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Abstract

Turbulent mixing of scalars within canopies is investigated using a flume experiment with
canopy-like rods of height h mounted to the channel bed. The data comprised a time sequence of
high-resolution images of a dye recorded in a plane parallel to the bed at z∕h = 0.2. Image processing
shows that von Kármán wakes shed by canopy drag and downward turbulent transport from upper canopy
layers impose distinct scaling regimes on the scalar spectrum. Measures from information theory are then
used to explore the dominant directionality of the interaction between small and large scales underlying
these two spectral regimes, showing that the arrival of sweeps from aloft establishes an inertial-range
spectrum with forward “information” cascade. In contrast, wake growth with downstream distance leads
to persistent upscale transfer (inverse cascade) of scalar variance, which hints at their nondiffusive
character and the significance of the stem diameter as an active length scale in canopy turbulence.

Plain Language Summary

Diagnosing the complex flow mechanisms that control mass
transport and dispersion within forest canopies or vegetated streams is required in a plethora of
applications spanning atmospheric and climate sciences, earth system modeling, ecology, and hydrology.
Examples include pollen dispersal, residence time of volatile organic compounds, and aerosol deposition
onto the forest floor. The work here uses data collected from a water channel experiment with rods
mounted to the channel bottom representing a vegetated surface to explore how the eddying motion
produced by canopy elements, and their disruption by larger eddies generated above the canopy, affects
the transport and mixing of a dye (scalar) injected near the channel floor. The acquired data comprise
a time sequence of planar images of the dye concentration that allow the investigation of how the
small-sized eddies interact with large ones so as to influence the properties of the dye concentration in time.
It is shown that as the flow impinges on stems, organized eddying structures called von Kármán streets are
created. Using methods borrowed from information theory and applied at multiple spatial scales shows
that these structures exhibit features that are counterintuitive to the way scalars typically disperse in flows
without vegetation.

