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This study deals with the problem of turbulent atmospheric boundary-layer flow over a forest canopy.
Numerous previous works showed that this flow presents more similarities with a mixing-layer flow than
with the standard boundary-layer flow. In this paper, this problem was studied for homogeneous cano-
pies, using large eddy simulation (LES). The numerical results reproduced correctly the various steps of
development of this flow: the appearance of a first generation of coherent structures resulting from
the development of a primary Kelvin-Helmholtz instability, the reorganization of these structures, by
vortex pairing and kinking, the development of a secondary instability and the formation of horseshoe
vortices. Then, the process of transport of a passive scalar from a forest canopy into a clear atmosphere
was studied in two cases, i.e., when the passive scalar concentration at the surface foliage is either con-
stant or time-varying. Even though this small difference has little influence on the concentration patterns,
the results showed that it can significantly affect the concentration magnitude as well as the dynamics of

the total concentration in the atmosphere.

1. Introduction

The interest concerning the problem of atmospheric boundary-
layer/canopy interaction has increased these last decades, in order
to improve the knowledge of many environmental problems, such
as the evaluation of heat and mass transfer between various vege-
tation covers and atmospheric surface layers, the impact of wind
(especially gusts) upon tree plantations, or the effects of wind on
wildfires behavior. The presence of canopy affects the height of
the roughness sub-layer (RSL), which is nearly equal to three times
the height of trees. The turbulence properties in the upper inertial
sub-layer (ISL) of the atmospheric boundary layer (ABL), exhibit a
tendency to a universal behavior that could be described by the
Monin-Obuhov similarity theory [1,2]. Since there is no exhaustive
model for turbulent flows in the RSL, the investigation of this kind
of flow has a considerable scientific interest from a theoretical
point of view.

Various experimental works, summarized in [3], have shown
that statistics properties of a turbulent atmospheric boundary-
layer flow over a forest canopy have common features with a
turbulent mixing-layer flow. The drag forces induced by the consti-
tuting elements of the canopy (foliage, branches, twigs, etc.) slow
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down the wind flow within the vegetation. The resulting action
of these forces induces a significant shear of the free wind flow
above the canopy in a similar manner as the situation observed
in a mixing-layer flow. The transition between boundary layer
and mixing-layer type flow can be characterized using a
non-dimensional parameter introduced by Massman in [4]; this
parameter was defined as the product between the average drag-
coefficient Cp (characterizing the action of the canopy upon the
flow) and the leaf-area index (LAI). As it was reported by Ghisal-
berti and Nepf in [5] for aquatic canopies, the mixing layer regime
is observed when the following threshold criterion is verified: Cp
x LAI' > 0.1. In this case, it was observed that the decay of turbu-
lence inside the canopy exceeded the standard value of —5/3
predicted by the Kolmogorov theory. The coherent structures,
formed above a forest cover, penetrate within the canopy and
interact rapidly with the irregular grid formed by the vegetation.
Consequently a part of the turbulent kinetic energy is directly in-
jected at smaller scales, in short-cutting the inertial cascade and
promoting the production of a wake kinetic energy [2]. The shear
layer resulting from the action of drag forces, induced by the
presence of vegetation, promotes the development of a Kelvin-
Helmholtz (KH) instability, characterized by the formation of large
scale 3D coherent structures [2]. The evolution in space and in time
of these vortices (vortex kinking and pairing) causes the transition
to a mixing-layer type flow. Nevertheless, at the same time, typical



boundary layer coherent structures, like horseshoe vortices, appear
also in this flow.

One of the first investigations of coherent structures in canopy
turbulence was proposed by Denmead and Bradley in 1987 [6];
they showed that time evolutions of different scalars such as tem-
perature, humidity, and passive scalar concentration indicate the
presence of specific ‘ramp structures’. These structures were char-
acterized by intensive gusts (sweeps) that penetrate within the
canopy. When such a ramp structure crossed a given location,
one could observe a sharp jump in the scalar signal, as it was
shown in [6]. The spatial patterns in coherent turbulence struc-
tures was also studied in 1989 by Gao et al. [7] who used turbu-
lence time-traces measured at different levels within and above
forests, to reconstruct these spatial patterns.

