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Abstract. Dispersive flux terms are formed when the time-averaged mean momentum equation is
spatially averaged within the canopy volume. These fluxes represent a contribution to momentum
transfer arising from spatial correlations of the time-averaged velocity components within a hori-
zontal plane embedded in the canopy sublayer (CSL). Their relative importance to CSL momentum
transfer is commonly neglected in model calculations and in nearly all field measurement interpreta-
tions. Recent wind-tunnel studies suggest that these fluxes may be important in the lower layers of the
canopy; however, no one study considered their importance across all regions of the canopy and for a
wide range of canopy roughness densities. Using detailed laser Doppler anemometry measurements
conducted in a model canopy composed of cylinders within a large flume, we demonstrate that the
dispersive fluxes are only significant (i.e., > 10%) for sparse canopies. These fluxes are in the same
direction as the turbulent flux in the lower layers of the canopy but in the opposite direction near the
canopy top. For dense canopies, we show that the dispersive fluxes are < 5% at all heights. These
results appear to be insensitive to the Reynolds number (at high Reynolds numbers).
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1. Introduction

The need to understand and quantify momentum transfer close to roughness ele-
ments, such as canopies or buildings within a city, has ignited substantial interest in
the structure of turbulence within a matrix of roughness elements. Obvious applic-
ations include carbon dioxide and water vapour exchange between the biosphere
and the atmosphere, ozone dry deposition on canopies, pollen or seed dispersal
within or among landscapes, and pollutant transport within the airspace of build-
ings, to name a few. Progress on such complex problems can only be achieved after
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firm understanding is developed for flow within morphologically simple canopies
(Finnigan, 2000).

The most poorly understood terms in the time and horizontally averaged mo-
mentum equation are the dispersive fluxes (Raupach, 1994; Finnigan, 2000); these
terms are the subject of the present investigation. A study by Bohm et al. (2000)
compared dispersive fluxes of momentum and heat with horizontally-averaged
turbulent fluxes in a sparse wind-tunnel model plant canopy. The comparisons
showed that the dispersive momentum fluxes were much smaller in the upper
canopy than the turbulent momentum fluxes at the same height. In contrast, the
dispersive momentum fluxes were shown to be of the same order of magnitude
as the turbulent momentum fluxes for the lower layers of the canopy. Raupach
(1994) and Kaimal and Finnigan (1994) reported dispersive momentum fluxes
of about 1% of the turbulent flux using wind-tunnel measurements with a dense
canopy (Raupach et al., 1986). Also, from wind-tunnel experiments, Cheng and
Castro (2002) found negligible dispersive momentum fluxes throughout the depth
of urban-like, densely placed roughness elements. These preliminary studies sug-
gest that the relative importance of dispersive to turbulent fluxes may depend on
both canopy density and height within the canopy volume. Hence, the objective of
this note is to quantify the relative contribution of dispersive fluxes to momentum
transfer throughout the canopy sublayer (CSL) for a wide range of canopy rough-
ness densities. The broader implications of this work are to guide future model
development and CSL experiments on the significance of these fluxes over a broad
range of canopy densities.

2. Theory

Upon applying time and spatial averaging to the momentum equations, the
resulting stress tensor is given by

τij = −〈u′
iu

′
j 〉 − 〈u′′

i u
′′
j 〉 + ν

∂〈ui〉
∂xj

, (1)

where xi (x1 = x, x2 = y, x3 = z) are the longitudinal, lateral, and vertical
directions, respectively; ui (u1 = u, u2 = v, u3 = w) are the instantaneous ve-
locity components along xi , and ν is the kinematic viscosity. All flow variables are
decomposed into temporal and planar averages with turbulent excursions defined
from the time-averaged (denoted by overbar) and horizontally-averaged (denoted
by angular brackets) quantities as in Raupach and Shaw (1982) and Finnigan (1985,
2000). The τij contains the conventional turbulent and viscous stresses and a dis-
persive flux term 〈u′′

i u
′′
j 〉 resulting from spatial correlations in the time-averaged

velocity field. To address our objective, we compute the relative importance of
dispersive to conventional fluxes. The measurements used in such calculations are
described next.
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3. Experiments

While much of the setup is described in Poggi et al. (2004), for completeness we
provide a brief review. The experiment was conducted at the hydraulics Laboratory,
DITIC Politecnico di Torino, in an 18 m long, 0.90 m wide and 1 m high recircu-
lating rectangular flume. The ‘model’ canopy is an array of 120 mm tall (=h) and
4 mm diameter (= dr) steel cylinders arranged in a regular pattern along a 9 m long
working section. We focus on five canopy roughness densities: 67, 134, 268, 536,
and 1072 rods m−2, which are equivalent to an element area index a (frontal area
per unit volume) of 0.27, 0.53, 1.07, 2.13, and 4.27 m2 m−3, respectively.