1. Introduction

©2020. American Geophysical Union.
All Rights Reserved.
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The transport and mixing of scalar quantities (e.g., CO2 , water vapor, and aerosols) within vegetation
canopies remain a challenging process to represent in modeling land-atmosphere interactions for weather
and climate simulations (Patton et al., 2016), nutrient replenishment in vegetated streams (Nezu & Sanjou,
2008), and numerical simulations of geophysical flows (Calaf et al., 2011). Because the vertically extended
drag canopies exert on an otherwise smooth/rough wall boundary layer flow, the turbulent transport process encodes a superposition of eddies emanating from distinct physical mechanisms and acting at different
spatial scales. These vortical structures include attached eddies to some displaced height above the ground,
shear instability (Kelvin-Helmholtz like) eddies near the canopy top for which the canopy height (h) serves
as a characteristic length scale (Raupach et al., 1996), and wake turbulence in deeper layers of the canopy
where the stem/trunk diameter (dr ) represents another characteristic length scale (e.g., Ghannam et al.,
2018; Keylock et al., 2019; Poggi et al., 2004a). The former coherent eddies extract their turbulent kinetic
energy (TKE) from the mean flow by strong shear at heights z ∼ h (Finnigan, 2000; Raupach et al., 1996),
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inducing frequent downbursts (sweeping events) that ventilate the canopy volume at a period commensurate with h∕u* (Katul et al., 1998; Paw U et al., 1992; Raupach et al., 1996), where u* is the friction velocity
at the canopy top. In turn, TKE generation by form drag at scales ∼ dr is associated with a wake-shedding
mechanism that holds parallel to von Kármán vortices with a tendency to grow in size with downstream
distance (Poggi et al., 2006). This complex eddy topology modulates the mixing properties of scalars within
forest canopies or vegetated streams (Cava & Katul, 2008; Nepf & Ghisalberti, 2008), potentially invalidating common assumptions inherent to (i) first and higher-order closure models (Baldocchi, 1992; Poggi et al.,
2004a; Shaw & Schumann, 1992) and (ii) spectral transfer theories that have canonically presumed a forward energy cascade (Danaila & Antonia, 2009; Leith, 1967). For instance, contaminant transport and tracer
plume dispersion within canopies have been shown to depart from Fickian diffusion (Mossa et al., 2017;
Murphy et al., 2007), requiring a diagnosis of the underlying interactions that shape the spatial variance of
scalar fluctuations and its time evolution (i.e., dispersion coefficient). These interactions are also often unresolved in large eddy simulation (LES) of canopy turbulence (where vegetation is represented as a drag force),
and hence, the formulation of subgrid-scale (SGS) models necessitates a meticulous treatment of wake-scale
energy and possible upscale transfer effects (Shaw & Patton, 2003).
A number of field and laboratory experiments of canopy flows suggest that turbulence generated in the
wake of plant elements short circuits the inertial subrange (ISR) of the energy cascade such that the high
) regime of the scalar spectrum, similar to its velocity counterpart, exhibits steeper
wavenumber (k ≫ d−1
r
decay than the canonical k−5/3 power law (e.g., Cava & Katul, 2008; Finnigan et al., 2009; Wilson, 1988). The
conversion of mean kinetic energy to wake-scale energy by canopy drag is often cited as the cause of this short
circuiting (i.e., bypassing the ISR) (Shaw, 1985), which in turn has motivated the treatment of wake turbulence as a rapidly dissipative (diffusive) process in SGS models of LES (Shaw & Patton, 2003). However, the
validity of this framework remains difficult to establish or justify, in part because TKE production by vortex
shedding is in competition with the periodic arrival of turbulent transport from the canopy top by sweeping
events. This competition results in a short-circuited (rapidly decaying) scalar spectrum that is periodically
interrupted as the ejection-sweep cycle reestablishes an ISR spectral scaling—an oscillatory behavior that
has been depicted in flume experiments (Poggi et al., 2006, 2011). More importantly, the notion that wake
turbulence accelerates the dissipation process inherently presumes a forward energy cascade, but experiments and theoretical arguments have identified strong structural parallels between von Kármán vortices
and two-dimensional turbulence (Poggi et al., 2011), namely, that the spatial growth of these vortices concentrates the scalar variance (integral of the spectrum) in a narrow and low wavenumber range around the
energy injection scale dr . While this analogy is further motivated by the established result that velocity spectra exhibit a similar steep decay (∼ k−3 ) in two-dimensional turbulence (Lesieur & Herring, 1985), the lack
of an analogue to enstrophy (quadratic invariant of motion) in the scalar field prohibits the formalization of
such an analogy.
To circumvent this issue, methods from information theory are used here to investigate the underlying mechanisms leading to distinct and time-dependent scaling of the spectra of scalar fluctuations within canopies
(Poggi et al., 2004b). The working hypothesis rests on the existence of a unique entropy-producing mechanism when scalar mixing is controlled by canopy-induced wakes. This mechanism arises from small-scale
to large-scale scalar variance flow reinforced by the growth of von Kármán vortices with downstream distance, rather than a prototypical vortex stretching and self-amplification (forward cascade) common to many
types of locally homogeneous and isotropic turbulent flows (Carbone & Bragg, 2020). Toward this end, flume
experiments are used in which scalar concentration fluctuations were sampled with laser-induced fluorescence (LIF) at high spatial and temporal resolution in the lower layers of a uniform canopy composed of rigid
rods (section 2). After discussing the scalar concentration spectrum and distribution of information entropy
across wavenumbers in section 3, the evolution of the scalar plume and time-lagged mutual information
between the scales of turbulence are presented in section 4, and closing remarks in section 5.

2. Experiments and Methods
The data used here were collected in an open-channel experiment with canopy-like elements introduced as
stainless steel vertical rods mounted to the bottom wall of the channel (Ghannam et al., 2015; Poggi & Katul,
2006; Poggi et al., 2004a). The experiment was carried out in a large rectangular constant head recirculating channel, 18 m long, 0.9 m wide, and 1 m deep with glass side walls to permit the passage of laser light.
GHANNAM ET AL.
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Figure 1. Schematic of the experimental setup. Top left: lateral section view showing the location of the LIF source and
the video camera. Top right: longitudinal section view showing the dye release in relation to the model canopy. Bottom
right: sample image at one instant in time of the 2-D relative scalar concentration field showing the generation of von
Kármán streets. The rod diameter (dr ) and rod spacing (Lr ) are also shown for reference. Adapted from Poggi and
Katul (2006).