Compared to Reynolds-Average Navier-Stokes (RANS) ap-
proach, large eddy simulation (LES) can be considered as a prefer-
able technique of turbulence modeling, to capture the behavior of
coherent large-scale structures in ABL flow. LES for ABL flows was
first introduced by Deardorff in 1972 [8], followed some years later
by Moeng in 1984 [9]. The first attempt to conduct LES for atmo-
spheric flows over a forest canopy was done by Shaw and Schu-
mann in 1992 [10]. In their work, the forest canopy was
represented as a porous continuum medium, affecting the flow
by means of a volume-distributed drag force. Using this approach,
the coherent structures of a turbulent flow over a crop in the early
stages of development, were simulated and discussed by Kanda
and Hino in 1994 [11]. Ramp signals in scalar time-traces were
highlighted, as the signature of passages of coherent turbulence
structures [12]. Analysis of experimental data based on proper
orthogonal decomposition (POD), allowed to reconstruct the veloc-
ity field of a ‘characteristic eddy’ (large coherent structure). This
one consisted of a pair of counter-rotating streamwise vortices
centered above the canopy. A strong gust or sweep motion gener-
ated between the vortices was responsible for most of the shear
stress carried by large eddies. Recently, LES of passive scalar trans-
ported by advection though ABL above a canopy, strongly con-
nected to ramp structures and to large scale vortices, were
performed by Fitzmaurice et al. in 2004 [13] and Watanabe in
2004 [14]. The simulations reproduced in a quite realistic manner,
the main characteristics of canopy turbulence, including typical
ramp structures appearing in the time traces of a scalar concentra-
tion near the canopy top. Very recently, extractions of coherent
structures from LES results, with the help of a POD analysis, were
carried out by Huang et al. in 2009 [15]. And finally, a major con-
tribution concerning the mechanisms of formation of coherent
structures, based on LES results, was proposed by Finnigan et al.
in 2009 [16]. As it was shown in these papers, the characteristic ed-
dies consisted of an upstream head-down sweep-generating hair-
pin and of a vortex, superimposed to a downstream head-up
ejection-generating hairpin. The conjunction of sweeps and ejec-
tions induced pressure maxima between hairpins, where were also
located coherent scalar micro-fronts.

The present study deals with numerical simulations (based on a
LES approach) of the interaction between a neutral atmospheric
boundary layer (ABL) with a homogeneous canopy, and the ex-
change and transport of a passive scalar between canopy and
ABL. The numerical results allowed in reproducing the main fea-
tures characterizing this kind of geophysical flow in a homoge-
neous configuration, corresponding to the configuration
previously reported by Su et al. [17]. The coherent structures ob-
served during the flow organization and various statistical mo-
ments were investigated. Furthermore, we have also explored the
problem of transport of a passive scalar over a canopy starting from
a clear atmosphere. The source term of passive scalar was assumed
to be located at the surface of vegetation (foliage). The release/cap-
ture rate of passive scalar was assumed to be proportional to the

difference between the bulk scalar concentration in the flow and
a reference concentration held by the foliage. While in Watanabe
[14], this reference concentration was supposed to be constant
(thus constituting an infinite source of concentration for the flow),
we also considered here the case where the scalar concentration
contained by the canopy evolved in time according to a Kinetic
equation; thus modeling a more realistic pollutant transfer from
a contaminated canopy into a clear atmosphere.

