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Abstract

Modeling scalar transport within canopies remains a vexing research problem in eco-hydrology and eco-hydraulics. Canopy tur-
bulence is inhomogeneous, non-Gaussian, and highly dissipative, thereby posing unique challenges to three-dimensional Lagrangian
Dispersion Models (LDM). Standard LDM approaches usually satisfy the well-mixed condition and account for turbulence inho-
mogeneity but not for its non-Gaussian statistics and enhanced dissipation. While numerous studies evaluated the importance of the
former (with mixed results), few studies to date considered the latter. In this paper we present new data and explore: (1) the skill of
LDM in reproducing mean scalar concentration distributions within dense and rigid canopies for source releases near the canopy
top and near the ground, and (2) the extent to which these estimates are sensitive to the formulation of the mean turbulent kinetic
energy dissipation rate (�) profile. Toward this end, Laser Induced Florescence (LIF) and Laser Doppler Anemometry (LDA) were
used to measure scalar concentration and Eulerian flow statistics within a dense model canopy in a rectangular flume. It is shown
that LDM concentration predictions are sensitive to how � is estimated. Good agreement between measured and modelled mean
concentration distributions were obtained when � was estimated from the mean squared longitudinal velocity gradients and isotropic
turbulence principles. However, when � was estimated from the widely used scaling arguments that employ a constant Lagrangian
time scale (Tl) and a specified vertical velocity variance ðr2

wÞ profile, the predicted concentrations diverged significantly from the LIF
measurements. Better agreement was obtained when a constant mixing length scale was used with the r2

w profile.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The transport of scalars (e.g. water vapor) within and
above vegetation canopies continues to be a fundamen-
tal and practical research problem in eco-hydrology,
eco-hydraulics, and biosphere–atmosphere exchange.
For example, heat, water vapor, and CO2 transport
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from the soil–plant surface to the free atmosphere above
the canopy [1,2] all require detailed parameterizations of
turbulent transport processes within the canopy volume
and across the canopy–atmosphere interface. One popu-
lar approach to modeling scalar transport within cano-
pies is through the use of Lagrangian Dispersion
Models (LDM) [3–11]. It is recognized that the applica-
tion of LDM to canopy flows is complicated by several
factors, including strong inhomogeneity, non-Gaussian
flow statistics [12,13], and enhanced mean turbulent
kinetic energy (TKE) dissipation rates (�) within the
canopy. Accounting for these factors in LDM while
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satisfying the so-called well-mixed condition (wmc, i.e.
an initially well mixed tracer remains well mixed) re-
mains a subject of debate and extensive research.

There is broad acceptance that accounting for vertical
inhomogeneity in the flow statistics is essential to mod-
eling scalar dispersion in canopies [12,13]. This effect can
be readily incorporated within LDM when the leaf area
density profile is known, at least for the first and second
moments of the flow statistics. Of the remaining two ef-
fects, the non-Gaussian flow statistics has received much
more attention than has the dissipation rate formulation
[14,4,15–21]. This may be attributed to the greater avail-
ability of measured velocity and scalar concentration
moments than the availability of measured dissipation
profiles. Despite the concentrated effort, the incorpora-
tion of non-Gaussian statistics has not unambiguously
improved the predictive skills of LDM [18]. However,
it has been shown that LDM concentration predictions
for canopy sublayer (CSL) flows can be sensitive to
how � is specified [22].

Since field measurements of � are complicated by
numerous factors, LDM applications must rely on indi-
rect estimates of the � profile. However, there is no clear
consensus on how to reliably estimate the � profile inside
plant canopies in terms of first and second moments of
the flow field, at least as a reliable input to LDM
approaches.