A schematic of the setup is shown in Figure 1. The height and diameter of the rod canopy are h = 0.12 m
and dr = 4 × 10−3 m, respectively, arrayed in a uniform square pattern at a density np = 1, 072 rods·m−2 and
situated in a test section 9-m downstream from the flume inlet. The local instantaneous dye concentration
in a plane parallel to the channel bottom was measured using the LIF technique. The concentration measurements were conducted by (i) injecting Rhodamine 6G as a tracer, (ii) providing a horizontal light sheet
between two lines of rods using a lens system, and (iii) recording a time sequence of images at high frequency
(Figure 1). The light source was provided by a 300-mW continuous fixed wavelength ion-argon laser (Melles
Griot mod.543-A-A03), and the images were recorded at a frequency of 30 Hz using a color charge-coupled
device (CCD) video camera. These digital movies have a spatial resolution of 170 × 10−6 m and were collected at a height z∕h = 0.2 (dye injection is at z∕h = 0.05), where z is the vertical distance from the smooth
channel bottom. The experiment was repeated three times resulting in three 72-s videos (2,148 images each)
that were then used to compute instantaneous two-dimensional planar concentration. The results presented
hereafter were similar across the three sequences. In addition, the rod spacing is Lr = 30 × 10√−3 m (7.5 dr ),
and the friction velocity at the canopy top is u* = 0.045 m·s−1 . The latter was estimated as u∗ = −u′ w′ using
laser-Doppler anemometry measurements (Ghannam et al., 2015; Poggi et al., 2006). At room temperature,
the molecular diffusivity of Rhodamine 6G in water is about D = 4 × 10−10 m2 ·s−1 , whereas the molecular
viscosity of water is 𝜈 = 1 × 10−6 m2 ·s−1 , that is, the molecular Schmidt number Sc = 𝜈∕D = 2500 ≫ 1, and
the flow resides in the inertial-convective subrange (Leith, 1967; Lesieur & Herring, 1985). In this range,
molecular diffusion is sensed at much smaller scales than viscous effects. In the absence of canopy elements, scalar spectra in the inertial-convective regime are presumed to be insensitive to variations of scalar
fluctuations at large scales.
The instantaneous scalar concentration Θ (x, t) obtained from LIF measurements is decomposed into a spatial mean (for each of the 2,148 images) and fluctuating parts, namely, Θ (x, t) = ⟨Θ⟩(t) + Θ′ (x, t), where
x ≡ (x, y) is a plane parallel to the channel bottom with x being the streamwise direction and y the lateral
direction; t is time; ⟨·⟩ is an instantaneous average over (x, y); and primes indicate turbulent fluctuations
GHANNAM ET AL.
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around this spatial average at a given time t. The statistic ⟨Θ⟩(t) is not expected to be stationary (i.e., its statistics are unsteady); in fact, this transient behavior of eddy topology switching between wake turbulence and
sweeping eddies within the canopy motivates the work here. Hence, time averaging is avoided. To compute
spectra (or structure functions), information entropy, and other statistics, scalar concentration increments
are defined as
(
)
𝜃 (x, r, t) = Θ x + rer , t − Θ (x, t) ,
(1)
√
where er is the unit vector in the radial direction and r = x2 + 𝑦2 is the radial separation distance juxtaposition to scale or eddy sizes in the planar direction. While 𝜃 depends on the position x (or origin of the
coordinate system), its probability density function (pdf), p𝜃 (r, t), is considered to be a function of r and t
only (i.e., the flow is locally homogeneous in the plane parallel to the ground). This simplifying assumption
rests on selecting the origin of the coordinate system (x, y) as the center of the horizontal plane (image) and
restricting the analysis to radial separation distances in the range 0 ≤ r ≤ 2dr . Hence, the scalewise analysis is confined to a region in the flow that is relatively far from the immediate vicinity of the canopy elements
(rod spacing is 7.5dr ) and where symmetry in flow statistics is likely to hold. We also note that the contribution of dispersive fluxes is negligibly small for this dense and uniform canopy (np = 1, 072 rods·m−2 ) (Poggi
et al., 2004b). The pdf p𝜃 (r, t) represents an empirical distribution of the concentration increments for each
separation distance r at time t, namely, that the second moment of p𝜃 (or variance of 𝜃 ) at time t is the value
of the second-order structure function ⟨𝜃(r)2 ⟩. With this configuration, the two-dimensional spectrum 𝜙𝜃 (k)
at any time t integrates to the spatial variance, namely,
∞

