)

This rotation was applied to both the model and the observed data. The total kinetic energy

T̃KE includes the resolved and SGS TKE.
The RAFLES’ output data are processed using the RAMS Evaluation and Visualization

Utilities (REVU) program (Tremback et al. 2004). A modified version of REVU also includes
processing options to output the data for stereo, immersed virtual reality visualization using
AMIRA or Vis5D+ (Bohrer et al. 2008a).

3 Numerical Experiments

RAFLES’ performance is first evaluated using eddy-covariance flux-tower observations col-
lected in a hardwood canopy during typical convective days in the spring and winter. These
two seasons represent the two end-members in terms of canopy structure and expected large-
scale eddy sizes within the entire ABL.

3.1 Simulation Set-up

Two simulations were conducted, forced by the mesoscale and canopy state conditions on
December 17, 2001 and April 4, 2002. Runs around noontime were used because of the near
stationarity in the near-vertical penetration of the incident solar radiation. Hereafter, these
two simulation runs are referred to as the “winter” and the “spring” simulations, respectively.
The sensible heat flux is not small in both cases, suggesting significant contribution from
buoyant production to the turbulent kinetic energy (Table 1). Initial conditions were first
generated with the RAMS model (Version 4.4) configured with four nested grids: a low-
resolution grid (64 × 64 km2) over the eastern and central USA and a high-resolution grid
(1 × 1 km2) over the Duke forest (near Durham, North Carolina). Two more grids at inter-
mediate resolutions were used to provide a transition from the low to the high resolutions.
Accordingly, mesoscale meteorological conditions corresponding to the location and timing
are used to force RAMS (NCEP re-analysis dataset, Kalnay et al. 1996). For these two runs,
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Table 1 Canopy structure parameters and atmospheric forcing

Canopy parameter Winter canopy Spring canopy

Heterogeneous Patchy Heterogeneous Patchy

Forest Gap Forest Gap

Stand density (stems ha−1) 937 937 0 937 937 0

Mean canopy height (m) 24.06 24.06 0.3 24.06 31.98 0.3

Std of canopy height 3.79 3.79 0.05 3.79 3.79 0.05

Mean LAI (m2m−2) 1.37 1.37 0.5 2.95 2.95 0.5

Std of LAI 0.14 0.14 0.1 0.26 0.26 0.1

Mean Bowen ratio 15.25 15.25 12.60 1.25 1.25 2.72

Std of Bowen ratio 0.25 0.25 0.08 0.16 0.16 0.08

Mean canopy-top total flux
forcing (W m−2)

225 232 202 324 365 307

Observed canopy-top mean ur

(m s−1)
2.5 2.5 2.5 0.5 0.5 0.5

Std of canopy-top total flux 0 10.0 1.0 0 10.0 1.0

Length scale of canopy height
heterogeneity (m)

6.5 6.5 0.5 6.5 6.5 0.5

In the patchy simulations, 30 m was used as the landscape-level length scale, which determines the spatial
distribution of grassy gaps within the forested domain

spring atmospheric conditions were warmer and dryer, the ABL thicker, and the horizontal
winds weaker than during the winter run. The spatially-averaged sensible and latent heat
fluxes were obtained from the meteorological tower within the Duke forest hardwood stand
(for a description of the flux dataset, see Stoy et al. 2006). The fluxes are prescribed inside
the canopy according to Eqs. 20–21.

The virtual canopies required for the simulations were generated with V-CaGe (Bohrer
et al. 2007), based on local canopy observations collected within the Blackwood Division of
the Duke Forest. The spatial structure used by V-CaGe to represent the canopy was prescribed
as a negative exponential relationship with an e-folding length of 6.5 m, defined as the typical
length scale of the canopy structure. It is based on an averaged and smoothed autocorrelation
function derived from the distribution of canopy heights at the Duke Forest derived from
stereoscopic airborne images. The landscape length scale used in V-CaGe to generate the
distribution of land-surface patches, which determined the typical size and spatial distribu-
tion of the gaps in the patchy simulations, was 30 m. Other canopy properties based on site
specific empirical data included: stand density, mean and standard deviation of canopy top
height, and normalized vertical LAD profile (Schäfer 2002; McCarthy et al. 2007). Also, the
empirical relationship between height and stem diameter at breast height was obtained from
Naidu et al. (1998). As indicated in Table 1, the differences between the canopy structures
consisted of denser foliage and a lower mean Bowen ratio in the spring canopy relative to
the winter canopy. Total canopy-flux forcing is stronger in the spring, split almost equally
between latent and sensible heat fluxes. During the winter, the fluxes are weaker and the
mean Bowen ratio is 15 given the low foliage and humidity conditions (Table 1; Fig. 1).