In this study we investigate how well a standard 3-D
LDM reproduces measured concentration distributions
using several popular formulations of the � profile. We
frame the study around laboratory measurements that
employ source releases close to the bottom boundary
(e.g. releases from the soil or litter), and source releases
near the canopy top (e.g. deposition). Laser Induced
Florescence (LIF) is used to measure the scalar concen-
tration, and Laser Doppler Anemometry (LDA) is used
to measure the Eulerian flow statistics. The goal of the
analysis is a clear recommendation for robust estimation
of � profiles in LDM applications.
2. Experimental facilities

The experiment was conducted at the hydraulics Lab-
oratory, DITIC Politecnico di Torino, in a recirculating
constant head flume shown schematically in Fig. 1. The
facility consists of a large rectangular channel 18 m long,
0.90 m wide, and 1 m deep. The channel walls are made
of clear glass to allow the introduction of laser light
through one side and collection of the scattered light
on the other side. The canopy is placed in a test section
9 m long and 0.9 m wide situated 7 m downstream from
the channel entrance. The canopy is composed of an
array of vertical steel cylinders, 12 cm tall (=h), and
4 mm in diameter (=dr) arranged in an aligned pattern
with a density of 1072 rods m�2. According to Poggi
et al. [23,24], such a density is dynamically equivalent
to a dense canopy having an element area index (frontal
area per unit volume) of 4.27 m2 m�3. The measured
drag coefficient is comparable to drag coefficient esti-
mates reported for dense forested ecosystems with leaf
area index (LAI) ranging from 3.5 to 6.0 [25]. Measure-
ments, described next, were conducted after the flow at-
tained a uniform state at a water depth (=hw) of 60 cm.

2.1. Velocity measurements

The velocity was measured by two-component LDA
in forward scattering mode. A key advantage of LDA
is its non-intrusive nature, its small averaging volume,
and its ability to measure velocity close to embedded ob-
jects such as the model canopy. Further details about
the LDA configuration and signal processing can be
found in Poggi et al. [26,27]. With the LDA, a mea-
surement run consists of sampling time series of the
longitudinal and vertical velocity component, u and w

respectively, at a particular spatial position. The sam-
pling location was chosen such that the measured local
temporal statistics were representative of the horizon-
tally-averaged temporal statistics, following an analysis
of the more spatially expansive data for the model can-
opy [23,28]. We sampled the entire depth of the bound-
ary layer at 1 cm vertical increments with 30 runs. The
sampling duration and frequency were 3600 s per run
at 2500–3000 Hz. The bulk Reynolds number, Reb,
calculated using the vertically-averaged velocity (Ub)
across the water depth, hw, is 116,000 which ensures
fully-developed turbulence.

2.2. Scalar concentration measurements

The planar LIF technique was employed to measure
the local instantaneous dye concentration in the flow.
This technique is based on the capacity of certain dye
to react with fluorescence when excited by a laser sheet.
The concentration measurements were conducted by
injecting two types of fluorescent dye solution, Fluores-
cein and Rhodamine 6G, through slits (less than 0.3 mm
thick) at the bottom (z/h = 0.05) and at the canopy top
(z/h = 1.05), respectively. The light source was a
300 mW continuous fixed wavelength ion-argon laser
(Melles Griot mod. 543-A-A03). A lens system was used
to provide a 0.6 mm thick light sheet of about 60 cm in
height and 25 cm in width. When excited by the laser,
the Fluorescein and Rhodamine 6G emit a metallic
green and a bright red light, respectively.

Image sequences were recorded for an area in the x–z
plane centered in the middle of the channel starting from
the ground up to 3h and having a width of 4h (longitu-
dinal) with a color CCD video camera. This video set-up
allowed us to acquire digital movies with high resolution
(720 · 480 pixels corresponding to a resolution of



Fig. 1. Plan and lateral view of the channel flow facility, the Laser Doppler Anemometry (LDA) setup, and the laser induced florescence (LIF) setup.
The dye injection is conducted at z/h = 0.05 and 1.05.
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0.5 mm, DV-AVI with NTSC format and high fre-
quency of 30 frames per second). A 12 min video se-
quence was used to compute the scalar concentration
statistics for the two source releases. A relationship be-
tween the intensity level of the emitted light and the
mean concentration was developed empirically. Four
solutions with different known concentrations C for
each dye were prepared in a small square tank. For each
dye concentration, a short video of the light intensity
was recorded and analyzed. In our case, the dye concen-
tration was far from the saturation limit, such that the
dye concentration was linearly dependent on the
strength of the remitted light.
3. Theory

Among the various three-dimensional LDM ap-
proaches proposed over the past two decades, the
Thomson [29] and Pope [30,31] frameworks are now
widely used. Both of these models satisfy the wmc for
strongly inhomogeneous flows. We will focus on [29]
model, as it is particularly popular in atmospheric sub-
layer (ASL) and mixed layer (ML) turbulence applica-
tions. Its popularity is largely due to it only requiring
first and second moments of the Eulerian velocity field,
which can be measured or readily estimated from
similarity theory [32], making it relatively simple to
implement [9,33]. While much of the theory is
already presented in Rodean [32] and Reynolds [8], a
review of the Thomson [29] model is provided for
completeness.

