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Abstract How to represent the effects of variable canopy
morphology on turbulence remains a fundamental chal-
lenge yet to be confronted. Planar averaging over some
minimal area can be applied to average-out this sort of
spatial variability in the time-averaged mean momentum
balance. Because of the multiply connected air-spaces,
spatial averaging gives rise to covariance or dispersive
stress terms that are produced by the spatial correlations of
the time-averaged quantities. These terms are ‘‘unclosed’’
and require parameterization, which to date remains lack-
ing due to the absence of data. Here, �ume experiments
were conducted to quantify the magnitude and sign of the
dispersive stresses for a cylindric canopy where the rod
density was varied but the individual rod dimensions (rod
heighthc and rod diameterdr) remained the same. Quadrant
analysis was used to explore the genesis of their spatial
coherency inside the canopy for a wide range of rod den-
sities. When compared to the conventional turbulent
stresses, these dispersive stresses can be signi�cant in the
lowest layers of sparse canopies. For dense canopies, the
dispersive terms remain negligible when compared to the
conventional momentum �uxes at all the canopy levels
consistent with previous experiments in vegetated and

urban canopies. It was also shown that the spatial locations
contributing most to the dispersive terms were in the
immediate vicinity downstream of the rods. In the deeper
layers of sparse canopies, these positions contributed large
and negative stresses, but in the upper levels of the canopy,
they contributed large but positive stresses. Because the
longitudinal velocity spatial perturbationð�u00Þ behind the
rods is negative, the switch in sign in these stresses was
connected with the sign of the vertical velocity spatial
perturbationð�w00Þ: Simpli�ed scaling arguments, using a
reduced mean continuity equation and the vertical mean
momentum balance for the �ow �eld near the rods, offer
clues as to why�w00[ 0 in much of the lower canopy levels
(about 0.75hc) while �w00\0 in the upper canopy levels.

1 Introduction

One of the major challenges in canopy turbulence is how to
represent the effects of the three dimensional and highly
variable canopy morphology on particle dispersion, heat,
mass, and momentum transfer, whether the canopy is urban
or vegetated (Ruck and Adams1991; Katul and Albertson
1999; Finnigan2000; Hsieh et al.2000; Macdonald2000;
Macdonald et al.2000; Siqueira et al.2000; Nathan et al.
2002; Soons et al.2004; Belcher2005; Katul et al.2005;
Nathan and Katul2005; Cava et al.2006; Juang et al.
2006). Theoretically, planar averaging of the main �ow
variables over some minimal area, often extending few
canopy heights, must be employed. However, when planar
averaging is applied to the time-averaged mean momentum
balance, covariance terms arising from the spatial corre-
lation of time-averaged quantities are produced (Raupach
and Shaw1982; Finnigan2000; Nikora et al.2001). These
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spatial covariances are referred to as dispersive �uxes or
stresses and are among the least understood terms in the
momentum equation for canopy �ows. This is not sur-
prising as these terms have traditionally evaded direct
measurements until recently (see Table1 for review).

Given this ‘‘knowledge gap’’, the main objective is to
present �ume experiments that quantify the magnitude and
sign of the components of the dispersive stresses for a
cylindric canopy in which the rod density was varied from
sparse to dense but the rod dimensions remained the same.
Quadrant analysis is also used to survey the spatial
coherency of the constitutive terms of these dispersive
stresses with both height and rod density. In particular, the
aim is to investigate whether these dispersive stresses arise
from localized ‘‘hot-spots’’ that exhibit some coherency in
space, and in the quadrant plane formed by perturbations
from the spatially and temporally averaged longtitudinal
and vertical velocities. Such coherency can be exploited for
constructing a prognostic model for the dispersive stresses,
though by no means the results here provide a ‘‘�nality’’ to
their over-all study.

