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Abstract

The higher order concentration statistics of a passive
tracer in a turbulent Boundary Layer are evaluated by a
Fluctuating Plume model. A non stationary Lagrangian
Stochastic Model is used to determine the joint evolution
of the barycenter of a cloud and a time-dependent filter as-
sures that only the correct portion of the turbulent kinetic
energy is considered. The instantaneous dispersion of the
plume around its barycenter is parametrized following the
inertial range scaling and the concentration of the passive
tracer is determined following Gifford (1959). The model
has been applied to two different Boundary Layers: a con-
vective boundary layer and a plant canopy. Concentration
Fluctuations, Skewness and Kurtosis are presented, in par-
ticular their dependence from the concentration PDF rela-
tive to the Plume barycenter position inside the Boundary
Layer is investigated. Two different PDFs are taken in to
account a Gaussian PDF and a Skewed PDF. The compar-
ison is shown and discussed.
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1. Introduction

The dispersion of a passive tracer within the atmospheric
boundary layer can be strongly affected by the skewed,
non-Gaussian turbulence. The mean concentration fields
can be accurately determined by one-particle Lagrangian
stochastic models, but they do not provide any informa-
tion on the concentration fluctuations and the higher order
statistics. In Gaussian, homogeneous turbulence the con-
centration moments can be evaluated by Gifford (1959)
meandering plume analytical model. Gifford (1959) sug-
gested to decompose the plume in the meandering of the
plume barycenter and the relative-diffusion around it. As
long as the scalar fluctuations are produced by the solid
movements of the cloud, Gifford (1959) model well pre-
dicts the concentration field if the plume meandering is
the main cause of the fluctuations, but it completely ig-
nores the effects of the small vortices inside the plume
and this causes the model to fail in the far field where
the fluctuations are mainly internal and the plume mean-
dering disappears. Yee and Wilson (2000) improved Gif-
ford (1959) model specifying the in-plume fluctuations in
terms of a gamma probability density function. Luhar
et al. (2000) moved to less idealized turbulent fields ap-
plying the meandering plume approach in a convective
boundary layer (CBL). In their approach the the probabil-
ity density function (PDF) of the centroid of the passive
tracer plume was evaluated by a Lagrangian stochastic
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model. Once known the centroid PDF is known the con-
centration fields can be evaluated parametrizing the cloud
dispersion around it. Following these ideas, Franzese
(2003) developed a fluctuating plume model where the
equations of the centroid motion are derived from the sin-
gle particle stochastic equations filtering out the turbulent
kinetic energy.
Although the motion of the plume centroid can be very
well simulated by a Lagrangian stochastic model, the
concentration field evaluation is strongly affected by the
choice of the PDF of the single particle vertical position
relative to the centroid position (Dosio and de Arellano
2006). Luhar et al. (2000) used a PDF depending on
the Skewness of plume barycenter, while Franzese (2003)
preferred a Gaussian PDF, whose Skewness is only due to
the multiple reflections at the boundaries. Later on Dosio
and de Arellano (2006) used LES simulations to show that
the relative mean particle position PDF must be skewed in
order to correctly predict the mean concentrations, espe-
cially close to the ground.
In this work we developed a fluctuating plume model
(Franzese 2003; Mortarini et al. 2008) to evaluate the con-
centration statistics in two different turbulent conditions:
a CBL (Franzese et al. 1999; Willis and Deardorff 1976,
1978, 1981), and a boundary layer generated by a sim-
ulated vegetal canopy (Raupach et al. 1986; Legg et al.
1986). The role of the relative concentration Skewness is
investigated and a comparison of the concentration statis-
tics evaluated with a Gaussian PDF and with a skewed
PDF are shown.

2. Fluctuating plume model

The basic idea of the fluctuating plume model is to di-
vide the concentration evaluation in two different parts:
first we simulate the trajectory of the plume centroid with
a Lagrangian stochastic model in a fixed coordinate sys-
tem and then we parametrize concentration PDF in the
relative coordinate system whose origin is located on the
plume centroid position. In other words, the absolute dis-
persion is divided in two components: the meandering of
the instantaneous cloud and the relative diffusion of the
cloud around its barycenter. The concentration moments

in a fixed reference frame are defined as:

〈cn(x, y, z)〉 =
∫ ∞

0

cnp(c;x, y, z)dc (1)

where c is the instantaneous concentration, p(c;x, y, z)
is the PDF of the concentration in the fixed system, x is
the downwind distance, y the crosswind direction and z is
the vertical coordinate. For the sake of simplicity we can
assume that the concentration field is independent of the
crosswind direction, hence Eq. (1) becomes:

〈cn(x, z)〉 =
∫ ∞

0

cnp(c;x, z)dc (2)

Gifford (1959) hypothesis for the concentration PDF can
be written as:

p(c;x, z) =
∫
pcr(c|x, z, zm)pm(x, zm)dzm (3)

where pm(x, zm) is the PDF of the position zm of the
plume centroid at a distance x from the source and
pcr(c|x, z, zm) is the concentration PDF relative to zm,
hence pcr(c|x, z, zm) is the PDF of concentration in the
reference frame moving with the cloud centroid, condi-
tional to its location downwind.

After defining the concentration statistic at x relative to
zm, 〈cnr (x, z, zm)〉, as:

〈cnr (x, z, zm)〉 =
∫ ∞

0

cnpcr(c|x, z, zm)dc (4)

and substituting Eqs. (3) in Eq. (2) we write (Franzese
2003):

〈cn(x, z)〉 =
∫
〈cnr 〉pm(x, zm)dzm (5)

where 〈cnr 〉 is expressed by Eq. (4). Equation (5) sum-
marize the principle of the fluctuating plume models,
where the concentration field is derived combining the
relative concentration statistics 〈cnr 〉 and the meander-
ing of the plume centroid, pm(x, zm). In this work
the centroid velocity and position will be directly mod-
eled by Lagrangian stochastic equations to obtain the
PDF, pm(x, zm), of the barycenter vertical location,
while for relative dispersion statistics 〈cnr 〉 two different
parametrization of concentration relative to the centroid
will be taken into account: a Gaussian PDF and a Gamma
distribution.
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3. A Lagrangian model for the cen-
troid PDF

Following Thomson (1987) and Franzese (2003) we con-
sider the joint evolution of centroid velocity and position
as a Markov process. Hence the following stochastic dif-
ferential equations can model the trajectories of the plume
centroid :

dxm = U(zm)dt (6)
dwm = am(t, wm, zm)dt+ bm(t, zm)dW (t) (7)
dzm = wmdt (8)

where am is the deterministic acceleration term, bm is a
diffusion coefficient, U is the single particle mean wind
speed and dW (t) represent the increment of a Wiener
process with zero mean and variance dt. Equation (6) is
based on the hypotheses that the velocity fluctuations are
negligible in the along-wind direction x, and the centroid
mean wind speed is equal to the along-wind mean speed.

The stochastic term bm is derived according to: bm =√
2〈w2

m〉/Tm, where Tm is the analogous of the single-
particle Lagrangian time scale for the barycenter.

The drift term am is derived as in Franzese (2003) as-
suming a quadratic functional form:

a(wm, zm, t) = αm(zm, t)w2
m+βm(zm, t)wm+γm(zm, t)

(9)
with αm, βm and γm determined using the Fokker-Planck
equation associated to the stochastic process (7) and (8):

αm(zm, t) =
(1/3)(∂〈w3

m〉/∂t+ 〈w4
m〉/∂zm)

〈w4
m〉 − 〈w3

m〉2/〈w2
m〉 − 〈w2

m〉2

−
〈w3

m〉/(2〈w2
m〉)

[
∂〈w3

m〉/∂zm − 2〈w2
m〉/Tm

]
〈w4

m〉 − 〈w3
m〉2/〈w2

m〉 − 〈w2
m〉2

+
〈w2

m〉∂〈w2
m〉/∂zm

〈w4
m〉 − 〈w3

m〉2/〈w2
m〉 − 〈w2

m〉2

βm(zm, t) =
1

2〈w2
m〉

[
∂〈w2

m〉
∂t

+
∂〈w3

m〉
∂zm

− 2〈w3
m〉αm

]
+

− 1
Tm

γm(zm, t) =
∂〈w2

m〉
∂zm

− 〈w2
m〉αm

(10)

We derive the energy of the meandering centroid 〈w2
m〉

(and the third and fourth turbulent moment of the centroid
vertical velocity) by filtering the turbulent kinetic energy
〈w2〉 using:

〈wnm〉 = 〈wn〉

[
1−

(
d2

d2 + z2
i

) 1
3
]n/2

(11)

for n = 2, 3 and 4, where zi is the boundary layer depth
and d is proportional to the two-particle relative disper-
sion 〈r2〉 (Franzese and Cassiani 2007) and is parameter-
ized as

d2 = αd
3 〈r

2〉 = αd
3 gε (ts + t)3 (12)

where ts =
[
σ2

0/(gε)
]1/3

is related to the finite source
size σ0, g is the Richardson constant and αd is a param-
eter assuring that the standard deviation of the barycenter
vertical position is null when the plume is well mixed. For
the simulation on the vegetal canopy we used g = .06,
while the Kolmogorov constant for the Lagrangian veloc-
ity structure function was C0 = 2 and αd = 1. While
for the CBL simulations we preferred C0 = 3, g = 1.4
(Franzese 2003) and αd = 0.16 (Franzese 2003). This
discrepancy in the g values is not surprising, considering
the dumping effect of the canopy on dispersion and the
highly inhomogeneity of the canopy itself. We applied
perfect reflection to the centroid vertical velocity and po-
sition when its distance from the lower boundary is less
than d/2. This choice was not only made for the sake of
simplicity but also to isolate the effect of the skewed tur-
bulence on the concentration statistics on the PDF of the
concentration relative to the centroid position.

4. Parameterization of relative con-
centration PDF

The fluctuating plume model constitutes of two different
components: the Lagrangian model, which is used to eval-
uate the evolution of the barycenter PDF on the horizontal
coordinate and the parameterization of relative concentra-
tion PDF. Once the centroid PDF is known, we have to
give an analytical expression to the concentrations statis-
tics relative to the centroid. Substituting the two different
contributes of the concentration PDF into Equation (5), it
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is possible to have all the moments of the concentration
PDF.

In literature it is possible to find different form for
pcr (c |x, z, zm ), starting from Hanna (1984), who used
an exponential PDF, through Franzese (2003) lognormal
PDF, ending with Yee and Wilson (2000) and Luhar et al.
(2000) who assumed a Gamma PDF. Dosio and de Arel-
lano (2006) LES simulations showed that the Gamma
form is probably the most suitable. Even if this result was
obtained for a CBL, we will consider a Gamma PDF for
the canopy simulations as well:

pcr (c |x, z, zm ) =
λλ

〈cr〉Γ(λ)

(
c

〈cr〉

)λ−1

e−
λc
〈cr〉 (13)

where Γ(λ) is the Gamma function, icr is the relative con-
centration fluctuation intensity and λ is equal to 1/i2cr.
Substituting Eq. (13) into Eq. (4) it is possible to have a
relation between 〈cnr 〉 and 〈cr〉:

〈cnr 〉 =
Γ(n+ λ)
λnΓ(λ)

〈cr〉n (14)

Therefore to calculate the concentration field it is neces-
sary to have an explicit form for 〈cr〉:

〈cr〉 =
Q

U(zm)
pzr(x, z, zm) (15)

where Q is the source strength and pzr is the vertical PDF
of mean particle position relative to zm. Combining Eqs.
(5), (14) and (15) we can determine the whole concentra-
tion field, c(x, z), as:

〈cn (x, z)〉 =
(
Q

U

)n Γ (n+ λ)
λnΓ (λ)∫ H

0

pnzr (x, z, zm) pm (x, zm) dzm

(16)

Eq. (16) shows that after all our assumptions, c(x, z)
only depends on icr (through λ), pm (x, zm) and
pnzr (x, z, zm). We will consider two different shapes for
pzr: a simple reflected Gaussian PDF (Franzese 2003)
and a skewed PDF obtained as the sum of two reflected
Gaussian PDFs (Luhar et al. 2000; Dosio and de Arellano
2006). Our aim is demonstrating that the Skewness pro-
duced by the boundary reflections, both in the Lagrangian

model and in pzr, it is not sufficient to explain the behav-
ior of the tracer dispersion, especially close to the ground
where we expect that not only the vertical position PDF,
but also the PDF of the vertical position relative to zm is
skewed.