2

⟨Θ′ ⟩ =

∫0

𝜙𝜃 (k)dk,

(2)

where k = 1∕r = (kx2 + k𝑦2 )1∕2 is the resultant radial wavenumber and, as before, its inverse is a surrogate
for eddy sizes in the planar direction. It is the genesis of the scaling regimes of this spectrum and hence
2
the contribution of eddy scales to the scalar variance ⟨Θ′ ⟩(t) that is sought. The focus is on how von Kármán vortices (hereafter von Kármán flow) and downward sweeps associated with coherent eddies (hereafter
sweeping flow) impact the scaling laws of 𝜙𝜃 (k) for the range 0 ≤ r ≤ 2dr .
2

The second-order structure function ⟨𝜃 ⟩(r, t) is an equivalent representation to 𝜙𝜃 (k, t) (cumulative con2
tribution of scales r to ⟨Θ′ ⟩) and is the second moment of p𝜃 (r, t). Hence, topological measures from
information theory can be used to characterize the degree of organization and mutual information between
eddies of size r that underlies the aforementioned scaling of the scalar spectrum. For instance, the Shannon
(information) entropy associated with p𝜃 is
∑
[
]
H𝜃 (r, t) = −
p𝜃 (r, t) ln p𝜃 (r, t) ,
(3)
𝜃

where the sum is performed over all discrete empirical realizations of 𝜃 , giving then the entropy contained
in a scale r (or wavenumber k) at time t. The quantity H(r, t) is interpreted here as a measure of the degree
of organization (predictability) of the concentration increments 𝜃 at the scale r (Wesson et al., 2003), with
high entropy values indicating lack of organization (knowledge of scalar statistics at scale r provides no
information about other scales). It must be emphasized that other interpretations of H(r, t) exist (see, for
instance, Ben-Naim, 2008) but the exercise here provides a means to contrast the distribution of H𝜃 and 𝜙𝜃
across scales k, in turn revealing whether the steep spectral decay during von Kármán flow or the ISR scaling
imposed by sweeping events arises from an organized process. To avoid potential sensitivity to the number
of bins used in the evaluation of the empirical pdf to compute H𝜃 (r, t), we normalize H𝜃 by the entropy of
a white noise process H𝜁 (r, t) having the same number of bins as the scalar concentration fluctuations. The
process 𝜁(r, t) is a Gaussian white noise generated empirically to have the same dimension (or size), mean,
and variance of 𝜃(r, t) for each analyzed image. Note that 𝜁(r, t) is devoid of any organization at all scales and
has flat spectrum (or no autocorrelation), thereby ensuring that H𝜁 (r, t) is maximum at all r. This bounds
the ratio to 0 < H𝜃 ∕H𝜁 < 1 and provides a comparison between the entropy of 𝜃 and that of a white noise.
The nature of upscale spectral transfer associated with the spatial growth of stem wakes is further investigated by probing the direction of “information” cascade between scales. That is, the analysis seeks to address
whether the cascade in scalar variance follows the canonical large-scale to small-scale trajectory (assumed
in all spectral transfer theories for locally homogeneous and isotropic turbulence) or vice versa. For this
GHANNAM ET AL.
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purpose, two sets of experiments are conducted with the time series of LIF images. The first starts with an
initial concentration increment 𝜃(r0 , t0 ) with r0 ≪ dr (small scales) and defines a sequence of variables 𝜃 d
as the delayed/lagged concentration increments, that is, 𝜃 d ≡ 𝜃(r0 + 𝛿, t0 + 𝜏), where 𝛿 and 𝜏 are positive
spatial and temporal lags, respectively. The mutual information content, or relative entropy, between 𝜃 and
𝜃 d is then defined by
I𝜃,𝜃d = H𝜃 + H𝜃d − H𝜃,𝜃d
)
(
∑
p𝜃,𝜃d
,
=−
p𝜃,𝜃d ln
p 𝜃 p 𝜃d
𝜃,𝜃