The trajectory of a single fluid element is given by

xiðt þ DtÞ ¼ xiðtÞ þ
Z tþDt

t
ðuiÞdt; ð1Þ

where ui is the instantaneous fluid element velocity along
direction xi, Dt is the discrete simulation time interval,
and t is time. The subscripts i, j,k are used throughout
to denote components of Cartesian tensors. Per the ori-
ginal model of Thomson [29], the evolution of a tracer
particle�s velocity is taken as a continuous Markov pro-
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cess. Following this assumption, the evolution of ui can
be expressed by

dui ¼ aiðxk; uk; tÞdt þ bðxk; uk; tÞdXi; ð2Þ
where ai are the drift coefficients, b is the random accel-
eration coefficient, and dX is a Gaussian random vari-
able with zero mean and variance dt. The function
b ð¼

ffiffiffiffiffiffiffiffi
C0�

p
Þ is determined by requiring that the

Lagrangian velocity structure function in the inertial
subrange satisfies Kolmogorov�s similarity theory [34].
We note here that Eulerian structure function measure-
ments within the canopy significantly depart from Kol-
mogorov scaling [35,23] thereby introducing additional
(and less appreciated) uncertainty in the Thomson [29]
formulation for these canopy sublayer applications.
For two- and three-dimensional turbulence Thomson
[29] showed that the drift term, ai, can be constrained
but not completely determined by requiring consistency
with prescribed Eulerian velocity statistics. Adopting the
criterium of the simplest choice [29], and after some
algebra, the model in three dimensions becomes [32]

du01 ¼ �C0�
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where the overbar denotes time averaging, u0i are the
(instantaneous) turbulent velocities at position xi and
time t, C0 (�5.5) is a similarity constant (related to the
Kolmogorov constant) that is a subject of some debate
[36,37], and the k�s, can be related to the Eulerian flow
statistics using

k11 ¼ u01u
0
1 �

ðu01u03Þ
2

u03u
0
3

 !�1

; ð6Þ
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; ð7Þ
k33 ¼ u03u
0
3 �

ðu01u03Þ
2

u01u
0
1

 !�1

; ð8Þ

k13 ¼ u01u
0
3 �

ðu01u01Þðu03u03Þ
u01u
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; ð9Þ

where u01u
0
1 ð¼ r2

uÞ; u02u
0
2 ð¼ r2

vÞ; u03u
0
3 ð¼ r2

wÞ are the
Eulerian variances of the three velocity components,
and u01u

0
3 ð¼ u0w0Þ is the Reynolds stress.

The first and second moments of the velocity compo-
nents can be measured or accurately computed within
the canopy; however, measuring and modeling � contin-
ues to be a fundamental challenge within plant canopies.
The most common dissipation estimate (for applications
such as this) is

� ¼ 2u03u
0
3

C0 � T l

; ð10Þ

where Tl is the Lagrangian integral time scale. Unfortu-
nately, Tl is difficult (if not impossible) to measure di-
rectly and remains a source of uncertainty in the
application of LDM to canopy flows. One approach is
to assume that the measured integral time scale for ver-
tical velocity (Iw) approximates well Tl [12]. The advan-
tage of this method is that Iw can be readily measured
from vertical velocity time series in the field. Hence, with
this approximation for Tl, we define

�Iw ¼ 2u03u
0
3

C0 � Iw
. ð11Þ

While the profile of Iw can be measured, it is rare that
field experiments routinely monitor such a quantity at
several levels within the canopy. Hence, an additional
simplification is to a priori specify the shape of Iw within
the CSL (and ASL). According to Raupach [12], when
Iw is normalized by h/u*, data sets from a wide range
of canopies approximately collapse to a typical Eulerian
time scale profile TEU given by