2 Theory

The instantaneous Navier–Stokes (NS) and continuity
equations for an incompressibe �ow are given by
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where t is time, 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 velocity
components alongxi; p is the pressure normalized by the
mean �uid densityq;m is the kinematic viscosity;g is the
gravitational acceleration, anddi3 is the Kronecker delta
function. When decomposing the �ow variables into
temporal averages (denoted by overbar) and turbulent
excursions from them (i.e./j ¼ /j þ /0jÞ; and upon time-
averaging the resultant equations, the conventional mean
momentum equation at a point is
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Table 1 A summary of the key �ndings about the importance of dispersive stresses from various experiments and simulations in vegetated and
urban canopies

Study Comments on dispersive �uxes

Wind tunnel and �ume experiments

(Raupach et al.1986) Wind tunnel experiments for dense canopies (rods). Dispersive �uxes are negligible

(Bohm et al.2000) Wind tunnel study with sparse vegetation. Dispersive �uxes for momentum can be signi�cant in the lower canopy
layers

(Cheng and Castro
2002)

Wind tunnel experiments for dense urban canopies (blocks). Dispersive �uxes are small and negligible when compared
to the turbulent momentum �uxes

(Poggi et al.2004b) Flume experiments with canopy (rods) density varying from sparse to dense. Dispersive �uxes can be large for sparse
canopies, especially in the lower canopy layers, exceding up to 30% of the momentum turbulent �ux, but negligible
for dense canopies. These conclusions were valid for two high Reynolds numbers

(Pokrajac et al.2007) Open channel �ow near 2-dimensional rough beds (square roughness with uniform spacing resembling ‘‘k-type’’
�ow—a type of �ow in which the obstacles are at their densest arrangement to maximize the drag on individual
roughness elements but minimize sheltering effects by minimizing wake interferences). Dispersive �uxes can be
large near the interface

Field experiments

(Katul et al.1999) A uniform pine plantation with leaf area index varying by 18%. The variation of �uxes for momentum and heat are
small just above the canopy, but not for CO2 and water vapor �uxes

(Christen and Vogt
2004)

Cork oak plantation with tree density of 76 trees ha-1 and 8 measurement stations all positioned atz/h = 0.18 from the
ground. Dispersive �uxes for momentum were about 15% of turbulent momentum �ux, and for heat, they are\5%
of the turbulent sensible heat �ux

Simulations (LES or DNS)

(Coceal et al.2006) Direct numerical simulations of turbulent �ow over regular arrays of urban-like, cubical obstacles. Within the arrays,
signi�cant dispersive stresses were reported whereas immediately above the obstacles, the Reynolds stresses
continue to dominate

(Martilli and Santiago
2007)

LES simulations over an array of cubes. Dispersive �uxes are similar in magnitude to turbulent �uxes inside the
obstacles
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Because resolving every single canopy element and
formulating it as a boundary condition to these equation
is a daunting task in all practical problems, averaging these
equations over some minimal control area becomes
necessary. For a cylindric canopy composed of equally
spaced rods, this planar averaging area may be comparable
to the distance between rods. Hence, for this case, �ow
variables are further decomposed into planar averages
(denoted by angular brackets) with spatial excursions now
de�ned from these planar averaged quantities. Using the
standard convention (Raupach and Shaw1982),
/j ¼ h/ji þ �/00j ; the spatially and temporally averaged
momentum equation for non-strati�ed �ows becomes

ohuii
ot
þ huji

ohuii
oxj
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þ

osT
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oxj
þ HsfFc

whereHsf is known as the Heaviside step function which
takes on the value of unity if the averaging plane intersects
the rods, and zero otherwise. The emerging stresses now
are given as

sT
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All double primed terms arise because horizontal averaging
and differentiation do not commute because of the multi-
ply-connected air spaces within the canopy volume
(Raupach and Shaw1982). The stress tensorsij

T now con-
tains the conventional Reynolds and viscous stresses and
the newly formed dispersive stress termsh�u00i �u00j i resulting
from the spatial correlations of the time-averaged velocity
components within the averaging volume. Analogous to the
conventional Reynolds stresses,h�u00i �u00j i is not a priori
known and must be empirically modeled via a closure
scheme.

3 Experiments

The experiment was conducted at the hydraulics Labora-
tory, DITIC Politecnico di Torino, in a re-circulating
rectangular �ume (18 m long, 0.90 m wide= bw, and 1 m
deep) with sidewalls made of glass to permit optical access.
The water depth,hw, was maintained constant with an
average value of 0.6 m for a re-circulating �ow rate
Qr * 120 l s-1. Note that, because the �ume bottom is
horizontal, the �ow depth is gradually varied and the �ow

is driven by the hydraulic grade line. Moreover, due to the
low aspect ratio (�ow width/�ow depth was less than 2),
secondary currents in the �ume maybe relatively strong. In
designing the experimental set-up, we were confronted
with a two-faced dilemma. The ratio of the �ow width to
the �ow depth had to be very large but, at the same time,
the �ow depth had to be suf�ciently large to resolve ade-
quately the �ow �eld inside the canopy sub-layer. Hence,
we had to select between two less than optimal solutions
and decided on a low aspect ratio because we were more
interested in exploring the canopy �ow �eld. Nevertheless,
preliminary measurements showed that, both close to the
bottom and in the middle of the channel, the primary
source of drag is the canopy resistance. This �nding is
perhaps due to the fact that the canopy is tall enough to
deduce secondary currents.