2. Physical and mathematical model

In taken into account of additional terms resulting from drag
forces induced by the vegetation, and after filtering the fluctua-
tions due to subgrid scale (SGS) structures, the equations govern-
ing the resolved-scale fluid flow can be written as follows [14]
(where the angle bracket indicates the filtered value):
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The presence of solid elements composing the vegetation was
represented in the momentum equations and the SGS kinetic en-
ergy by additional drag terms (proportional to the module of the
average velocity) and characterized by two parameters: the leaf
area density (LAD) a; and the average drag-coefficient Cp, charac-
terizing the whole canopy, (assumed to be constant and equal to
0.15 as considered in [17] from the analysis of micrometeorological
data in a deciduous forest). The momentum flux, resulting from the
SGS structures (SGS model), was approximated by introducing the
SGS kinetic energy k and the average stress tensor. Initially pro-
posed by Schumann [18], this model was then commonly used
by the ABL community [8,15]:
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where pr represents the SGS eddy viscosity and C,, = 0.07 as in [14].
The value of Lsgs characterizes the typical size of the SGS filtering
length. In agreement with previous numerical model proposed for
the same kind of problems [14], the SGS kinetics energy was calcu-
lated by solving the following transport equation:
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The dissipation term (proportional to k*?) highlights two
parameters: C. (a constant equal to 0.93) and the SGS length Lscs.
The last term on the right hand side of this equation is a destruc-
tion term for the SGS kinetics energy budget, resulting from
drag-force effects inside the canopy.

As far as the passive scalar is concerned, its concentration C in
the flow, is governed, as in [14], by the turbulent transport Eq.
(5), in which the last term represents the mass flux between the
atmosphere and the leaf surface, it is proportional to the wind
speed, to the LAD, and to the difference between the bulk concen-
tration in the flow and the value at the surface of the canopy.
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Unlike the study conducted in [13], in the present study, the ref-
erence concentration in the canopy C..f may vary with time and is
determined in that case from the following kinetic equation:

2 (p{Ce)) = ccapl @] (C) ~ {Cer) ©

On one side, if the passive scalar resulted from a metabolism
mechanism, plant respiration for example, the concentration Cer
can be considered as equal to a constant value. On the other side,
if Crer represented the concentration of dusts or chemical com-
pounds deposited at the surface of the foliage, its value resulted
from a mass balance equation between the atmosphere and the
surface of the foliage (Eq. (6)). To be consistent with Eq. (5), the ex-
change term on the right hand side of Eq. (6) was equal (with an
opposite sign) to the same term appearing in Eq. (5).

In this study, the SGS Schmidt number (Sc) was equal to 1/3 and
the scalar exchange coefficient for the leaves (cc) was equal to 0.04
as in [14].

3. Numerical method

The transport equations governing the evolution of this geo-
physical system were solved using a fully-implicit finite volume
method, and using a segregated algorithm, using a third order Eu-
ler scheme for the time integration and a PISO algorithm [19] for
the pressure/velocity coupling. The numerical method was second
order accurate in space: the QUICK scheme (third order) (with a
flux limiting strategy) was used for the convective terms while a
second-order central-difference scheme was used for the diffusive
ones. The non-symmetric linear systems obtained from the discret-
ized transport equations were solved using a BiCGStab iterative
method, while the symmetric linear system of the pressure equa-
tion was solved using a Conjugate Gradient (CG) method precondi-
tioned using the artificial compressibility technique. The
developed code has been validated on several benchmark tests of
natural and forced convection [20]. At each time-step, a converged
solution was supposed to be obtained when the residuals of all
transport equations reached the L,-norm tolerance of 107 in
non-dimensional form. The calculations were performed on a
shared memory machine (SGI ALTIX), with 20 Itanium2 processors
and 40 GBytes memory, using OpenMP instructions for the loops
parallelization [20,21].