T EU ¼
b
h
u�

; z
h < 2;

kvðz� dÞu�
r2
w

; z
h > 2;

8>><
>>:

where b = 0.3, d is the zero-plane displacement height
(�2/3h), kv is the von Karman constant (=0.4), and
u� ¼ ½�u0w0�1=2 is the friction velocity defined at z/h = 1
[35]. The dissipation rate estimated by setting Tl to
TEU is given by

�EU ¼ 2u03u
0
3

C0 � T EU

. ð12Þ

Finally, when longitudinal velocity time series is sam-
pled at sufficiently high frequency to resolve the
dissipation spectrum, � can be estimated from the homo-
geneous and isotropic relationship [38]
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�iso ¼ 15m
ou01
ox1

� �2

; ð13Þ

where the spatial derivative is approximated from the
temporal derivative using Taylor�s frozen turbulence
hypothesis, and m is the kinematic viscosity. This method
is well-suited to LDA measurements as the sampling fre-
quency is sufficiently high to resolve the viscous dissipa-
tion frequency range. We refer to �iso as the ‘‘measured’’
dissipation given that it makes no assumption about the
Lagrangian time scale or power-law scaling within the
inertial subrange. Strictly speaking, � is not measured
by �iso though �iso does represent our best estimate of
the true � from one-dimensional time series of u as we
show later using the TKE budget.

We will compare the measured and the LDM pre-
dicted concentration for all three estimates � (=�iso, �Iw
and �EU) to assess the overall sensitivity of LDM to
the � formulation.
4. Results

We briefly describe the measured Eulerian flow statis-
tics and scalar concentration distribution within and
near the canopy top. Then, we proceed to discuss the
skill of LDM in reproducing measured relative concen-
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tration distributions for source releases at z/h = 1.05
and z/h = 0.05 using �iso, �Iw , and �EU.

4.1. Eulerian velocity moments

Fig. 2 shows the measured velocity statistics obtained
from the LDAwithin and above the canopy. For z/h < 2,
the rapid attenuation of the mean velocity and Reynolds
stress profiles compare well with numerous velocity mea-
surements collected in forested canopies, agricultural
crops, and dense rods within wind tunnels [35] suggesting
that the present experiment represents reasonably well
canopy turbulence in the field. Also, the range of values
in skewness (sk) and kurtosis factors (ku) are consistent
with numerous CSL field experiments.

Fig. 3 compares the profiles of �iso with �EU and �Iw .
All three estimates suggest that � is highly inhomoge-
neous and non-monotonic within the canopy. However,
the disagreement between these estimates is large (more
than a factor of 4 for certain z/h within the canopy) and
will significantly impact the skill of LDM concentration
predictions. We also compared how well these three for-
mulations compare with the dissipation rate estimated
as a residual from the TKE budget (henceforth referred
to as Pd) given by

P d ¼ �P s þ Pw þ P t; ð14Þ
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Fig. 4. (a) Time-averaged concentration as measured by LIF in the x�z plane
source release at z/h = 0.05, (c) time and horizontally-averaged concentratio
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where Ps, Pw, Pt, and are the shear production, wake
production, and turbulent transport, respectively, and
are independently estimated from the measured velocity
statistics using the formulations in [28]. Deep within the
canopy, while �iso is in agreement with Pd, the magni-
tude of �EU and �Iw are significantly lower. The largest
departure between Pd and �iso, is near the canopy top,
though the apparent strong discontinuity in Pd in this
region is attributed to approximations in the evaluation
of the three terms in Eq. (14) as discussed in [28]. Well
above the canopy (z/h > 2), �iso and �EU collapse to Ps

(=Pd) suggesting some equilibrium between TKE pro-
duction and dissipation, though �Iw does not. The dis-
agreement between �Iw and Ps is perhaps due to the
sensitivity of Iw to oscillations in the free water surface
for z/h > 2. In short, the comparisons in Fig. 3 lend sup-
port to the use of �iso as the best estimate of the dissipa-
tion rate profile for LDM models given their consistency
with the TKE budget.