The longitudinal and vertical velocity components were measured by two-
component Laser Doppler Anemometry (LDA). A key advantage of LDA over
hot-film anemometry, which is commonly used in wind tunnels, is its non-intrusive
nature and its ability to measure velocity excursions close to the cylinders. Another
benefit of LDA is that it resolves reverse flow and is not subject to rectification
errors in high turbulence intensity, unlike hot wires. Further details about the LDA
configuration and signal processing can be found in Poggi et al. (2002).

Given the non-homogeneity in the flow statistics within the canopy, 11 meas-
urement locations were used. These locations were chosen such that sampling
locations were more densely placed in regions where the flow statistics exhibit
highest spatial variability, as shown in Figure 1. At each of the 11 horizontal po-
sitions, measurements were made at 15 elevations (see Figure 1). The sampling
duration and frequency for each run were 300 s and 2500–3000 Hz, respect-
ively. For each statistic, an area-weighting scheme was applied to each of the 11
measurement locations (Poggi et al., 2004).

The experiments were conducted for each canopy density at two bulk Reynolds
numbers (defined by the depth-averaged velocity Ub across the entire water surface
profile hw) to assess whether the dispersive flux fractions vary strongly with Reyn-
olds number (for high Reb). The computed Reb (=Ubhw/ν) were significantly
high: 116,560 and 172,300.

4. Results

The dispersive fluxes are estimated as follows: Let αi be the area-weight assigned
to each of the 11 measurement location shown in Figure 1 (i.e.,

∑11
i=1 αi = 1). The

relevant flow statistics were computed as

〈u′w′〉 =
11∑

i=1

αiu′w′
i

〈u〉 =
11∑

i=1

αiui
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Figure 1. The channel flow facility and the working section (top left), the plan view of the spatial
sampling points and their area-weighted contribution to the spatial averaging (top right), the section
view of the measurement locations (bottom).

〈w〉 =
11∑

i=1

αiwi

u′′
i = ui − 〈u〉

w′′
i = wi − 〈w〉

〈u′′w′′〉 =
11∑

i=1

αiui
′′wi

′′.

The relative importance of the dispersive flux when compared to the conventional
momentum flux is quantified using their ratio ξ = 〈u′′w′′〉/〈u′w′〉. These results
are presented in Figure 2 for all a, normalized height (z/h), and the two Reynolds
numbers. For sparse canopies the dispersive flux can be up to 35% of the mean
momentum flux within the lower-layer of the canopy (z/h < 0.5). For the top 1/3
of the canopy, however, the dispersive flux decreases to about 10% of the total,
but with an opposite sign. For dense canopies the dispersive fluxes are negligible.
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Figure 2. (a) Measured ξ = 〈u′′w′′〉/〈u′w′〉 for the 5 canopy densities and for Reb = 172,300
across all z/h. The open circles are for the sparsest canopy and the open rectangles are for the
densest canopy. The up-triangle, the down-triangle, and the diamond are for progressively increasing
roughness density. (b) The same as (a) but for Reb = 116,560. (c) A colormap of ξ as a function of a

and z/h generated from the data in (a), where color intensities reflect the percentages of ξ . (d) The
same as (c) but using the data in (b).

These results do not appear to be sensitive to the bulk Reynolds number. These
findings are consistent with Bohm et al. (2000)’s sparse canopy measurements and
the dense canopy measurements of Cheng and Castro (2002) and Raupach et al.
(1986).

5. Discussion and Conclusion

For a height-independent roughness density, this study demonstrated that the dis-
persive fluxes can be neglected in dense canopies across the entire canopy depth.
However, for sparse canopies, the dispersive fluxes can be large in the bottom layers
of the canopy. Moreover, they are opposite in sign to the mean momentum flux
within the upper layers of the canopy. In the limit, when the roughness density
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is zero (i.e., a smooth wall), the dispersive fluxes also approach zero. Hence, the
magnitude of the dispersive fluxes bounded by our minimum roughness density to
the case of zero roughness density needs to be further explored.

Extrapolating these findings to real canopies remains a major challenge not yet
undertaken. For example, in a pine forest, the leaf area density is small in the top
1/3 of the canopy yet dense in the middle layers. Hence, it is conceivable that the
dispersive fluxes are large near the canopy top yet small in the middle layers. For
a hardwood forest at maximum leaf area, the opposite may be true. Hardwood
forests tend to concentrate their maximum foliage in the top layers and hence the
dispersive fluxes may be small for such regions. However, in the lower layers of the
canopy, the canopy density is sparse and the dispersive fluxes might be large. For a
leafless (dormant) hardwood forest, which is perhaps most analogous to our sparse
canopy setup here, the dispersive fluxes may be sufficiently large to significantly
impact CO2 transport near the respiring forest floor. Hence, how the precise distri-
bution of leaf area density affects the dispersive fluxes remains an open question
and requires extensive and rather technically difficult experiments.
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