4. Numerical results for the flow dynamic

We consider first ABL flow over a homogeneous forest cover.
The canopy height H was equal to 20 m and a streamwise velocity
equal to 12 m/s was imposed at the upper boundary of the compu-
tational domain shown in Fig. 1a. Periodic boundary conditions
were imposed in both X and Y directions and standard wall func-
tions [22] were used at the bottom boundary for a better estima-
tion of the shear-rate near the wall. The simulations were carried
out for the following dimensions: Lx=300m, Ly=100m, and
L,=80 m. The number of grid points used for these calculations
was equal to 150 x 50 x 80 = 600,000, consequently the grid sizes
along the three directions were Ax = Ay =2 m and Az =1 m. Along
the vertical direction, assuming that above the canopy the integral
length scale Ly was nearly equal to the height of the canopy H [2],
the ratio Az/Lr was equal to 0.05, which was enough to assume that
the wave length of the eddy viscosity filter was located inside the
inertial zone. The vertical distribution of the LAD is shown in
Fig. 1b; the value of the leaf area index (LAl =2) indicates that
the canopy was sparse enough in the considered case. The simula-
tions conditions were chosen in order to fit the experimental con-
ditions observed in a partially defoliated canopy in a deciduous
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Fig. 1. Configuration under consideration: (a) the computational domain and (b)
the leaf area density vertical distribution.

forest [23]. Note that for the results presented in this section, the
passive scalar concentration was not computed, i.e. Egs. (5) and
(6) were not solved in this part.

The streamwise velocity profile was initialized using the same
procedure as suggested in [24], in adding a white noise to acceler-
ate the development of KH instability. In considering the time nec-
essary to obtain the first coherent structures in the flow field, we
can be sure that the numerical results were not affected by this ini-
tialization procedure.

The normalized vertical profile of the mean streamwise velocity
U(z)/U(H), shown in Fig. 2a, contains an inflection point around
z = H. Hence, the shear is maximum around z = H, and its strength
can be described by the shear length scale Ls (Eq. (8)). This profile
changes in time with the flow evolution and becomes straighter.
Since for the present LES, Cp x LAl =0.3 is not large enough, the
vertical profile of the mean streamwise velocity can be regarded
as the superposition of a logarithmic boundary-layer profile and
a mixing-layer one. Nevertheless, other dynamic characteristics
such as the root-mean-square (RMS) velocities, oy (Fig. 2b) and
ow (Fig. 2¢), the Reynolds shear stress Ty, = —(u'w') (Fig. 2d), the
skewness Sky (Fig. 2e), and Sk (Fig. 2f) show more analogy with
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Fig. 2. Vertical profiles of statistical moments compared to experimental data [23]
(the dots): (a) the average streamwise velocity, (b) the standard derivation of the
streamwise velocity, (c) the standard derivation of the vertical velocity, (d) the
Reynolds stress tensor, (e) the skewness of the streamwise velocity, and (f) the
skewness of the vertical velocity.



Fig. 3. Snapshots of the coherent turbulent structures (Q-criterion iso-value surfaces, colored with vertical velocity W: in red (W > 0), in green (W =0), in blue (W <0)
obtained for a homogeneous forest canopy (LAI = 2) at duly chosen stages of the flow: (a)t=90s, Q=0.0014s72, (b)t=150s, Q=0.0452 (c)t=170s, Q=0.13 572 and
(d)t=200s, Q=0.15 s~2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a mixing layer flow. Usually for a flow above surface roughness
layer, the standard deviations of the wind components are normal-
ized by the friction velocity u* given by u*? = 1y, (H). In Fig. 2d, the
momentum flux Ty normalized by ux reaches a standard constant
stress zone above the canopy and decays rapidly inside the canopy
due to the aerodynamic drag absorption of the foliage. In the pres-
ent study, the profiles of the normalized streamwise and of the ver-
tical velocity RMS increase with height inside the canopy and reach
asymptotic values over the canopy. These values (gy/u* ~2 and
ow/u* ~ 1) are typical for turbulence over canopies [2]. The third
order statistical moments (skewness) given by Sky = (u?)/d} and
Skw = (w3)/03, constitute a measure for the symmetry of the
probability density function associated with the velocity field. A
positive skewness indicates an intermittent effect towards larger
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values, while a negative one reflects an intermittent effect towards
smaller values. As shown in Fig. 2e and f, inside the canopy, the
skewness is positive for the streamwise velocity component and
negative for vertical velocity component. This indicates that turbu-
lence above a forest cover is dominated by intermittent downward
moving gusts. At the surface layer far enough from the canopy, the
skewness of both the vertical and the streamwise velocities are
close to the reference zero value, which corresponds to a Gaussian
distribution. We can conclude that the present numerical results
are in a relative good agreement with experimental data [23] as
shown in Fig. 2. Nevertheless, a noticeable discrepancy was ob-
served for the skewness in Fig. 2e and f. Similar behaviors of skew-
ness were observed in other numerical simulations [16], for which
the magnitudes of the skewness obtained from LES were about 50%
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Fig. 4. Autocorrelation (left) and two-point correlation (right) functions of the vertical velocity.