As illustrated in Fig. 1, two canopy structures were simulated under both spring and winter
conditions: (i) A natural canopy with a dominant length scale of heterogeneity, rh = 6.53 m
(the mean radius of a tree crown), representing observed tree-level microscale heterogeneity.
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Fig. 1 Simulated canopies in the spring case. The 3-D rendering in the upper row illustrates the canopy-top
height (green surface) and leaf area density (LAD) (m2 leaf m−3 air) (colour). The lower row presents the leaf
area index (LAI). The domain dimensions are in m. The illustrations represent sub-sections of the simulation
domains (dimensions shown on axes in m)

The sum of the vegetation-to-air sensible and latent heat fluxes is assumed to be horizontally
homogeneous in this case. This naturally heterogeneous canopy, hereafter referred to as the
“reference” case, was also used for model evaluation; (ii) A patchy canopy, which consists of
the same, naturally heterogeneous canopy as in (i) but interspersed with grassy patches and
normalized such that the mean canopy properties (height, LAI, total flux) are be the same in
both (i) and (ii). In the patchy canopy, grassy patches covered 20% of the ground area. The
forested patches in this stand have a larger sum of the vegetation-to-air sensible and latent
heat fluxes, with small spatial heterogeneity, which is correlated with canopy top height. The
relative values of the fluxes at the grassy patches are based on measurements in an open
field at the same site (for a description of the grass-site flux dataset, see Novick et al. 2004).
Table 1 provides relevant canopy and flux characteristics needed for the simulations in both
cases. The simulation cases are denoted as: HW, HS, PW, PS, for the heterogeneous canopy
in the winter, and spring, and patchy canopy in the winter, and spring, respectively.

Several of the parameters that need to be assigned for the simulations are still not well
known; most pertinent is the leaf skin drag coefficient, Cdl , whose range is between 0.1 and
0.3 (Shaw and Patton 2003; Katul et al. 2004). To identify whether the optimum value is
bounded by this logical range, the sensitivity of the model to this parameter was carried out.
Four simulations were performed for each season, each using a different Cdl value. Based on
a comparison of the simulated (ur )th at 39.8 m, corresponding to the height of the tower-top
sonic anemometer at Duke Forest, the optimum Cdl = 0.15, which is identical to the value
found by Katul et al. (2004) best match a k–ε model calculations conducted for a similar
southern hardwood canopy experiment presented in Meyers and Baldocchi (1991).

The LES horizontal domain consists of 256× 256 grid cells, 5×5 m2 each. In the vertical,
the grid consists of 98 elements, with a constant spacing of 3 m from the ground surface up
to twice the mean canopy height. Above that height, the spacing is stretched by a factor of
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1.1 from element to element up to a maximum spacing of 30 m. This resulted in a simulation
domain size of 1,280 × 1,280 × 1,414 m3. The frequency for the long time-step is set to
20 Hz, while the frequencies for the nested timesteps, 1/�tm and 1/�ts , are set to 40 and
160 Hz, respectively. The data output frequency is set to 0.5 Hz for storage purposes, and, as
mentioned earlier, high frequency (10 Hz) data are also recorded from 25 columns, equally
spaced throughout the simulation domain.

The simulations commenced with the resolved TKE = 0, then the domain-averaged TKE
evolved rapidly during the first 20 min of the simulation, and continued to gradually increase
throughout the whole period of the simulation due to the constant noontime radiative heating
imposed in the simulation and the periodic boundary conditions. The 30-min period follow-
ing the first 2.5 h into the simulation was selected because, during this period, the effects of
the initial conditions on the mean resolved TKE were negligible, and the domain-averaged
resolved TKE was close to stationary.

3.2 Observations

The atmospheric variables necessary to compute turbulent fluxes were measured on a mete-
orological tower situated in a second-growth 80–100 year old oak-hickory forest within the
Blackwood Division of the Duke Forest, near Durham, North Carolina. The tallest tree adja-
cent to the tower was 36 m tall and the mean canopy height of the surrounding forest was
24.1 m. Three sonic anemometers, mounted on this tower at 18, 30, and 39.8 m above the for-
est floor, sampled simultaneously the three velocity components at a frequency of 10 Hz. Four
30-min periods (from 1100 to 1300 local time) were used to evaluate the model performance
around noon. This period was selected because scalar fluxes are near their maximum and
the light attenuation model is likely to perform best when the radiation beam penetrating the
canopy is almost vertical. For each of these periods, the 30-min averaged ũr , (TKE)t t , (ww)t t

and (urw)t t (see Eqs. 24–25 for definitions) were calculated. The average and range of these
four 30-min averages were used for evaluation of the model results.

3.3 Comparison Between Observations and RAFLES

The simulations here did not account explicitly for the specific microscale variability around
the meteorological tower. Instead, the microscale variability was generated using a virtual
canopy constructed from the statistics of the real canopy properties using data from the entire
site. Therefore, the location of the eddy-flux tower was also not explicitly represented as
a single location in the simulation domain. Hence, the agreements between observations
and simulation data are not compared in a one-to-one fashion based on the location. Data
from the four observed 30-min periods were compared to simulation results from 25 equally
spaced horizontal locations throughout the simulation domain, at the heights where the sonic
anemometers were installed. Simulation results where considered acceptable if the range
(mean ± standard deviation) of the simulated results overlapped the range of the four mean
observed values at the corresponding height.

Figure 2 shows the comparison for both spring and winter runs between 30-min time-
averaged observations, ũr , and RAFLES-modelled, time-averaged, streamwise rotated, hor-
izontal velocity, averaged over the 25 virtual towers where model data were available at high
frequency in the simulation domain, (ur )th . As has been observed in other forests (Launiai-
nen et al. 2007; Su et al. 2008), the model resolved a weak (difference of 0.1–0.3 m s−1)
secondary wind-speed maximum between the tree crowns and the understorey, where the
LAD is minimal. This local maximum was not present in the winter simulation when the
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Fig. 2 Mean vertical profiles of
longitudinal velocity, (ur )th (see
Eqs. 24–25), in and above the
canopy simulated in the reference
cases for the spring and winter.
Each profile represents the
average of 10 Hz sample
frequency of velocity, over
30 min of simulation, at 25
locations in the virtual domain.
Open error bars for RAFLES
simulation data represent one
standard deviation. Closed error

bars for observations represent
the maximum and minimum
between four 30-min periods
around noontime
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canopy was much sparser and winds stronger. In the winter simulation, the observed velocity
gradient between the canopy top and the lowest sonic level (18 m) was slightly smaller than
the simulated gradient, but the opposite was true in the spring. Yet, these differences were
still smaller than the observed range.