The model canopy was composed of an array of steel
cylinders, 4 mm in diameter (=dr) and 12 cm in height
(=hc). These cylinders were arranged in a regular pattern
along the 9 m long test section. Velocity runs were col-
lected for �ve canopy densities (n): 67, 134, 268, 536, and
1,072 rods m-2. These canopy densities can be used to
estimate the element area densitya (i.e. frontal area per
unit volume) usinga = ndr, and results ina = 0.27, 0.53,
1.07, 2.13, and 4.27 m2 m-3, respectively (hereafter D1,
D2, D3, D4 and D5 from the sparsest to the densest). Note
here that the porosity for the densest canopy is given by
np = 1 - (p/4)a dr = 0.99, which is suf�ciently large to
neglect any �nite porosity effects on the �ow. Also, the
densest frontal area density resulted in a drag coef�cient
(Cd) comparable to estimates reported for dense forested
ecosystems with leaf area index ranging from 3.5 to 6.0
(Katul and Albertson1998; Katul and Chang1999; Katul
et al. 2004). How well does this experimental set-up rep-
resents the �ow statistics within dense vegetated canopies
has been explored, for several �ow and topography con-
ditions, by our research group [see for example Poggi et al.
(2004c, 2007); Poggi and Katul (2007)]. It is clear from
these works that the vertical inhomogeneity in the main
�ow statistics within the modeled canopy compare well
with the ensemble portray of CSL �eld experiments.

Multiple runs were used to measure the velocity by a
two-component Laser Doppler Anemometer (LDA)
employed in forward scattering mode. Here, a run consists
of sampling u and w time series at a single location
(between or above the rods) as shown in Fig.1. The
sampling duration and frequency per run were 300 s and
2,500–3,000 Hz, respectively. Using the area-averaged (or
bulk) velocity (Ub = Qr(bwhw)-1 = 0.22 m s-1), the
resulting bulk Reynolds numberReb (=Ubhw/m) was in
excess of 130,000, which ensures fully-developed turbulent
�ows. The bulk Froude number was kept suf�ciently low
ðFr ¼ Ub=

ffiffiffiffiffiffiffiffiffi
g hw

p
� 1Þ ensuring no super-critical states
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arise. The friction velocity (u*) for each of the �ve densi-
ties were determined from the maximum of the

ffiffiffiffiffiffiffiffiffiffiffiffi
�u0w0
p

pro�le, resulting in u* = 0.014, 0.018, 0.023, 0.029,
0.039 m s-1 for the sparsest to the densest canopy,
respectively. Note that the �ow conditions are certainly
gradually varied so the �ow is driven by the hydraulic
grade line and not by the �ume slope. The mean slope of
the hydraulic grade line for each of these densities are 4, 7,
11, 18, 329 10-5 from D1 to D5. Do to the fact that the
�ow is not uniform the velocity varies longitudinally.
Nevertheless this variation is very small and can be
neglected in the momentum budget.

The �u00 and �w00 were determined at 11 planar measure-
ment locations per level as shown in Fig.1. These 11
locations were unevenly spaced between the rods and they
were chosen such that sampling was densest within regions
between the rods, where the �ow statistics exhibited the
largest spatial variability. At each of these 11 planar

positions, 15 runs in the vertical were sampled every 1 cm
and analyzed for the �ve rod densities.

The dispersive stresses at each vertical plane were
computed as follows:

Let ai be the area-weight assigned to each of the 11
measurement location (that is the same across all �ve rod
densities) as shown in Fig.1. The spatially-averaged �ow
statistics and dispersive stresses can be computed as

hu0w0i ¼
X11

i¼1

aiu0w0i; h�ui ¼
X11

i¼1

ai�ui; h�wi ¼
X11

i¼1

ai �wi

�u00i ¼ �ui � h�uii; �w00i ¼ �wi � h�wii ; h�u00 �w00i ¼
X11

i¼1

ai�u
00
i �w00i

Here,a1 ¼ a2 ¼ . . . a4 ¼ 0:021; a5 ¼ a6 ¼ . . . a10 ¼ 0:056;
a11 ¼ 0:583;

P11
i¼1ai ¼ 1:

Additional details about the �ume setup, the velocity
measurements, and the LDA operation (especially near the
ground and the rods) can be found elsewhere (Poggi et al.
2003, 2004a, b, c).