Fig. 5. Coherent large scale structures obtained for a more dense canopy (LAI = 6)
shown by Q-criterion iso-value surfaces colored by vertical velocity W (Q = 0.1 s2)
(red: W> 0, green: W =0, blue: W < 0). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

lower than those of the experiments. The authors explained such
behavior by the limitations introduced by the grid resolution and
the artificial vertical confinement resulting from a non-fully appro-
priate boundary condition imposed at the upper limit of the com-
putational domain.

An extension of the computational domain in the vertical direc-
tion would have probably reduced this artifact.

Iso-value surfaces of the Q-criterion were used to visualize large
scale coherent structures. These surfaces have been colored with
the vertical velocity W (red: W > 0, green: W =0, blue: W < 0). This
scalar variable, defined from the rotation-rate tensor and strain-
rate one, is given by [25]:
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The flow evolution leading to fully developed turbulence can be
characterized by various stages, outlined in [2], and observed in the
present simulations:

o First, as predicted by the inviscid linear stability theory, the
existence of an inflection point in the mean streamwise
velocity profile (u;(z)) = U(z) promotes the development
of a KH instability. The growth rate and the wavelength of
the coherent structures (characterizing this shear instabil-
ity), are proportional to the magnitude of the shear length
Ls. This quantity is defined as the ratio between the average
streamwise velocity with the vertical shear rate evaluated at
the top of the canopy as in [3]:
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Fig. 6. Snapshots of the passive scalar concentration patterns obtained at y = 0.5Ly, at duly chosen moments, both for a constant (a) and for a time-varying (b) reference
concentration. Time is shifted backward by 100 s to account for the simulation in a clear atmosphere before activating the passive scalar transport, the grayscale levels are the

same for both cases (a) and (b).



o The second stage is the vorticity clumping of the KH waves into
transverse vortices connected by braid regions of highly
strained fluid (Fig. 3a). These rolls are transported by convection
through the domain at the canopy top level, with a velocity
more or less equal to the average ambient wind speed.

e Third, due to a secondary instability, the transverse rolls are
transformed from two dimensional patterns into three dimen-
sional ones. The vortex pairing process was also observed in
the current computations, but not shown by Fig. 3. At the same
time, the transverse rolls are kinked, forming arc-shaped vorti-
ces (Fig. 3b).

e The present simulation captures also typical wall turbulence
structure, the so-called horseshoe vortex (Fig. 3c). It consists
of two counter-rotating quasi-streamwise vortices (legs) con-
nected by an arch vortex (horseshoe). These particular coherent
structures play an important role in boundary layer flow. They
result from stretching, induced by the ambient deformation
field, and from the weak vorticity that exists initially in the
stagnation region between KH billows.

o Finally, the fully developed flow (Fig. 3d) contains all the typical
features of canopy turbulence. The fully-developed turbulent
canopy flow is characterized by the presence of random struc-
tures which are oriented along the streamwise direction. Since
the review carried out by Finnigan [2], it is well known that
the presence of such longitudinal vortices promotes the succes-
sion of weak intensity ejections followed by strong sweeps. This
particular flow behavior indicates also the existence of pairs of
counter-rotating vortices. Fig. 3c shows the shape of these elon-
gated vortices along the streamwise direction.