As depicted in Fig. 3, simulated momentum fluxes were within the range of observed
values in the spring simulation. The vertical profiles of (TKE)th, (ww)th , and (urw)th , (see
Eqs. 24–25 for definitions) were within the observed range, and in the winter simulation,
(TKE)th and (ww)th were lower than observed, but this difference was again not significant.
The observed (urw)th was lower (i.e., less negative) than the simulated one. In the winter,
TKE above the canopy is largely produced by shear, unlike the strongly convective spring
case where buoyancy contributed more to TKE production at this height. As in Dwyer et al.
(1997), the TKE generated by the strong vertical shear due to the drag with canopy elements,
is the major term contributing to TKE production in the upper part of the canopy and just
above it, and it is characterized by a shorter integral length than TKE produced by convection.
Indeed, in the winter cases the integral length scales for vertical velocity (55–65 m) were only
about half the value of the spring cases (100–115 m, in the patchy and reference canopies
respectively, Table 2). The integral length scale of vertical velocity was assumed to be the
lag distance over which the mean autocorrelation first crossed zero.

The resolution of smaller eddies is more sensitive to the model’s grid resolution and to the
SGS parameterization, and it is reasonable to assume that improved SGS parameterizations
would improve the model performance in high-shear conditions (e.g., Bou-Zeid et al. 2008;
Stoll and Porte-Agel 2008; Yue et al. 2008).

Figure 4 shows the power spectra of the three wind velocity components at several heights
within and above the canopy. At a range of length scales from 800 m to about 80 m these
spectra do scale with an exponent of –5/3 above the canopy. Given that these scales are much
larger than the fine scales in the sense of Kolmogorov’s theory, the onset of a –5/3 power law
here is likely to be due to the convective nature of the large eddies. It is well known that for the
neutrally buoyant boundary layer the velocity and temperature spectra scale as –5/3 within
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Fig. 3 Same as in Fig. 2 but for total kinetic energy, (TKE)th , vertical velocity variance, (ww)th , and momen-
tum flux, (ur w)th

the inertial subrange (but not at larger scales), however, for the purely convective boundary
layer, the –5/3 power-law scaling extends to larger length scales beyond the inertial subrange
(Katul et al. 1995). Theoretically, a numerical mesh at a spacing of �x can correctly represent
a wave with a wavelength equal to or larger than 2�x . However, in numerical simulations
with discrete grid spacing, conversion of TKE from the resolved scales to the SGS leads to
velocity power spectra that are not accurately resolved up to an order of 10�x (see Chow
et al. 2005). The within-canopy spectra Eu and Ev are slightly steeper at the higher part of the
well-resolved range (800–100 m) than the spectra at the open boundary layer, which follow
the −5/3 slope at this range. Inside the canopy, energy short-circuiting within the canopy is
expected to yield a slightly steeper slope than −5/3. A secondary peak in the within-canopy
spectra is produced at the small scales (Cava and Katul 2008) but these are smaller than 2�x

and, therefore, a secondary peak is not expected to be apparent in the simulated resolved
power spectra.

Introducing the SGS backscatter scheme of Bhushan and Warsi (2005) into RAFLES
improved this unavoidable deficiency, as compared to the Deardorff (1980) scheme that has
been adopted by many LES models (e.g., Shaw and Patton 2003), including RAMS (Had-
field et al. 1991; Avissar et al. 1998). The Deardorff (1980) scheme was chosen because of
its simplicity, numerical efficiency, and realistic behaviour when implemented in the parent
model RAMS. A method, which was adopted in a previous study (e.g., Su et al. 1998), to
remedy this deficiency consisted of adjusting some of the coefficients of the SGS scheme in
the canopy layers. Given the small grid size used here, it is assumed that the within-canopy
SGS errors are minimized and no empirical correction was made to the SGS-TKE parameter-
ization. The backscatter improves the scaling of turbulence, particularly at the intermediate
range of scales (Bhushan and Warsi 2005).
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Table 2 Effective surface parameters and fluxes from the different canopy structures in the spring and winter
simulation conditions