(4)

d

where H𝜃,𝜃d (r, t) is the joint entropy associated with the joint distribution p𝜃,𝜃d (r, t). The second line in
equation (4) expresses relative entropy I𝜃,𝜃d as the Kullback-Leibler (KL) divergence, which vanishes if and
only if p𝜃,𝜃d = p𝜃 p𝜃d (i.e., when 𝜃 and 𝜃 d are independent) and is positive otherwise. In this form, I𝜃,𝜃d can
be interpreted as the expected value of the difference between the “surprise” of finding information about
]
[
the large scales 𝜃 d starting with small scales 𝜃(r0 , t0 ), that is, ln p𝜃,𝜃d , and finding them to be independent,
]
[
ln p𝜃 p𝜃d . This concept is intricately related to internal entropy production due to the fact that 𝜃 and 𝜃 d are
not independent.
The second experiment starts with the initial condition 𝜃(dr , t0 ) (i.e., large scales) with the same t0 as the
first experiment but constructs a reverse sequence of the first experiment; namely, the delayed concentration
difference is now 𝜃 d ≡ 𝜃(dr − 𝛿, t0 + 𝜏). It is important to observe that the latter sequence is the reverse of
the first experiment in the scale r only. These two experiments, when conducted over time periods when the
flow regime is dominated by canopy wakes or by the ejection-sweep cycle, serve the purpose of revealing
whether entropy production (I𝜃,𝜃d ) follows from small-scale to large-scale information flux (inverse cascade)
or vice versa for each of these flow regimes. This analysis will be discussed further as part of the results
(Figure 5) in section 4.

3. Spectra and Information Entropy
2

Figure 2a shows a time series of the spatial variance ⟨Θ′ ⟩(t) normalized by the corresponding instantaneous average ⟨Θ⟩(t) (i.e., squared coefficient of variation in space) for a time interval of 15h∕u* . The ratio
2
⟨Θ′ ⟩∕⟨Θ⟩2 can also be viewed as a measure of spatial turbulence intensity of the scalar, and we note that
2
the time series of ⟨Θ′ ⟩ itself shows a similar behavior. The analysis in Figure 2a reveals significant turbu2
lence intensity (20 < ⟨Θ′ ⟩∕⟨Θ⟩2 < 90) at all times, yet a quasiperiodic oscillatory behavior is evident with a
period that roughly scales with h∕u* . The latter dynamical behavior of persistently large or small scalar variance not only is merely due to the inherent randomness of turbulence but also encodes a signature of the
alternating nature of the dominant eddy topology. The large and small excursions in Figure 2a appear to be
connected with whether the flow is modulated by von Kármán vortex shedding (large excursions) or coherent boundary layer eddies (small excursions). An example of this eddy topology is depicted in Figures 2b
and 2c, showing instantaneous images of the flow during a sweeping event and during a wake-dominated
regime, respectively. These images correspond to the instances marked by vertical dashed lines in Figure 2a,
and a comprehensive inspection of all images showed a similar pattern: The arrival of downbursts from the
canopy top disrupts the tendency of von Kármán vortices to establish a two-dimensional flow pattern, hence
smearing out the effects of form drag on the scalar spectrum. This is noticeable in the 2D spectrum 𝜙𝜃 (k) for
these two images in Figure 2d, showing a more extensive ISR (k−5/3 scaling) associated with sweeping events
and spanning approximately half a decade of scales 1 < kdr < 5. Conversely, 𝜙𝜃 (k) exhibits a steeper decay
in the high wavenumber range as energy injection at ki ∼ dr reestablishes a wake dominated flow regime
such that the scalar variance, albeit larger than its counterpart during sweeping events, builds up at scales
commensurate with the stem diameter dr (Figure 2d). The focus on the interplay between only downward
turbulent transport (sweeps) and canopy drag assumes that the ejection component of the sweep-ejection
cycle is a less efficient transport mechanism. It has been well established that sweeps dominate momentum
transport inside canopies when compared to ejections (Poggi et al., 2004a). While Poggi et al. (2011) discussed the alternating scaling laws of 𝜙𝜃 (k) by investigating the spectral budget of the scalar conservation
equation, here we refocus the attention on the statistical structure underlying these regimes.
GHANNAM ET AL.
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2