Large coherent structures, characterizing the canopy turbu-
lence, can be described using a typical length scale Ay along the
streamwise direction. Raupach et al. [3] compared the ratio Ax/Ls
over a wide range of canopy types and obtained the following
relationship:

Ax = (8.1+0.3)Lg 9)

For fully developed mixing layer flows the ratio between these
two variables is ranged as following: 7 < Ax/Ls < 10, while the lin-
ear stability theory predicted a value Ax/Ls~ 14. This result is a
new confirmation that the process controlling the generation of
large coherent structures in the roughness sub-layer, is very simi-
lar to that observed for a plane mixing layer. Using an exponential
approximation of the streamwise velocity profile (Fig. 2a), for val-
ues calculated inside the canopy (0 <z<H), we found that the
shear length scale Ls was equal to 8.22 m (Ls= 0.411 x H). This va-
lue is close to previous LES results (Ls= 0.3 x H) reported in [26]
and also compared to experimental data. As suggested in [3],
assuming a Taylor’s ‘frozen turbulence’ assumption, a mean
streamwise separation of coherent structures Ay can be approxi-
mated from the convective velocity Uc (i.e. the displacement veloc-
ity of large scale coherent structures) and the time period t
characterizing large scale structures localized at z=H. We intro-
duce the autocorrelation function Ry/(t) and the two-points corre-
lation function Ry(x, ) of the vertical velocity component (see
Fig. 4) (the upper bar indicating a time averaging). The local nega-
tive minimum of the autocorrelation function in Fig. 4 (left) indi-
cates the typical time interval t that characterized the typical
‘period’ of coherent structure in fully developed turbulence.
Assuming a Taylor’s ‘frozen turbulence’ assumption, the estimation
of the streamwise separation distance of coherent structures, Ay,
can be done by evaluating the convective velocity Uc. This charac-
teristics velocity can be evaluated from the analysis of the two-
points correlation function R,(x, 7). To compute this function we
need information about two temporal signals of the vertical veloc-
ity w(t) and w(x, t) that are derived from two points at a distance x

along the streamwise direction. The local maximum of R,(x, 7), ob-
served in Fig. 4 (right), corresponds to the period of time T,,x. This
time describes the interval that is necessary to transport the vortex
over a distance x. In using all these elements, the streamwise
length scale Ax characterizing the average distance separating
two coherent structures along the streamwise direction, was eval-
uated as follows:

Rw(t) = W(tv)vy((rt)m Ry(x,7) = /WVZ_EZW(’(;:(:)[+T) (10)
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Using this method, we found a ratio Ax/Ls =12, which exceeds
by about 50% the experimental value (Ax/Ls)exp = 8.1 reported in
[3]. As indicated in [16], this discrepancy results from the different
methods used to estimate the convective velocity Uc. In the present
paper, we used a two-points correlation approach because we con-
sidered it to be more accurate than the method consisting in eval-
uating the integral time-scale from the frequency spectra.

By increasing the drag effects in introducing a more dense can-
opy (LAI = 6), we can show more clearly (Fig. 5) the structure of the
flow formed by two layers of head-down (near the trees top and in-
side the canopy) and head-up hairpin vortices (above the top of the
canopy), as recently suggested by Finnigan et al. [16]. As indicated
in this same paper, the superposition of these two types of hairpin
vortices, allowed to understand how, inside and near the top of the
canopy, the turbulence was dominated by Q4-sweep events (pro-
moted by head-down hairpin vortices), and far enough the same
turbulence was dominated by Q2-ejection events (promoted by
head-up horseshoe vortices).

C: 5.0x107 1.5x10™ 2.5x10 3.510°™ 4.5x10%

B i | n
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Fig. 7. Large scale coherent structures obtained at t = 200 s, shown by Q-criterion
iso-value surfaces and colored by the passive scalar concentration field.