Winter canopy Spring canopy

Heterogeneous Patchy Heterogeneous Patchy

(lm )s (m) 61.09 59.44 70.58 45.25

δe 18.09 17.29 15.69 21.10

dlm/dz 0.449 0.422 0.542 0.578

(L)s (m) −150.63 −107.52 −13.14 −20.34

ε −0.34 −0.42 −4.80 −2.51

z0m (m) 3.19 2.52 1.64 2.11

hd (m) 16.68 13.85 16.74 18.53

u∗s (m s−1) 0.65 0.58 0.30 0.34

he (m) 24.2 21.7 24.3 27.1

hs (m) 61.0 59.4 70.6 45.25

h|(�S0=0) 62.04 39.42 60.36 37.62

(ur w)th |I I/I V /(ur w)th 0.58 0.57 0.88 0.84

Integral length scale for w (m) 65 55 115 100

Some of these parameters were derived from the fields of the resolved model results using Monin–Obukhov
similarity theory. lm is the effective mixing length for momentum transport, and dlm/dz its vertical gradient,
δe is penetration depth, L = u∗3(θv)h/kg((wθv)h)s is the Obukhov length, ε = (hs/L)s is the ABL stability
parameter, z0m is the roughness length, u∗ is friction velocity, hd is displacement height, he is the effective
mean aerodynamic canopy height, hs is the effective surface-layer depth, and subscript s denote values at this
surface-layer depth. h|(�S0=0) is the height at which the difference between stress fraction due to ejections
and sweeps �S0 changes sign. (ur w)th |I I/I V /(ur w)th represents the fraction due to ejections or sweeps
(quadrants IV and II, respectively) of the total momentum flux exchange between the canopy and ABL (eval-
uated at hs ). This was evaluated from the 25 high-frequency data columns using quadrant analysis. Integral
length scale for w was calculated at he

Wake generation by elements in the canopy (i.e. leaves, stems, branches, and branch-leaf
clusters) is known to have a major contribution to the production of TKE inside the canopy
(Meyers and Baldocchi 1991; Poggi et al. 2004a; Cava and Katul 2008). Wake eddies are
typically smaller than the resolution used here, and therefore contribute to SGS TKE and will
not contribute to the power spectra of the resolved velocity components. Shaw and Patton
(2003) suggested a parameterization that includes wake generation by canopy elements, but
this was not implemented in the current version of RAFLES because it is dependent on an
empirical “wake generation length scale”. In the case of uniform isolated rods or stems with
a diameter distribution possessing a clear mode, the wake generation length scale is related
to the rod or stem diameter (Poggi et al. 2004b; Poggi and Katul 2006; Cava and Katul 2008).
However, this length scale becomes ill defined for the composite case of leaves and branches,
and is likely to be influenced by leaf clumping and stem-branch structure and, to date, cannot
be readily inferred from canopy geometry in heterogeneous canopies.

4 Effects of Tree-Scale Canopy Heterogeneity

The effects of tree-scale canopy heterogeneity on the flow field can be explored in a number
of ways and using several statistical measures. As a logical starting point here, the tree-scale
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Fig. 4 Power spectra of the three velocity components (Eu , Ev, Ew) in the reference spring simulation at
various heights above the forest floor (indicated at the legend in m above ground). The effective mean aerody-
namic canopy height at that simulation was he = 24.3, the boundary-layer depth = 400 m. The −5/3 power
law line (dashed, red) is the expected slope in the inertial sub-range (K41 theory) and it is shown for reference.
The dark green lines represent spectra from inside the canopy, light-green spectra are from the model layer
just above the tallest canopy element in the domain, and the blue lines are from the boundary layer, above the
roughness sublayer (see Table 2)

canopy heterogeneity effects are explored at three levels. The first level considers the effect
of tree-scale heterogeneity on the common representation of the canopy via length scales (i.e.
zero-dimensional representation of the 3-D canopy) such as the zero-plane displacement, the
aerodynamic roughness length, the surface-layer depth, and the so-called penetration depth.
These length scales are used in mesoscale and large-scale atmospheric models to represent
the effects of the 3-D structure of the canopy on momentum transfer via a ‘scalar’ quantity
applied through the boundary condition to the bottom atmospheric layer. The second level
considers the normalized horizontally-averaged profiles of the first and second moments of
the flow, where the normalization is based on the horizontally-averaged fluxes in the surface
layer (i.e. the effects of the canopy heterogeneity on one-dimensional canopy models). This
comparison permits assessment of how the tree-scale heterogeneity disturbs the entire spa-
tially-averaged profiles from their canonical (and well-studied planar-homogeneous) values
inside the canopy and in the surface layer. The third level considers the effects of such tree-
scale heterogeneity on the spatial variability of the ejection-sweep cycle and its propagation
to momentum and mass fluxes. Eddies that contribute to the ejection-sweep cycle are also
the flux-transporting eddies of mass and momentum.

4.1 Level 1: Canopy Representation Via Similarity Theory and Length Scales

In large-scale atmospheric models, the 3-D effects of the canopy on the flow are often repre-
sented via, for example, the aerodynamic roughness length and zero-plane displacement, and
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coupled to the atmosphere using Monin and Obukhov similarity theory (MOST) or analogous
formulations.

An effective surface-layer depth, hs , is defined as the minimal distance above ground and
within the atmospheric surface layer such that the vertical gradient of the Obukhov length
(see Table 2 for definition), d L/dz, is approximately zero, i.e. quasi-constant fluxes of heat
and momentum, a key assumption of MOST. For convenience, we denote the surface fluxes,
i.e., horizontally-averaged fluxes at hs , with a subscript “s”.