4 Results

Figure2 shows the vertical variation of the computed
h�u00 �w00i=u2

� for all �ve rod densities along with the pro�les of
the conventional Reynolds stresseshu0w0i=u2

�; and the rel-
ative importance of the dispersive stresses with respect to
the conventional Reynolds stressesh�u00 �w00i=hu0w0i: Despite
similarity in (a) rod lengths and diameters across the 5 rod
density, and (b) sampling locations with respect to the rod
positions, Fig.2 demonstrates that rod density does regulate
the relative importance of the dispersive stresses when
compared to the conventional turbulent stresses. In dense
canopies, the dispersive stresses were found to be negligible
when compared to the convential momentum �uxes
throughout (and when compared to the dispersive stresses in
sparse canopies as well). Figure3 presents the maximum
recorded h�u00 �w00i=hu0w0i

�� �� as a function of rod density
showing that this maximum decreased signi�cantly (by
more than a factor of 10) with increasing rod density (by a
factor of 15) suggestive that the isolated rod geometry alone
cannot explain the magnitude (or sign as evidenced from
Fig. 2) of the maximum dispersive stresses. The maximum
h�u00 �w00i=hu0w0i
�� �� occurred in the lower layers for the sparser

canopies, and conversely, the maximumh�u00 �w00i=hu0w0i
�� ��

occurred in the upper 25% of the canopy for the densest
case (and appears opposite in sign). These �ndings about
the sign and magnitude are in agreement with Bohm et al.
(2000) sparse canopy wind tunnel measurements, the dense
urban canopy measurements reported by Cheng and Castro
(2002), and the rod canopy wind tunnel experiments of

Fig. 1 Experimental setup displaying the recirculating �ume and its
cross-sectional schematic (top), the dense rod canopy and the LDA
(bottom left), and the 11 sampling points (open white dots) per level
(bottom right) between the rods used in the dispersive �ux calcula-
tions. When interpolating time-averaged quantities in space, lateral
symmetry were employed. Thered dots were symmetrically added to
synthetically populate the ‘‘center’’ value with the only measurement
in this region thereby adding robustness to the spatial interpolation
scheme. A spatial snapshot of the dye relative concentration obtained
from the laser-induced �orecence (LIF) technique is also presented
showing the formation of von Ka´rmán streets originating from the
rods. Note the planar symmetry in the von Ka´rmán streets vorticies

114 Exp Fluids (2008) 45:111–121

123



Raupach et al. (1986). Figure2 also suggests that the ver-
tical structure of the dispersive stresses inside the canopy
are not as tightly coupled to the vertical structure of the
conventional Reynolds stresses, explicity presented in
Fig. 4 for clarity. Unlike the monotonic variations in
hu0w0i=u2

� with z inside the canopy, theh�u00 �w00i=u2
� changes

sign, from positive near the ground, to negative near the
canopy top (Fig.2). This sign shift, when taken together
with the magnitude and elevation at which the maximum
h�u00 �w00i=hu0w0i
�� �� occurs, hints that dispersive stresses may
be governed by a different mechanisms in the deeper can-
opy layers when compared to the upper canopy layers. To
explore these mechanisms, the constitutive termsð�u00 and
�w00Þ at each of the 11 locations, sample heights, and rod
densities are presented next.

Figure5a, b, and c show the planar variation of�u00; �w00;
and �u00 �w00 in the lower third, middle layers, and near the
canopy top for the sparsest, intermediate, and densest
canopies. These �gures were produced from the 11 mea-
surements collected at eachz/hc as shown in Fig.1. An
inverse-square distance scheme was used to interpolate
between the 11 measurement points, and lateral symmetry
was assumed. Not surprisingly, Fig.5a–c suggest that (1)
localized ‘‘hotspots’’ situated immediately downstream
from the rods are disproportionately contributing to
h�u00 �w00i; (2) �u00 is negative at these ‘hot-spots’ because of
the slow-down effects from the rods, and (3)�w00 switches
signs from positive near the ground to negative near the
canopy top at these hotspots at aroundz/hc = 0.75 (derived
from the more expansive data set discussed later; only a
subset was shown in Fig.5a–c for clarity). These spatial
patterns appear qualitatively independent of the rod density