5. Passive scalar dispersion

The following results were obtained using the same configura-
tion (shown in Fig. 1) and under the same conditions of simulation,
as in the previous section, but in activating Eqs. (5) and (6), and
thus in solving the transport equation for the passive scalar. The
simulation started with a clear atmosphere, i.e. the initial distribu-
tion of the passive scalar concentration was C=0, and the initial
reference concentration at the leaf surface was proportional to
the LAD: C.=a; x 107, It is important to note that Eqgs. (5) and
(6) were activated only after about 100 s of simulation in a clear
atmosphere, which was enough time for the flow to reach a fully
developed turbulent state. As mentioned earlier, two cases have
been considered: (1) the reference concentration C.f Was constant
and (2) the reference concentration varied with time according to
Eq. (6).

Fig. 6 shows snapshots of the scalar concentration patterns ob-
tained in the vertical median plane, i.e. y = 0.5Ly, at duly chosen
moments of simulation, both for a constant and for a time-varying
reference concentration. At the beginning of the transport process,
maximum concentration values in the air were observed near
z=0.5H where the reference concentration inside canopy was the
highest and the concentration magnitudes were similar for both
considered cases. Then, lower concentration magnitudes were ob-
served in case (2) - where C,r varied with time - in comparison to

(a)

case (1). It is worth noting here that due to the periodic boundary
conditions in the streamwise direction, the passive scalar concen-
tration in the domain did not dissipate, which would not be the
case if Neumann conditions were applied for the concentration
field at the domain inlet and outlet. Fig. 6 shows also the concen-
tration patterns that were responsible for the transport of passive
scalar from the canopy into the upper atmosphere. These finger-
shape patterns, inclined by 40° with respect to the streamwise
direction, are due to the well-known streaks encountered in
boundary layer flows [14].

The coupling between the dynamics of coherent structures
(studied in part 4) with the passive scalar transport was clearly
highlighted in Fig. 7, showing at the same time Q-criterion iso-va-
lue surfaces and passive scalar concentration field. This figure
shows without any ambiguity that it was the large scale structures,
containing the major part of the kinetic energy, which contributed
the most to the mass transfer between the canopy and the atmo-
sphere, as well as to the mass transport process through the atmo-
spheric boundary layer.

Fig. 8 shows the time evolution of the passive scalar concentra-
tion in the atmosphere and that of the reference concentration
along the vertical line (x = Ly/2 and y = Ly/2) at positions (z = 0.3H,
0.8H, 1.3H). As the position height z increases, the intensity of tur-
bulence increases and the oscillation amplitudes of the passive sca-
lar concentration increase as well. According to Eq. (6), Fig. 8b and
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Fig. 8. Time evolution of the passive scalar concentration in the atmosphere (solid line) and that of the reference concentration (dashed line) along the vertical line (x = Lx/2
and y = Ly/2). At the left side the reference concentration is constant (a: z=0.3H, c: z=0.8H, e: z=1.3H), at the right side the reference concentration is time-varying (b:
z=0.3H, d: z=0.8H, f: z=1.3H). Again, time is shifted backward by 100 s to account for the simulation in a clear atmosphere before activating the passive scalar transport.
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Fig. 9. The total concentration in the atmosphere (solid line), the total reference concentration inside the canopy (dashed line), and the total concentration in the
computational domain (dash-dotted line), both for a constant (a) and a time-varying (b) reference concentration. The curves are normalized by the initial value of the total

concentration in the computational domain Cg;.

d show a tendency of the passive scalar concentration in the atmo-
sphere and the reference one to become equal. By comparing
Fig. 8e and f, we notice again as expected, that the passive scalar
concentration in the case of a time-varying reference concentration
(case 2) was several times smaller than in case 1 (constant refer-
ence concentration).

The total concentration of the passive scalar in the atmosphere
Cs, the total reference concentration inside the canopy Csg, and the
total concentration in the computational domain Csr are defined by
Eqgs. (11)-(13) respectively, where D represents the computational
domain. Note that Cer is zero outside the canopy.