The aerodynamically effective height of the canopy top, he, was determined from the
model results as the height of the inflection point in 〈ũr 〉 (Raupach et al. 1996). The use
of aerodynamic canopy height as a reliable scaling variable in heterogeneous canopies was
recently confirmed in a study by Nakai et al. (2008). The displacement height, hd , was com-
puted from the centroid of the drag force exerted by the vegetation on the air flow (Jackson
1981). The roughness length, z0m , was determined by a least-squares optimization within the
surface layer of the MOST-driven relationship between mean velocity and height above hd

using classical stability correction functions for an unstable atmosphere. Penetration depth,
δe, is a length scale describing the vertical distance from the top of the canopy influenced by
changes in turbulent mixing. It is defined as the distance between he and the location where
(urw)h = 0.1(urw)h |he (Nepf et al. 2007), and will be used as a scalar measure for Reynolds
stress profile comparisons.

Alternatively, quadrant analysis can be used for defining different exchange regimes within
and above the canopy (Thomas and Foken 2007). Quadrant analysis refers to the joint scatter
across four quadrants defined by a Cartesian plane whose abscissa is (ur )

′
t and ordinate is

(w)′t . The four quadrants are connected with four modes of momentum transfer: events in
quadrant II ((ur )

′
t < 0, (w)′t > 0) and quadrant IV ((ur )

′
t > 0, (w)′t < 0) are called ejec-

tions and sweeps respectively; events in quadrant I ((ur )
′
t > 0, (w)′t > 0) and quadrant III

((ur )
′
t < 0, (w)′t < 0) are called outward and inward interactions, respectively. Typically,

�S0, the difference between the stress fraction due to ejections (measured as the mean flux
contributions of events when the flux is in quadrant II) and sweeps (flux contribution from
events in quadrant IV), can be used to fingerprint the transition from canopy flows to sur-
face-layer flows (Katul et al. 1997, 2006). We define h|(�S0=0) as the height at which �S0

changes sign thereby marking a shift in the ejection-sweep cycle properties.
For reference, it is well known that inside a dense canopy and extending to within the

canopy sublayer, sweeps dominate momentum transfer for neutral flows (i.e. Poggi et al.
2004a,b,c). For sparse canopies, ejections can dominate within the canopy as well. As the
surface layer is approached, ejections become the dominant mode of momentum transfer
[see discussion in Katul et al. (2006) regarding the connection between �So, higher-order
cumulants, gradients in second-order statistics, and the definition of the canopy sublayer].
We calculated this height based on the simulation data from the 25 sample locations where
we saved high-frequency data in each simulation.

Integral length scales of vertical velocity, most pertinent to vertical material exchange
between the biosphere and atmosphere, were calculated for lags increasing by �x over each
row and by �y over each column (separately) of a full domain snapshot. A separate snapshot
was used every 60 simulated minutes. All the resulting autocorrelation profiles were averaged
according to lag distance.

Table 2 lists these resolved length scales in the different simulation cases. When compared
to the homogeneous case, canopy-top heterogeneity decreased the displacement height and
increased the roughness length and penetration depth. This effect was stronger in the spring,
when the tree canopy was densely populated with foliage (as expected). Compared with the
heterogeneous cases, the patchy canopy showed further increases in displacement height and
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penetration depth in the spring but minor changes in the winter. In both seasons, the inte-
gral length was reduced in the patchy cases by about 15% (Table 2). During the spring, the
contrast between gap-openings (full penetration) and full canopy cover (low penetration) is
much more pronounced, allowing for enhanced mean penetration across the entire domain.
There was no clear difference between the spring and winter simulations in h|(�S0=0). In both
cases, the patchy canopy had a much lower mean h|(�S0=0) indicating a shallower roughness
sublayer (when defined as such). As earlier noted, within the canopy, sweeps dominate but
in sparser or open areas, ejections are likely to dominate and, hence, reduce the area-aver-
aged h|(�S0=0). Interestingly, h|(�S0=0) also varied from 1.5 to 3 times the canopy height,
indicative of the thickness of the roughness sublayer. These results suggest that the fractional
area of gaps may be a logical choice for a scaling variable to adjust the displacement height,
roughness length, and penetration depth even for heterogeneous canopies.

4.2 Level 2: Canonical Profiles Inside the Canopy

Figure 5 presents the vertical profiles of the mean sensible and latent heat fluxes, (wt)h, (wq)h ,

mean rotated horizontal streamwise velocity, 〈̃ur 〉, vertical velocity standard deviation,
(ww)0.5

h , and momentum fluxes, (urw)h . The effective mixing length for momentum trans-

port, lm , is also shown and is computed as l2
m = −(urw)h/ ˜〈∂ur/∂z〉

2
.

From Fig. 5, the differences between these mean profiles in heterogeneous and patchy
canopies are minor after normalizing with the aerodynamically effective height and surface-
layer fluxes (including the friction velocity u∗s). These results are encouraging because they
do demonstrate that the aerodynamic height is an appropriate scaling variable for inhomoge-
neous canopies. Moreover, the microscale heterogeneities, being statistically homogeneous
in the plane parallel to the ground and occurring on length scales much smaller than the
domain size, do not appreciably alter the vertical distribution of turbulent fluxes, provided
the absolute flux differences are accounted for in the surface layer (usually the upper boundary
condition imposed on the canopy sublayer).