Fig. 2 Vertical variation of the
dispersive stresses and the
conventional Reynolds stresses
for the �ve rod densities (n).
Rod density is increasing from
D5 to D1

Fig. 3 The maximum dispersive stress inside the canopy as a
function of the rod density. Thedotted line indicates the normalized
height (z/hc) at which the maximum dispersive stresses occurred. Note
that for small rod densities, these dispersive stresses occur near the
ground, and conversely for large rod densities

Fig. 4 Comparison between the normalized dispersive stresses and
conventional Reynolds stresses at all heights and rod densities (n)
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as shown in Fig.5a, b, but the relative contributions of
these hotspots toh�u00 �w00i do vary appreciably with rod
density as shown in Fig.5c.

The spatial coherency of the dispersive stresses is
examined next via quadrant analysis. This analysis is
conducted by plottingw00=u� versusu00=u� using all 11
planar locations (Fig.1) and the �ve rod densities. The
interpretation of the quadrant planes follows similar con-
vention to the standard Reynolds stress except time
excursions are now replaced by spatial perturbations. It is
evident from Fig.6 that forz/hc \ 0.75, all the large spatial
perturbations reside primarily in quadrant four (i.e.
w00[ 0; u00\0Þ and the overall correlation betweenw00=u�
andu00=u� appears strong and negative. Forz/hc [ 0.75, the
large perturbations mainly reside in quadrant 3 (i.e.
w00\0; u00\0Þ as expected from Fig.5a and b but their
correlation is much weaker suggestive that other mecha-
nisms is at play. At the hot spots, rods tend to slow down
the �uid immediately in their downstream vicinity when
compared to the planar averages (i.e.u00\0Þ at the same
height, yetw00[ 0 in the lower canopy layers andw00\0 in
the upper canopy layers.

5 Discussion

From Figs.5 and6, the positive�w00 in the hotspots of the
lower canopy layers and the negative�w00 in the hotspots of
upper canopy layers clearly dictate the sign of the disper-
sive stresses. One possible explanation for this sign shift is
illustrated in Fig.7, which shows that just above the rods,
the local mean continuity imposes a negative velocity if the
�ow is laterally homogeneous (hereafter referred to as the
reduced continuity equation). However, near the ground, a
positive vertical velocity adjacent to the rods may be
anticipated because of the negative pressure gradients
introduced by the rods. Possible scaling arguments for the
sign shift in �w00 are explored next.

5.1 The negative vertical velocity near the canopy top

Above the canopy, we assume the �ow to be almost
homogeneous in the lateral direction so thato�v=oy � 0:
With this approximation, the reduced mean continuity
equation just above the rod is

o�u

ox
þ o�w

oz
¼ 0;

and results ino�w=oz ¼ �o�u=ox\0: The positiveo�u=ox is
due to the fact that at a givenz just above the rods,�u
immediately after the rod is smaller than�u downstream

Fig. 5 a The spatial variation of the localu00=u� for three sample
heights and for three rod densities (D1, D3 and D5). Adjacent to the
rods, u00 is always negative as expected. Note the scale differences
across the color plots.x andy are the normalized distances between
two adjacent rods (respectively in the longitudinal and lateral
direction). b Similar to a but for w00=u�. Adjacent to the rods,w00

appears positive in the bottom to middle layers but negative near the
canopy top suggestive of two regimes impacting the dispersive terms.
c Similar to a but for u00w00=u2

�. Note the sign shift near the rods for
increasingz/hc consistent witha, b
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from the rod (because the top of the rod imposes a no-slip
condition). Assuming that�w at the top of the rod is also
zero, the reduced mean continuity equation predicts that
�w\0 immediately downstream from the rods (e.g. at the
hotspot). However, this simpli�ed analysis does not hold at

the lowest layers of the canopy because the �ow becomes
three-dimensional and both�v ando�v=oy 6¼ 0: We consider
next possible mechanisms for the positive vertical velocity
in these lower canopy layers.