The Gaussian PDF has the form (Franzese 2003):

pzr(x, z, zm) =
1√

2πσzr

N∑
n=−N

[
e
− (z−zm+2nzi)

2

2σ2
zr +

+e
− (−z−zm+2nzi)

2

2σ2
zr

]
(17)

The parametrization chosen for the vertical dispersion co-
efficient σ2

zr is:

σ2
zr =

gzε(ts + t)3

[1 + (gzεt3/α)2/3]3/2
(18)

where gz is the one-dimensional Richardson constant
(gz = g/6) and ε is the dissipation of the turbulent kinetic
energy. Equation (18) represents the inertial range behav-
ior, σ2

zr = gzε(ts + t)3, for small times and accounts for
the boundaries effect that reduces the vertical spreading
for large times.
Following Luhar et al. (2000) and Dosio and de Arellano
(2006) we chose a skewed PDF of the form:

pzr(x, z, zm) =
2∑
j=1

N∑
n=−N

aj√
2πσj

[
e
− (z−zm+2nzi−z̄j)

2

2σ2
j +

+e
− (−z−zm+2nzi−z̄j)

2

2σ2
j

]
(19)

where:

z̄1 =Szrfσ1/ |Szr|
z̄2 =− z̄1σ2/σ1

σ1 =σzr
√
a2/ [a1 (1 + f2)]

σ2 =σ1a1/a2

a1 ={1− [r/(4 + r)]1/2}/2
a2 =1− a1

r =(1 + f2)3S2
zr/[(3 + f2)2f2]

f = 2
3 |Szr|

1/3

(20)
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Figure 1: Vertical profile of the vertical velocity Skew-
ness. The blue line represents a spline fit of Raupach et al.
(1986) data, while the red line is derived from the analyti-
cal expressions of 〈w2〉 and 〈w3〉 in Franzese (2003). The
dotted line indicates the canopy height.

and the Skewness Szr, which is given by

Szr =
〈z − 〈z〉〉3 − 〈zm − 〈z〉〉3

σ3
zr

(21)

is the Skewness of the relative vertical position zr. To
evaluate Szr Luhar et al. (2000) assumed that the Skew-
ness of the single particle Sz was equal to the Skew-
ness of the barycenter, however Dosio and de Arellano
(2006) showed that this approximation is valid only close
to the source when dispersion is dominated by the mean-
dering, but it is not true elsewhere, hence we decided to
parametrize Szr(x) in order to improve the comparison
with the measured data.

5. Data and Parameters
We applied the fluctuating plume model to two different
turbulent conditions: a Boundary Layer generated by

convection and a Boundary Layer developed above a
vegetal plant canopy. In the first case (CBL) the model
was set to simulate the water tank dispersion experiments
of Willis and Deardorff (1976, 1978, 1981) for three
different source heights. The turbulent moment used as
input of the Lagrangian stochastic model were derived
from least-squares fit of several experimental data as
described in Franzese et al. (1999) and Franzese (2003).
For the canopy case a dispersion experiments from a line
source (Legg et al. 1986) was considered. The exact
experiment displacement is described in Raupach et al.
(1986); Coppin et al. (1986); Legg et al. (1986). The
input for the model were provided by polynomial and
spline fit of the experimental data (Raupach et al. 1986;
Legg et al. 1986; Cassiani et al. 2007) as explained in
Mortarini et al. (2008).
For a precise expression of the input turbulence the origi-
nal works may be consulted, here we would like to stress
the main difference in the two turbulence conditions.
Although both cases are fairly inhomogeneous and not
Gaussian, they present a difference in the Skewness of
the vertical velocity profile. As shown in figure 1 the

0.0 0.2 0.4 0.6 0.8 1.0

!0
.5

0.
0

0.
5

1.
0

1.
5

Canopy

X [m]

Sk
ew

ne
ss

Skewnesszr
Skewnesszm

Figure 2: Comparison between the centroid vertical posi-
tion Skewness (green points) and the assumed Skewness
of the vertical position relative to the centroid. The figure
refers to the canopy generated turbulence.

two turbulence cases present a strong vertical velocity
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Figure 3: Comparison between the Skewness of zr and
zm inside the CBL for three different source heights.

Skewness, but the CBL profile is always positive and
almost constant in the whole layer, while in the canopy
generated w the Skewness inverts it signs at about 0.15zi
and is nowhere constant.