Figure 2. Flow characteristics in deep canopy layers (z∕h = 0.2). (a) Time series of spatial scalar variance ⟨Θ′ ⟩
normalized by its corresponding spatial mean as a measure of turbulence intensity. Time is normalized by h∕u*
(periodicity of sweeping events). (b) and (c) correspond to two instantaneous images at times denoted by dashed
vertical lines in (a). The lowest panels (d) and (e) show the spectra and information entropy (normalized by that of a
white noise process H𝜁 ) for these two images.

Figure 2e shows the normalized information entropy (H𝜃 ∕H𝜁 ) (cf. equation 3) corresponding to the spectra
in Figure 2d. For both flow regimes, the entropy of the concentration increments 𝜃(r) increases with spatial
scale and attains a constant (comparable to a white noise process) at scales larger than dr ; this flattening
in H𝜃 at large scales (kdr < 1) is an attribute of the Gaussian (and white noise) nature of 𝜃(r > dr ). While
this scale dependence of H𝜃 is not surprising since the variance of 𝜃 is itself an increasing function of r
(cf. the structure function ⟨𝜃 2 (r)⟩), a peculiar feature in Figure 2e links the steep spectral decay associated with stem wakes (shown in Figure 2d) to a sharp decay in entropy at high wavenumbers, indicating
that von Kármán vortices arise from a more organized quasideterministic process. On the other hand, the
extensive ISR brought about by three-dimensional coherent eddies sweeping into the canopy appears to
be driven by more random events with consistently less spatial organization (higher entropy) compared to
wake turbulence at all scales (Figure 2e). This sharp contrast between the higher entropy of sweeping flow
(ISR turbulence) and von Kármán streets hints at the self-organizing nature of the wake shedding mechanism as two-dimensional vortices tend to coalesce and grow in size before colliding with downstream
canopy obstacles.
Figure 3 depicts the pdf p𝜃 at different scales r during these transient flow regimes. Note that the identification of periods (consecutive sequence of images) where the flow is dominated by wakes or sweeping events
follows from an extensive examination of the scalar spectrum and entropy as discussed earlier and shown
in Figures 1d and 2e. During transient periods of von Kármán flow (left panel in Figure 3), the variance of
𝜃 at small scales (r ≪ dr shown in blue color) is significantly smaller than its counterpart during sweeping
flow (right panel of Figure 3) and appears to be scale separated from larger scales (r ∼ dr ). This separation
GHANNAM ET AL.
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Figure 3. Probability density functions (pdf) of scalar concentration increments 𝜃(r, t) during times of von Kármán
flow (left panel) and sweeping events (right panel). (Color online) The gray solid lines are instantaneous realizations of
p𝜃 at three eddy sizes: r ≪ dr , r ∼ dr , and r > dr , with solid lines being their corresponding “ensemble” averages.

is additionally indicative of a build up of the variance at large scales (r ∼ dr ) during wake-dominated periods (black line in Figure 3a) compared to a more evenly distributed scalewise contribution during sweeping
events. To this end, and as we identified the distinguishing features imposed by stem wakes and coherent
eddies on the scalar spectrum and scalewise entropy, we now turn our focus to the time evolution of the
scalar plume and the interactions between scales r during these two transient periods.