5.2 The positive vertical velocity in the lower canopy
layers

Recall from Figs.5 and6 that a positive�w near the ground
was measured in the hotspots, which cannot be predicted
from the reduced mean continuity equation. This positive�w

is not unique to the experiments here but has already been
observed in other canopy �ows at those layers (Nepf and
Koch 1999). At the rod, pressure variations are large and
are known to dominate vertical movement. These pressure
variations are also known to be spatially inhomogeneous
and, immediately next to the rod (to within severaldr), are
often parameterised via the so-called pressure coef�cient
(=Cp) given by (Nepf and Koch1999)

Cp ¼
hp � hp1

1
2g

�u2
1 � 1

2g
�u2 þ �v2ð Þ ;

wherehp = p/(qg) + z is the hydraulic head at or near the
rod, hp1 and �u1 are the hydraulic head and velocity very
far from the rod,�u and�v are the velocity components near
the rod, assumed negligible relative to�u1: This expression
can be re-arranged to yield:

hp � hp1 þ
1
2g

Cp�u2
1:

Immediately upstream from the rod,Cp = 1 due to stag-
nation, but immediately downstream from the rod,Cp =

-1 though it can vary appreciably (from-1 to -0.6) with
the element Reynolds number (increasing Reynolds num-
ber results in a less negativeCp) as reviewed elsewhere
(Achenbach1968; Nepf and Koch1999). When Cp = 1,

Fig. 7 Top left a schematic representation of the static head
variations at three levels (z1, z2, z3) as a function of longitudinal
distance between the centerlines of rods. For visual identi�cation of
the lower and upper canopy levels only, red dye was released from the
ground and green dye was released from the canopy top.Top right
schematic representation of as a function of for just upstream and just
downstream from the rod.Bottom schematic representation of the
expected �ow based on the reduced continuity (upper canopy level)
and static head variations (bottom canopy levels).Arrows indicate the
direction of vertical movement between the centerlines of the rods.
The origin of positive and negative dispersive stresses is also shown.
In the �gure U2 ¼ 1=2g �u2

1

Fig. 6 Quadrant analysis for all
points and all rod densities
showing the events dominating
the dispersive terms for
z/hc \ 0.75 andz/hc [ 0.75.
These large excursions are
situated in the hotspots nearest
to the backface of the rods
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Bernoulli’s equation for inviscid �ows along a planar
streamline from the rod is recovered. Immediately behind
the rods, viscous effects and �ow separation prohibit the
usage of inviscid approximations.

Assuming that �w / �ohp=oz � �Cp�u1d�u1=dz (i.e.
assuming ohp1

�
oz ¼ 0; becausep? varies hydrostati-

cally), and noting thatd�u1=dz [ 0 inside canopies, we �nd
thatCp primarily controls the sign of�w: As earlier noted, in
front of a cylinder,Cp is positive and�w\0; immediately
behind the cylinder,Cp is negative�w [ 0; as illustrated in
Fig. 7.

5.3 A unifying scaling argument

To ‘‘bridge’’ the arguments in Sects.5.1 and5.2, consider
the local mean vertical momentum balance,

�u
o�w

ox
þ �w

o�w

oz
þ �v

o�w

oy
¼ � o

oz
hp þ w0w0
� 	

� � � � ¼ � o

oz
Cð Þ;

where C includes the hydraulic head, turbulent stresses,
and viscous terms. LetLx, Ly, and Lz represent the
longitudinal, lateral, and vertical length scales over which
gradients are to be approximated. The mean vertical
momentum and mean continuity equations become

�w
d�w

Lz
¼ � dC

Lz
� �u

d�w

Lx
� �v

d�w

Ly
; d�w ¼ �d�u

Lz

Lx
� d�v

Lz

Ly

) �w ¼ � dC
dw
� �u

Lz

Lx
� �v

Lz

Ly
¼ � dC

du

d�u

d�w
þ �u

Lz

Lx

� �

� dC
dv

d�v

d�w
þ �v

Lz

Ly

� �
;

whered represents �ow variable differences.
To estimatedC=d�u and dC=d�v at the hotspot requires

accounting for the numerous turbulent and viscous pro-
cesses in addition to the hydraulic head. However, order of
magnitude estimates ofdC=d�u or dC=d�v may be derived by
considering the region immediately con�ned to the cylin-
ders as in Sect.5.2. As before,dC=d�u anddC=d�v depends
on Cp via

dC
du
� �Cp�u;

dC
dv
� �Cp�v:

SettingCp = -1 results in

�w� �u
Lx

Lz
� Lz

Lx

� �
þ �v

Ly

Lz
� Lz

Ly

� �
:

Since we have no direct measurements on�v
Ly

Lz
� Lz

Ly


 �
; we

con�ne our analysis to�u Lx

Lz
� Lz

Lx


 �
assuming that Lx

Lz
� Lz

Lx


 �
dictates the sign of�w: This assumption may be reasonable
if the impact of the turbulent wakes on the hotspots are
governed by von Ka´rmán streets (Poggi et al.2004c; Poggi

and Katul2006), where their planar symmetry (as shown in
Fig. 1) leads toLy * Lx. The outcome of these simpli�-
cations is that the anisotropy in length scales (Lx/Lz- Lz/Lx)
now governs the sign of�w: Also, the genesis of this
anisotropy is now clearly linked to the two competing
effects earlier described in Sects.5.1 and5.2. The �rst is a
negative downward tendency produced by the reduced
mean continuity equation and leads to��u Lz=Lx; and the
second is a positive upward contribution resulting from the
pressure forcing and the negativeCp behind the rods
resulting in�Cp �u Lx=Lz:

Typical Lx may be formulated as some multiplier of the
rod diameter (i.e.Lx = kdr), wherek C 5 to ensure that
spatial gradients sample at least one Von Ka´rmán street
vortex. Typical Lz may be commensurate with the
canonical mixing length given asLz ¼ a0ðk zÞ þ ð1� a0Þ
b hcð Þ; where a0 [ [0,1] is determined by Lc/hc,

Lc = (Cda)-1 is the adjustment length scale,Cd is the
drag coef�cient, b = k(1 - do/hc), and do is the zero-
plane displacement height. For largeLc/hc (i.e very sparse
canopies),a0 ? 1 and boundary layer mixing lengths
dominate Lz, and for smallLc/hc (i.e. dense canopies),
a0 ? 0 and planar mixing layers and wakes dominateLz.
Using these expressions, the zone (zc) at which �w

switches signs can be evaluated by settingLx & Ly = Lz.
Hence, we �nd that
zc

hc
¼ 1

k a0
k dr � k hc 1� do

hc

� �
1� a0ð Þ

� �
:

Note that a0 and do/hc also vary with n. From previous
experiments (Poggi et al.2004c), simpli�ed estimates of
these relationships are

a0 � min 1;
n dr

2

� �
;

do

hc
� min 0:85;

0:85
2

dr n

� �
:

When z [ zc; �w00 is negative, and conversely, when
z\zc; �w00 is positive.

Figure8 shows the predicted variation ofzc as a func-
tion of the rod density for two plausiblek (=5, 9) along
with the measuredzc inferred from the measured pro�les of
�w00 at the hotspot. We comment on a number of features in
Fig. 8:

(1) The scaling analysis proposed here captures the basic
patterns of measuredzc and is suggestive thatLx/Lz

plays an important role in determining the sign of�w00

at the hotspot, withLx (andLy) dominated by the size
of von Kármán street eddies (proportional todr) and
Lz by the canonical mixing length for vertical
momentum transport. The latter is highly sensitive
to the rod density, while the former is not.

(2) The lower region dominated by a positive�w00 is, on
average, 0.75hc thick but this thickness varies with
rod density in a nonlinear manner (as shown in
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Fig. 8). The choice of 0.75hc in the quadrant analysis
shown in Fig.6 was based on the analysis here.

(3) The small magnitude of dispersive stresses for dense
canopies, when compared to sparse canopies (Fig.3),
can now be predicted from�w� �u Lx=Lz � Lz=Lxð Þ: At
the hotspot�w00 (and h�w00�u00iÞ remain small due to the
small �u (and�vÞ inside dense canopies, and conversely
for sparse canopies.

(4) Because�u00 is negative at the hotspot, the strong
negative correlation between�w00 and �u00 in Fig. 6 is
consistent with �w� �u Lx=Lz � Lz=Lxð Þ: Extreme
values populating quadrant four of Fig.6 originate
from the pressure perturbations described in Sect.5.2,
while those populating quadrant three originate from
the reduced mean continuity effects.

In sum, the scaling analysis here does provide a unifying
framework to transition from the mechanisms controlling�w
discussed in Sect.5.2 to those discussed in Sect.5.1. It can
also be employed to explain the outcome of the quadrant
analysis in Fig.6.