6. Skewness of the relative vertical
position zr

Equation (21) states that to correctly determine the skew-
ness of the vertical relative position it is necessary to
jointly know the vertical position PDF and the centroid
vertical position (Dosio and de Arellano 2006). Our La-
grangian stochastic model only evaluates the barycenter
PDF but gives no information about the single particle
PDF, therefore we cannot calculate Szr. Hence, in order
to use Eq. (21) in the parametrized PDF (19) we have to
postulate a form for it. For both the canopy and the CBL
cases we determined Szr from the comparison of mean
concentration experimental data with the model estima-

tions and then extending the result to the whole domain
with spline interpolations.
Figures 2 and 3 show the horizontal evolution of the rel-
ative position Skewness and the barycenter Skewness in
the two cases. Szm is evaluated from the numerical in-
tegration of the simulated barycenter PDF. As it can be
seen the two Skewnesses behavior is different. In canopy
turbulence Szr is almost always smaller than Szm and, al-
though the latter is always positive, Szr is negative where
the plume is close to the ground. Close to the source is
therefore difficult to assume an analytical expression re-
lating Szm and Szr. For the CBL the situations is the
opposite and the relative position Skewness is larger than
Szm. Also in the convective case the major discrepan-
cies between the two profile are observed when the plume
reaches the domain bottom. In the CBL a relationship be-
tween Szm and Szr is more evident.
The profiles both have a maximum when the plume
reaches the ground and decrease to the zero in the far field.
The differences between the two Szr profiles can be ex-
plained considering that in the CBL the rebound of the
plume on the ground is followed by its rise, while inside
the canopy the cloud is trapped and tend to stay inside the
canopy layer, probably spreading horizontally rather than
vertically.

7. Results and comparisons

a. Mean concentrations

Throughout this paper, in order to correctly fit the experi-
mental data the concentration is normalized in two ways:
for the CBL case we normalize 〈C〉 asking that when the
well-mixed condition is reached the mean concentration is
unitary for the whole layer, while for the canopy we eval-
uate the normalization coefficients θ forcing the equiva-
lence of the areas defined by the experimental and simu-
lated profile. The second method naturally take into ac-
count the heat loss measured by Legg et al. (1986).
As for the vegetal canopy simulations, figures 5 and 4
show the normalized mean concentration field. In partic-
ular figure 4 represents the comparison among our model
results evaluated using the two different parametrization
of pzr and Legg et al. (1986). Close to the source (the
first two plots of figure 4) equations 17 and 19 are equiv-
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canopy: blue diamonds represent Eq. (17), red circles represent Eq. (19), black points Legg et al. (1986) data. The
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Figure 5: Contourplot of the normalized mean concentration evaluated inside the vegetal canopy applying Dosio and
de Arellano (2006) correction to the parametrized PDF of the relative vertical position (equation 19).
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alent but after the plume reaches the ground the skewed
PDF better performance is evident. In the fifth plot both
over-estimates the absolute concentration, but it can be
explained with the presence in the experiment of an hor-
izontal recirculating flow caused by the canopy elements
(Coppin et al. 1986), hence an underestimation close to
the ground is perhaps unavoidable (Flesh and Wilson
1992).
Figure 5 represents the contourplot of the mean concen-
tration field for canopy turbulence calculated with Eq.
(19). The Skewness effect can be seen close to the ground
(X ∼ .2m) in the elongated shape of the contour. As a
consequence of the small value of the Richardson’s con-
stant g the plume is very narrow and slow in developing.
Figures 6 and 7 show the normalized mean concentra-
tion of the CBL simulations. Figure 6 shows the over-
all behavior of the concentration field evaluated with the
skewed pzr (19). As for the canopy case, the elongated
profile along the ground reflects the effects of the Skew-
ness, but here dispersion around the cloud barycenter is
faster. The absolute mean concentration at ground level,
〈C(X/L, 0)〉 is depicted in figure 7 for the two differ-
ent parametrizations of pzr and for the three different
source heights. The agreement between simulated data
and the experimental data of Willis and Deardorff (1976,
1978, 1981) is satisfying. It is easy to see that taking the
Skewness in to account (Eq. (19)) eliminates the under-
estimation close to the source found with Eq. (??)Eq:
FluctpzrGauss improving the maxima mean concentration
close to the ground as stated by Dosio and de Arellano
(2006).