The effective mixing length has a small local maximum value inside the canopy consis-
tent with numerous canopy turbulence studies (Wilson and Shaw 1977; Katul and Chang
1999; Poggi et al. 2004a). This characteristic of the vertical profile of lm was predicted from
analytical analysis by Harman and Finnigan (2007). However, dlm/dz is affected by surface
heterogeneity and surface heating, and in a neutrally buoyant ABL above a homogeneous
surface is equal to the von Kármán constant. Indeed, dlm/dz was 0.45 and 0.44 for the HW
and PW cases (i.e., winter cases, when conditions are closer to neutral), above the effective
surface-layer depth. However, dlm/dz = 0.54 and 0.58 in the more convective HS and PS
cases, respectively (as expected). Depending on the simulation case and the height from the
ground, lm near the canopy top and inside the canopy was between 0.3hc and 1.1hc. This
length scale is equivalent to the crown size, indicating that heterogeneity at this scale of
individual tree crowns has an impact on the local flow dynamics.

4.3 Level 3: Effects of Tree-Scale Heterogeneity on the Spatial Distribution of Fluxes

The height of the roughness sublayer, where the effects of surface features are still persistent,
extends from the canopy top to 2–5 times the canopy height (Raupach and Thom 1981). The
effects of tree-scale canopy heterogeneity on the spatial distribution of the ejection-sweep
cycle, and their concomitant effects on the flux distribution inside the canopy roughness
sublayer are explored here. The relationship between the spatial patterns of fluxes and the
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Fig. 5 Normalized and
dimensionless vertical profiles of
mean momentum fluxes,
horizontal wind speed and
effective mixing length. Bold,

shaded lines mark the reference
canopy; dashed, black lines mark
the patchy canopy. The values of
the aerodynamic effective canopy
height, he , used for normalization
of the vertical axis, and hs , u∗s ,
(the effective surface heights, and
the friction velocity at hs ,
respectively), which were used
for normalization of the profile,
are presented in Table 2. lm is the
mixing length, (ww)0.5

th
is the

standard deviation of vertical
velocity, (uw)th is the
momentum flux (see Eqs. 23–25
for averaging notation)

canopy structure was analyzed in the following way: first, the time-averaged covariances
of the perturbations from the time and horizontal domain average, (wϕ)t (Eq. 23a), were
calculated for each variable in the simulation domain. The model-resolved covariances are
analyzed using conditional analysis based on the sign of the vertical velocity. Three cases of
the spatial patterns of the fluxes are compared: the reference case is the time-averaged flux,
the second case is the conditional time-averaged flux in updrafts characterized by w > 0,
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and the third, is the conditional time-averaged flux in downdrafts characterized by w < 0.
We calculated each of these time-averaged covariances at a unique coordinate i, j, k (for the
longitudinal, latitudinal, and vertical coordinates, respectively) in the simulation domain. All
the data points that are at the same height (i.e., share the same k coordinate) define a single
set, or layer, of covariance data. Next, the canopy-top height in each horizontal location (i; j)
was calculated from the maximal height within that location that included leaves. Finally,
for each horizontal layer of covariance data separately, we tested the correlation between
the covariance and canopy-top heights, matching each canopy-top-height data point with the
corresponding covariance data point (same i, j location). We used the correlation coefficient
from the quadratic fit between these two variables, resulting in 3Nk correlation plots (where
Nk = 98 is the number of vertical grid layers in the simulation domain) per covariance
variable, (wϕ)t . Each of these correlation coefficients may be affected by spurious corre-
lations between the surface features and eddy structure due to aliasing of dominant length
scales, and so the significance of these correlations is tested by the usual randomization
and false-detection technique. One thousand virtual randomized canopies were generated for
each simulation case using V-CaGe, and the locations of canopy features were randomized
by drawing an independent random phase (with a uniform distribution between ±π) in wave
space during the construction of these randomized canopies (using fast Fourier transform),
while keeping all other properties of the randomized canopy identical to the canopy used
for the simulation case (see Bohrer et al. 2007). Correlation coefficients between these 2-D
flux fields computed by RAFLES for the canopy structures in Fig. 1 and the canopy heights
from each of the 1,000 randomized canopies were computed. Correlations were considered
significant if less than 5% of the randomized canopies had a higher correlation coefficient
than those obtained from the correlation between the flux fields in each simulation case and
the canopy height in the actual canopy used to generate the fluxes from the LES simulation
case. The analysis was conducted for the bottom 34 vertical layers, between 1.5 and 102 m
above ground level, i.e. 0.1hc–4hc. At each layer, the horizontal domain contains 253 × 253
non-boundary points. The method demonstrated here for measuring the significance of the
correlation between fluxes and the canopy height can also be used to effectively determine
the thickness of the canopy roughness sublayer (for heterogeneous cases).

Despite the overall similarity in normalized canonical profiles between the two canopy
structures, the spatial details of the wind speed and vertical fluxes inside and above heteroge-
neous canopies are affected by the canopy structure. Figure 6 shows the vertical profiles of
the spatial correlation coefficients between momentum or scalar fluxes and the canopy-top
height. We found that (ww)t in updrafts is strongly and negatively correlated with canopy
top-height, indicating stronger and more frequent ejection events occurring over shorter trees.
Prabha et al. (2007) showed that boundary-attached rolls can form along heat-flux maxima,
when the length scale of heterogeneity is smaller than the boundary-layer depth, depend-
ing on the boundary-layer stability, geostrophic wind and the orientation of the patterns of
heterogeneity to the mean wind direction, and up to a mean difference of 15–20% between
point observations at the attached role location and at other locations in the domain. We
found similar effects of an attached circulation over much smaller scales, and particularly
over shorter trees surrounded by taller ones. An illustration of this effect of canopy structure
on ejections and sweeps is presented in Fig. 7.