4.2. Concentration measurements

Fig. 4a and b display the normalized time-averaged
concentration ðĈ ¼ C=C�Þ as measured by LIF in the
x�z plane for the two scalar source releases, where
C� ¼

R 5h
0

CðzÞdz. It is clear from these two figures that
the time-averaged concentration is approximately
for the scalar source release at z/h = 1.05, (b) Same as (a) but for scalar
n profile for x/h 2 [9.5�10.5] and for source release at z/h = 0.05, (d)
horizontally-averaged variance and skewness profiles around the mean
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planar homogeneous for x/h 2 [9.5–10.5] but strongly
inhomogeneous in the vertical. Fig. 4c and d show the
time- and horizontally-averaged concentration (Cm)
profiles along x/h 2 [9.5–10.5] for the two source re-
leases. These two profiles serve as the measured concen-
tration profiles for which the LDM calculations will be
compared against. We also report in Fig. 4e and f the
time- and horizontally-averaged variance and skewness
profiles around the mean concentration profile shown
in Fig. 4c and d. It is clear that the higher order concen-
tration statistics are non-Gaussian in direct violation of
LDM assumptions.

4.3. Comparison between model calculations and
measurements

The LDM model computes the concentration as fol-
lows: (1) the source is modelled with 20,000 individual
fluid particles, (2) the trajectories are computed at
dt = 0.01Iw, and (3) a reflection boundary at the base
of the flume (z/h = 0) along with an absorbing boundary
at the free water surface profile (z/h = 5) are specified.
We note that describing a boundary condition at the free
water surface is not trivial; however, based on the flow
visualizations for both source releases, the dye never
reached the free water surface at x/h = 10. We extrapo-
lated the measured Eulerian flow statistics in Fig. 2 to z/
h = 0 using standard boundary layer similarity and in a
manner to ensure local homogeneity so as to satisfy the
well-mixed condition near the ground as discussed in
Wilson and Flesch [39] and Rodean [32]. The Cm for
the three estimates of � in Fig. 3 and for the two source
locations are compared with the LIF measured Cm in
Figs. 5 and 6. Adding the constraints suggested by Rey-
nolds [9] and Thomson [29] on the minimum dt did not
change the concentration profiles by more than 3% in
Figs. 5 and 6. The theoretical upper limit on dt discussed
in Wilson and Zhuang [40] is satisfied at all points in the
flow domain.

For both scalar releases, it is clear that the agreement
between measured and modeled Cm is superior for
� = �iso, when compared to the other two dissipation
profile estimates, at least in terms of regression statistics
and minimum rmse (see Table 1). A logical question
then is whether �iso can be estimated using some charac-
teristic time or length scale along with second order mo-
ments of the velocity statistics, discussed next.

4.4. Estimating the dissipation rate profile from length

and time scales

As stated earlier, the approach taken in classical
LDM is to assume that the Lagrangian time scale is con-
stant within the CSL, which implies that all the vertical
variability in � can be explained by the vertical varia-
tions in r2

w. However, the dissipation rate inside the can-
opy may require a height-dependent Lagrangian time
scale.

One practical and plausible alternative to a constant
time scale is a constant mixing length scale within the
canopy. A height-dependent characteristic velocity can
then be used to obtain a variable time scale that pre-
serves �iso. Constant mixing length scales have already
been assumed and used in numerous second order clo-



Table 1
Comparison between measured and modeled normalized time-averaged concentration, Ĉ

Source releases z/h = 1.05 Source releases z/h = 0.05

�iso �EU �Iw �iso �EU �Iw

A 0.78 0.34 0.30 0.94 0.82 0.88
B 0.08 0.24 0.26 0.03 0.08 0.08
rmse 0.03 0.10 0.11 0.04 0.11 0.12
R 0.97 0.75 0.73 0.99 0.94 0.93

The regression model is of the form y = Ax + B, where y is the modeled and x is the measured Ĉ. The root-mean square error (rmse) and the
correlation coefficient R are also shown.
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sure model calculations [41,42,25,43] with reasonable
success in reproducing first and second moments of
the velocity field. Based on Poggi et al. [23], we assume
that the mixing length scale is constant (=b 0h) inside the
canopy and varies linearly above. After experimenting
with different velocity scales (e.g. u1; k0.5; u�; and rw)
to obtain a dissipation time scale, we found that