b. Concentrations fluctuations

In order to evaluate the concentration fluctuations profile
it is necessary to have a correct parametrization for the rel-
ative intensity of concentration fluctuations icr (Eq. (16)).
For the canopy case we used the form proposed by Mor-
tarini et al. (2008), obtained comparing the measured con-
centration fluctuations profile with the ones evaluated by
a fluctuating plume model, while for the CBL we adopted
the analytical expression given in Franzese (2003).
Figure 8 shows the comparison between the concentration
fluctuations evaluated by the fluctuating plume model in
its two versions (Eq. (17) and Eq. (19)) and the experi-
mental data of Legg et al. (1986). Near the source, the

model reproduces satisfyingly well the peak location, but
the intensity cannot be compared due to missing data. In
the second plot (X = .079 m) the profile obtained with
the skewed PDF shows a very good agreement with the
data, while the Gaussian form of pzr produce a spurious
maximum close to the ground. For the three remaining
plots it is difficult to say which PDF gives better results,
although at .696 m from the source the skewed model bet-
ter fits the maximum of the curve. As it can be seen from
figure 9 the concentration fluctuations evaluated by the
fluctuating plume model presents a maximum close to the
ground for intermediate distances from the source. This
can be possibly explained with the simplified treatment
of the boundaries in the Lagrangian Stochastic Model or
maybe with the one-dimensionality of the model.
Figure 10 reproduces the contour plot of the concentra-
tion fluctuations in the convective case. Unfortunately no
data are available for a quantitative comparison, therefore
only this qualitative plot is shown. The CBL model shows
larger fluctuations than the canopy model and this is prob-
ably due to the different turbulent conditions and to the
larger value of the Richardson’s constant g. The fluctua-
tions in the CBL presents the same behavior of the canopy
ones close to the source, with maxima near the grounds.
In the far field the profiles tend to a constant value.

c. Concentrations high-order moments

The evaluation of the high-order concentration statistics,
namely the determination of Skewness and Kurtosis,
deeply depends on the knowledge of icr and the lack of
experimental data make the comparison of the second
moments of the concentration fields the only way to
correctly estimate icr. As long as we were not able
to test our concentration fluctuations evaluation with
experimental data for the CBL case, here we prefer to
present only the concentration Kurtosis and Skewness for
the canopy case.
Figure 11(a) shows the Skewness vertical profile at .696m
from the source compared with the experimental data of
Coppin et al. (1986). It is a different experiment from
the one considered in this work (Legg et al. 1986), but it
was carried out in the same plant canopy considering a
multiple-line source instead of a single line source. Even
if the sources are different we expect the same behavior
in the far field, that is why we showed only the farthest
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Figure 9: Contourplot of the normalized concentration fluctuations evaluated inside the vegetal canopy applying Dosio
and de Arellano (2006) correction to pzr (equation 19).
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de Arellano (2006) correction to the parametrized PDF of the relative vertical position (equation 19). The source
height is 0.24 zi.

profile. A part for a small underestimation close to the
ground the profile evaluated with Eq. (19) has a very
good agreement with the experimental data above the
canopy. Figure 12 shows the concentration Skewness
field in the whole simulation domain.
The same conclusions can be applied to the Kurtosis
profile (figure 11(b)). The Kurtosis profile evaluated with
the Gaussian form of pzr (Eq. (17)) over-estimates the
measured profile (Coppin et al. 1986) over the canopy,
while both the profiles evaluated by the fluctuating plume
present Gaussian values near the ground. Figure 13
shows the concentration Kurtosis field in the whole
simulation domain.

8. Conclusions

The fluctuating plume model proved to be a very good
investigation tool to simulate relative dispersion in in-
homogeneous planet boundary layers. No assumption
was made for the PDFs of the turbulent velocity field, a

quadratic form for the acceleration in the Langevin equa-
tion was considered and all the measured turbulent mo-
ment were naturally taken in to account. The model
showed to be very flexible and adaptable to the two dif-
ferent turbulent conditions considered. In particular the
skewed formulation of the model, i.e. the one where the
PDF of the vertical position relative to the barycenter is
skewed (Eq. (19)), performed very well in the evaluation
of the mean concentration fields both in the CBL and in
the canopy cases. In particular it was able to reproduce the
maxima of concentration on the ground, while the profile
evaluated with a Gaussian form of the PDF of the vertical
position relative to the centroid, pzr, over-estimated the
concentration maxima height, predicting a faster plume
rise. The skewed formulation also improved the model ac-
curacy in estimating the concentration fluctuations, even
if a spurious maximum near the ground was produced in
some case, probably due to the one-dimensionality of the
model. The statistics of Skewness and Kurtosis showed
very good results, especially above the canopy.
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