Close to the ground, (ww)t in downdrafts is strongly and positively correlated with can-
opy-top height for all cases (r2 > 0.6). Just above the mean canopy height, (ww)t is strongly
and negatively correlated with the canopy height (Fig. 8). This shift from positive to neg-
ative correlation illustrates a transition between the lower region inside the canopy, deeper
than the eddy-penetration depth, which is dominated by the local circulation (Fig. 7b), and
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Fig. 6 Vertical profiles of the r2 of the second-order polynomial correlation between (ww)t |w>0 (updrafts,
grey lines) or (ww)t |w<0 (downdrafts, black lines) and canopy-top height at the four simulation cases. Heights
where these correlations are significant are marked by x

the upper region of the canopy that is directly affected by larger eddies penetrating from
above (see Fig. 7 in Poggi et al. 2004c). A snapshot, 15 min into the simulation (Fig. 8),
illustrates the vertical wind velocity in each simulation case along a horizontal full-domain
cross-section. These variations in the vertical wind velocity are indicative of a topology of
eddy structures. The details of the correlations between (ww)t and canopy-top height at three
heights are presented in Fig. 9, where the quadratic shape of the relationships indicates that
the maximal effects are concentrated in locations where the canopy is relatively short (i.e.,
short trees and gaps) and above the tallest trees in the domain. The relative flux contribution
of structures responsible for the sweep-ejection cycle was calculated as the ratio between the
vertical flux from events in quadrants II and IV, and the total vertical flux. Surprisingly, the
relative contribution of ejection and sweeps was similar between patchy and heterogeneous
simulations, despite being very different between spring and winter simulations (0.58, 0.57,
0.88, 0.84 in HW, PW, HS, PS respectively, Table 2). This indicates that the planar average
number and importance of ejections and sweeps is not affected by canopy structure, while
the spatial distribution of their locations within the planar domain is affected by small-scale
canopy heterogeneity.

Consistent patterns emerge from these vertical profiles (Fig. 7), and the correlation is
always significant inside the canopy. In the reference canopy (spring and winter heteroge-
neous cases) the momentum flux becomes decoupled from the canopy structure (i.e. the
correlation with canopy height becomes less significant) between 1 and 2 times the height of
the canopy top. Counterintuitively, the vertical momentum flux in updrafts is also somewhat
decoupled at the same height or closer to the canopy than the flux in downdrafts. In the PW
case a range of significant correlations for (ww)t in downdrafts emerges around 4hc.

Raupach and Thom (1981) determined that the height of the canopy roughness sublayer,
where the effects of surface features are still apparent in the flow, extends between the top of

123



G. Bohrer et al.

Fig. 7 Snapshots in the HS simulation case: a an illustration of the ejection-sweep dynamics and its interaction
with canopy structure—the figure illustrates a subsection, 75 m long, 20 m wide and 100 m tall, the canopy top
is illustrated as a green surface. Arrows represent the wind vector, the arrow length and colour scale indicating
wind speed. The wind vectors are projected on two planes one horizontal at the mean canopy height and the
other vertical through the centre of the domain. Water vapour mixing ratio is presented using a blue colour
scale and projected on a vertical plain through the back of the domain. A star marks a tall cluster of trees at the
centre of the domain, and the locations of ejection and sweep events are illustrated with black arrows; b local
circulation inside the canopy sub-domain illustrated with streamlines emanating from a linear source on the
left edge of the domain near the canopy top—this figure illustrates a different subsection 150 ×150 ×100 m3.
Tree stems are illustrated as brown lines (stem diameter in exaggerated scale). Water vapour mixing ratio is
projected on the side and top “walls”, temperature on the back “wall”

the canopy and up to 2–5 times the canopy height. This definition of the canopy roughness
sublayer is analogous to the subdomain in our simulations where the correlation between
flux and canopy height is significant. Recent volume-averaged observations from ground-
based acoustic Doppler-sodar found that the height of the roughness sublayer was within the
same vertical range (2hc–4hc) with a distinct diurnal variation, reaching its maximum under
daytime convective conditions (Thomas et al. 2006).
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Fig. 8 Snapshots showing the resolved vertical wind component w along a horizontal cross section through-
out the simulation domain at a height of 40 m above ground level. These snapshots where taken (arbitrarily)
at the 15th min of analyzed time of the simulation. They illustrate the eddy structures in each simulation case.
Mean integral lengths for each case are indicated in Table 2

5 Conclusions

RAFLES was proposed as a simulation platform to explore how canopy heterogeneity at
the scale of tree-fall gaps affects the first and second moments of the flow and scalar fluxes.
Overall, the resolution, realistic representation of the canopy, and mesoscale-based initiali-
zation and forcing allowed RAFLES to simulate turbulence that compared well with obser-
vations. Yet, as was demonstrated in the winter case, which was characterized by a sparse
canopy, stronger wind shear above the canopy and weaker surface heat fluxes, an appropriate
parameterization of SGS TKE in heterogeneous canopies is still required. Recently proposed
dynamic schemes for SGS TKE (e.g., Basu and Porté-Agel 2006; Stoll and Porte-Agel 2006a;
Bou-Zeid et al. 2007; Yue et al. 2007, 2008) are based on filtering of the resolved variables
across several grid elements and the interpretation of this filtering within a heterogeneous,
volume-restricted, canopy sub-domain is not obvious. In addition, these schemes are applied
in pseudo-spectral simulations and cannot easily represent explicit sharp boundaries, such as
the boundary around a tree-fall gap.