Cs = /Cdxdydz (11)
JD

Cop = / Cresdxdydz (12)
JD

Cor = [ (C+ Cu)drdydz (13)
D

As shown in Fig. 9, in the case where the reference concentra-
tion was maintained to be constant, the total concentration in
the atmosphere increased indefinitely, as a consequence of the infi-
nite source of passive scalar coming from the surface of the foliage
of the canopy. However in the case (2), the total concentration in
the atmosphere increased also as a function of time but the total
reference concentration inside canopy decreases by the same
amount (according to Eq. (6)), in such a way that the sum of this
two contributions remained constant.

In case (1) where the reference concentration was constant, the
curve of Cs was close to the straight line. The fact that Cs exceeded
Csg and keep growing quasi-linearly with time means that the total
concentration in the atmosphere up to z = H remained smaller than
Csg. So the time derivative of the total concentration in the atmo-
sphere was approximately constant in this case (according to Eq.
(6)) and did not depend on Cs, i.e. dCs/dt ~ cca; pii Csg, where ay,
p, and 1 were respectively the average values of the LAD, of den-
sity, and of the effective streamwise velocity inside the canopy.

In case (2) where the reference concentration varied in time, the
linear part of the time evolution of Cs was much shorter then in
case (1); the limitation factor was more important in this case as
Csg decreased. The following exponential approximations for the
total concentrations, in good agreement with numerical results,
could be proposed in case (2):

Cs/CY = A(1 —e /), (14)

Cor/CY = (1—A)+Ae ", (15)

where A is the normalized steady-state total concentration in the
atmosphere (A=~0.73) and 7t is the typical relaxation time

(T =~ 220 s). According to Eq. (6), the typical relaxation time could
be estimated as T = 1/cca, pu. Given the vertical distribution of a;:

H
ﬁL:%/O aLdz:%:O.l (16)

From the estimated value of the relaxation time 7, we deduced
that the effective streamwise velocity t ~ 1.1 m/s, which corre-
sponds to the average velocity at z=0.7H. These values of a; and
u exhibited also a very good agreement for the slope of Cs(t) ob-
tained in case (1) where the reference concentration was kept
constant.

6. Conclusion

The problem of interaction between an ABL flow and a forest
canopy was studied numerically using large eddy simulations
(LESs). The numerical results confirmed that this flow presented
many similarities with a mixing layer flow. Snapshots of the coher-
ent structures have shown in using iso-value surfaces of the Q-cri-
terion, allowed to highlight the scenario and the physical
mechanisms contributing to the final organization of this turbulent
flow. In the present study, KH rolls were formed at the canopy top
due to the shear nature of the flow. The kinking and pairing of KH
rolls were similar to those occurring in a mixing layer flow. Since
the flow has demonstrated also similarities with a turbulent
boundary layer, horseshoe vortex formation could also be observed
above the canopy. The shear induced by the action of the vegeta-
tion upon the flow resulted in large-scale coherent structures
mainly located at the canopy-free flow interface. The vertical pro-
files of the average flow velocity, of the velocity standard deriva-
tions, and of the skewness were all in good agreement with
previously reported results obtained in a fully developed turbulent
flow. A good agreement was also observed between the results ob-
tained using LES and experimental data concerning turbulence
characteristics. The transport of a passive scalar was not only seen
in this paper as a signature of the passage of coherent turbulence
structures as in [12-14], resulting in the previously reported ramp
patterns that were observed again in the present study. The model
presented in [14] has been modified in order to take into account a
time evolution of the concentration field at the surface of foliage,
hence modeling a more realistic pollutant exchange between a
contaminated canopy and an initially clear atmosphere. Despite
the fact that this new model has little influence on the concentra-
tion ramp-patterns, it exhibits a significant effect on the concentra-
tion magnitude that was dramatically decreased, as well as on the
dynamics of the total passive scalar concentration in the atmo-
sphere: growing linearly with time in case (1) where the reference
concentration was kept constant, and growing exponentially with
time and reaching about 73% of the total initial concentration in-



side the canopy in case (2) where the reference concentration was
time-varying according to a kinetic equation.
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