6 Conclusions

The three dimensional variability in canopy morphology
often necessitates a planar averaging operation to the scale
of interest. Because of the multiply-connected spaces
within the canopy, such spatial averaging gives rise to
covariance or dispersive terms produced from the spatial

correlations of time-averaged quantities that remain
‘‘unclosed’’ or require further parameterization. To date,
parameterizations of these dispersive terms remain illusive,
in part because of the limited experiments dedicated to
quantifying them. As a �rst step towards their parameter-
ization, it is necessary to estimate their magnitude, their
sign, possible correlations with conventional Reynolds
stresses, and any spatial coherency that may be exploited in
phenomenological models. Flume experiments for various
canopy densities were used to explore these aspects for a
cylindric canopy where the rod density was varied but the
single rod attributes were identical. Quadrant analysis was
used to explore the spatial coherency of these dispersive
stresses at various heights and for a wide range of canopy
densities. When compared to the conventional momentum
�ux, we found that these dispersive stresses in the lowest
layers of sparse canopies can be signi�cant ([30%). For
dense canopies, the dispersive stresses remain negligible
when compared to the conventional momentum stresses
throughout (\10%).

An analysis on the constitutive components of the dis-
persive stresses revealed that the positions contributing
most to the dispersive terms were localized in the imme-
diate vicinity downstream of the rods (termed here as
hotspots). In the deeper canopy layers, their contribution is
negative, but in the upper layers, their contribution is
positive. The genesis of the sign shift originates from the
interplay between the behaviour of the pressure immedi-
ately behind the rods and the reduced continuity equation.
The fact that�w remains positive downstream from the rods
over a signi�cant portion of the canopy depth (i.e. bottom
75%) has important implications on a number of applica-
tions. For example, long-term measurements of net
ecosystem CO2 exchange (NEE) are now routinely
employed to estimate ecosystem carbon budgets using
eddy covariance (EC) methods, yet the large error in the
measurement of ecosystem respiration (RE) remains an
unresolved problem that must be confronted. The reason
this problem is pervasive for CO2 transport inside tall
canopies is due to the large CO2 �ux contribution from the
forest �oor. EC methods typically measure the turbulent
CO2 �ux above the canopy and neglect any advective
(horizontal or vertical) contribution. However, almost all
studies, reviewed in Juang et al. (2006) suggest that EC
methods do under estimate NEE because of their under-
estimation of respiratory terms. The ‘‘chimney’’ effect, or
the vertical advective �ow of CO2 immediately adjacent
tree stems may provide some clues as to why EC methods
might underestimate respiration. Whether such ‘‘chimney’’
effect persists in real canopies or not remains to be
explored—as branches and foliage may intercept and dis-
perse the rising CO2 (except perhaps during leaf-less winter
time conditions in hardwood forests). At minimum, the

Fig. 8 Variations of the normalized heightzc/hc at which �w00 switches
sign from positive (whenz \ zc) to negative (whenz [ zc) as a
function of stem densityn. Model calculations are forLx = kdr,
wheredr is the rod diameter, andLx is a characteristic longitudinal
distance chosen here to represent about one (k & 5) and two (k & 9)
von Kármán street vortex sizes. The data points were determined from
the sign shift of the measured�w00 pro�les in the hotspot behind the rod
for all rod densities
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�ndings here should motivate future smoke release exper-
iments in the �eld. Likewise, in benthic boundary layers,
such ‘‘chimney’’ effects can contribute to rapid transport of
nutrients from the soil pore space to the photosynthetic
tissues of the aquatic plants (Nepf and Koch1999).

More broadly, there are a number of reasons why
exploring dispersive �uxes is a timely topic. The rapid
progress in canopy LIDARS (light detection and ranging)
are now permitting unprecedent view of foliage variation
and canopy morphology (Harding et al.2001; Parker et al.
2001; Lefsky et al.2002). Hence, the ability to quantify the
statistical attributes of the canopy morphology is pro-
gressing rapidly. What is clearly lacking is how to link
such variability with the spatially-averaged �ow dynamics
needed in any rigorous upscaling efforts. Dispersive terms
provide the theoretical under-pinning of such linkages, and
hence, exploring their magnitude and importance should be
a logical �rst step. The advent of experimental techniques
such as particle image velocity (PIV) meters, laser induced
�orecence (LIF) measurement techniques, and LDA are
now permitting basic experiments to be carried out on these
dispersive terms so that linkages between their statistical
structure and basic canopy morphologies can be examined
with unprecedent resolution. Such experiments do provide
the necessary bench-mark data sets to derive and test
phenomenological models linking dispersive �uxes to
canopy morphology.
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