Anthropogenic and natural changes to canopy structure, such as selective logging (Asner
et al. 2004), fire (Chambers et al. 2005), regional climate change (Breshears et al. 2005), or
bark beetle infestations (Negrón et al. 2000), strongly affect the microscale canopy structure
by changing the stand density, leaf density distribution, and distribution of stem sizes. These
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Fig. 9 Correlation between (ww)t and canopy-top height at three levels for the winter patchy simulation (top

panel) and winter reference simulation (bottom panel). Number at the corners of each figure mark the r2 for
a second-order polynomial line fit (thin line)
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disturbances create a structural pattern at the length scale of a single tree crown, but such
small-scale changes to canopy structure can extend over very large spatial domains (e.g.,
Asner et al. 2005). Historically, it was assumed that turbulence mixing ‘wipes’ out such fine
scale heterogeneities. As our simulations have shown, eddy mixing length inside, and just
above, the canopy sublayer is at the same scale as the tree-crown diameter and, therefore,
crown-scale heterogeneity leads to persistent effects, which, under some conditions, are not
entirely mixed out even at 4hc.

Moving downwind across a heterogeneous canopy, the flow experiences frequent transi-
tions from forest (i.e. high leaf density) to gap (low leaf density, or open space), and from
gap to forest. Flesch and Wilson (1999) observed modifications to the mean wind speed and
momentum fluxes along a transition from a forested “block” into a deforested gap with short
vegetation. These modifications included reduced wind speed shortly downwind from the
forest, followed by increased wind speed and TKE farther downwind, up to 6hc (with a peak
around 3hc–4hc). The patterns of the gap effects were dependent on the gap width. Using
LES, Cassiani et al. (2008) showed that the gap effects may extend vertically above up to
2hc and horizontally up to 7hc. Dupont and Brunet (2008b) used LES with a heterogeneous
patch structure but assumed within-patch horizontal homogeneity, to confirm an analytically
derived hypothesis (Belcher et al. 2003) of an increased gust zone, roughly 3hc behind a
gap-to-forest transition. They also showed that the location and intensity of this increased
gust zone is affected by the vertical profile of LAI in the forest (Dupont and Brunet 2008a).
Based on the observed structure of the Duke Forest, the realistic canopies we used here have
an autocorrelation length scale of roughly 2hc, which is characteristic of natural vegetation
and gap sizes. This means that in our simulated domains the transitions from gap to forest,
and from forest to gap, are at about the same length or shorter than the length of the predicted
for maximal-effect zone, 3hc–10hc.

The simulations have shown that interactions between small-scale canopy structures, at
a typical length scale of one tree-crown width, and the turbulent flow within and above the
canopy volume, affect biosphere-atmosphere exchange at three levels. In terms of canopy
representation in larger scale models (level 1), usually conducted via some scaling length
connected to the canopy attributes, RAFLES has shown that canopy heterogeneity decreases
the displacement height and increases the roughness length and penetration depth. This result
holds promise, in that the maximum leaf area, the fractional area of gaps, and the autocor-
relation length of the gap patterns may be the logical choices for scaling variables to adjust
the parameterized displacement height, roughness length, and penetration depth in regional
models. In terms of canonical (planar-averaged) profiles (level 2), the RAFLES simulations
suggested that the aerodynamically effective height of the canopy and the spatially-averaged
vertical fluxes can normalize the profiles of fluxes, and the first and second statistical moments
of the wind velocity. In fact, the planar-averaged mixing lengths derived from RAFLES for
these heterogeneous cases (including gaps) are in agreement with canonical mixing lengths
often used in one-dimensional higher-order closure models (Wilson and Shaw 1977; Katul
and Albertson 1998; Katul and Chang 1999; Poggi et al. 2004a). Finally, we have shown that
the signature of such heterogeneity is most pronounced in the spatial distributions of ejection
and sweep event locations. This leads to an effect of ejection and sweep “hot spots” that can
affect particle (e.g. seed or pollen) dispersion from these locations (Bohrer et al. 2008b), and
which, in turn, can affect the long term viability and genetic heterogeneity of plant popula-
tions (Bohrer et al. 2005b; Volis et al. 2005). The correlations between canopy height and
flux statistics in the ejection or sweep phases persisted above 3hc. Observations at this scale
need to be at a high enough resolution to represent the heterogeneity and over a domain large
enough to include at least one or two full domains of influence of a single structure, such as
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a forest-gap-forest pattern. Currently, such observations are very expensive and laborious.
The Canopy Horizontal Array Turbulence Study (CHATS) (Patton et al. 2008) represents the
most extensive attempt to date to collect observations of flow in real heterogeneous canopies
at such length scales. Improvements to measurement instrumentation such as lidar (Eichinger
and Cooper 2007) will enable more measurements at these scales.

Our simulations do not provide finality on how such fine-scale heterogeneity affects
momentum and heat transport within and above canopies, but they do generate initial hypoth-
eses on how to progress to studying tree-scale effects on mass and momentum transport
within forested ecosystems. The simulations of 3-D canopies that include the within-patch
crown-scale heterogeneity of canopy structure, as represented in RAFLES, are therefore an
essential tool for generating hypotheses and serving as a virtual laboratory to study the effects
of small-scale surface heterogeneity.
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