T EU ¼

b0h
rw

; z
h < d þ ah

kv
;

kvðz� dÞu�
r2
w

; z
h > d þ ah

kv
;

8>><
>>:

best represents 2r2
w=ðC0�isoÞ, which is consistent with the

Lagrangian time scale model in Massman and Weil [42].
The magnitude of the difference between the various
time scale estimates are shown in Fig. 7. It is clear that
within the canopy, sEU matches well the variability in
2r2

w=ðC0�isoÞ for b 0 = 0.05. However, this estimate of b 0

cannot be constant but must vary with the rod density
and diameter (for high Reynolds numbers). From field
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experiments, Massman and Weil [42] and Sanz [44]
suggested that

b0 ¼ a
hCdad

; ð15Þ

where a appears to be constant (�0.06) for a wide range
of canopies, Cd is the drag coefficient, and ad is the mean
leaf area density. Hence, to account for differences in
leaf area density and drag coefficients on b 0, the above
formulation may be used with ad = LAI/h, where LAI
is the leaf area index. That is,

b0 ’ a
Cd � LAI

. ð16Þ

Using the above formulation for this flume setup, the
depth-averaged drag coefficient is about 0.3 and the
equivalent LAI is about 4 as shown in Poggi et al.
[23], resulting in an approximate b 0 = 0.05 which is con-
sistent with the b 0 in Fig. 7.
5. Conclusions

Through detailed experiments and Lagrangian model
simulations, we evaluated the applicability of the Thom-
son [29] approach to canopy turbulence using three dis-
sipation formulations. All the Eulerian velocity statistics
needed to drive the Thomson [29] model were measured
by LDA or independently estimated. The Thomson [29]
model does not consider non-Gaussian turbulence and
intermittency, both are defining features of canopy tur-
bulence. However, the Thomson [29] model explicitly
considers the inhomogeneity in the flow in a manner
consistent with the well-mixed condition. Despite its
simplifications, we found that LDM predicted and mea-
sured LIF concentration distribution within the canopy
are in good agreement but the modelled concentration
values are sensitive to the prescribed mean turbulent ki-
netic energy dissipation rate profile. The agreement be-
tween model calculations and measurements were best
when the measured dissipation rate was used instead
of modelled estimates based on constant Lagrangian
time scales and vertical velocity variance profile. This
good agreement indirectly supports the working hypoth-
esis of Flesch and Wilson [18] who argued that while the
turbulence in plant canopies is strongly non-Gaussian,
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the higher order velocity moments are of secondary
importance in determining the mean concentration
when compared to the effects of the strong vertical gra-
dients in the Reynolds stress tensor.

We also investigated two possible formulation for the
turbulent kinetic energy dissipation rate profiles inside
canopies. The first is the standard approach which as-
sumes that the Lagrangian time scale is constant, while
the second assumes that the mixing length scale is con-
stant. We showed that the constant mixing length scale,
in combination with the vertical velocity variance, better
reproduces the measured dissipation rate profile when
compared to the constant Lagrangian time scale method.

The broad impact of this work is perhaps best placed
in the context of Lumley�s [45] statement about the state
of turbulence models. ‘‘In our present state of under-

standing, these simple models will always be based in part

on good physics, in part, on bad physics, and in part, on

shameless phenomenology.’’ Demonstrating how sensi-
tive the LDM computed concentration is to ‘‘bad phys-
ics’’ and ‘‘shameless phenomenology’’ is necessary (but
not sufficient) toward building robust and accurate for-
mulation for canopy turbulence that can then be used in
problems pertaining to scalar production and transport
inside canopies. This work showed that accounting for
the inhomogeneity in the flow field and properly param-
eterizing the mean dissipation rate profile are sufficient
to reproduce the inhomogeneity in the mean concentra-
tion distribution using standard LDM despite their
Gaussian turbulence assumption, and the documented
non-Gaussianity in velocity and scalar measurements.
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