4. Cascade Asymmetry and Entropy Production
2

Figure 4 shows a time transect of the longitudinal variance ⟨Θ′ ⟩x of the scalar plume for one time period h∕u*
during von Kármán flow (upper panel) and sweeping flow (lower panel), where the subscript x indicates
averaging over the streamwise direction. These representative periods (time transects) for each flow regime
are identified from the time series in Figure 2a (as discussed earlier), corresponding to the time ranges
[8h∕u* , 9h∕u* ] for the von Kármán flow and [2h∕u* , 3h∕u* ] for the sweeping flow in Figure 2a. Also, note
that the vertical axis in Figure 4 is the lateral spread of the scalar plume (i.e., spread over y∕dr ).
The longitudinal variance and its time evolution (dispersion coefficient) are necessary aspects for modeling
contaminant transport and fate in natural and engineered systems, a field that has traditionally relied on
Fickian diffusion approximation. In the aforementioned Fickian diffusion approximation, the central limit
2
theorem leads to ⟨Θ′ ⟩x increasing linearly in t for large times (away from the source) with a dispersion coefficient that becomes constant (but see, e.g., Murphy et al., 2007). As shown earlier, the oscillatory nature of
the scalar variance within canopies in Figure 2a allows further inquiry into the tendency of wake turbulence
2
to prevent plume spread such that ⟨Θ′ ⟩x decreases with time and becomes more peaked (Figures 4a and
4b). Conversely, sweeping events restore canonical plume dispersion characteristics (Figures 4c and 4d).
Using the same time periods, namely, [8h∕u* , 9h∕u* ] for the von Kármán flow and [2h∕u* , 3h∕u* ] for the
sweeping flow (Figure 2a), Figure 5 depicts the direction of entropy production (or time arrow) associated
with the asymmetry in the “information” cascade during each of these flow regimes. The quantity shown
on the y-axis is the relative entropy I𝜃,𝜃d calculated according to equation (4), either starting with r0 ≪ dr
and hence 𝜃 d being the concentration increment at larger scales r = r0 + 𝛿 at later times t = t0 + 𝜏 (defined
as small-sclae to large-scale interactions) or vice versa for large to small scales (starting with r0 = dr and
𝜃 d being the concentration increment at smaller scales r = dr − 𝛿 but still at later times t = t0 + 𝜏 ). These
two experiments conducted for each flow regime provide a means of tracking the direction of information
cascade with time 𝜏 . Note that t0 is chosen as the beginning of the analysis period for each flow regime,
that is, t0 = 2h∕u* for sweeping flow and t0 = 8h∕u* for von Kármán flow. Figure 5a shows that vortex
shedding by canopy elements restricts mutual information content to a small-scale to large-scale trajectory;
that is, I𝜃,𝜃d increases with time 𝜏 , and internal entropy production is associated with information cascading from 𝜃(r ≪ dr ) to larger scales (inverse cascade). A similar analysis for the reverse sequence and for
the same time period (von Kármán flow in Figure 5a) depicts virtually no entropy production following
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2

Figure 4. Time evolution of the longitudinal variance ⟨Θ′ ⟩x of the scalar plume during wake-dominated flow regimes
(upper panels a and b) and during sweeping flow (lower panels c and d). Panels (b) to (d) are three instantaneous
realizations marked by small white arrows in (a) and (c), respectively.

a large-scale to small-scale trajectory. Conversely, the flow regime dominated by sweeps from the canopy
top exhibits a canonical Richardson-like (large to small scale) information cascade (Figure 5b). Overall, the
analysis here points to the likelihood that scalar fluctuations in the wakes of canopy elements are dominated
by quasideterministic motion that resembles 2D turbulence. This resemblance is confined to periods with
information/energy flow toward large scales, rather than to periods where the canonical forward cascade
dominates.

Figure 5. Direction of entropy-producing interactions during (a) von Kármán flow and (b) sweeping flow events.
In (a), relative entropy between small eddies and larger eddies increases in time, while large → small scales remain
essentially constant, suggesting an inverse cascade by canopy wakes. In (b), an inertial range turbulence restores a
large → small scales cascade in entropy (see equation 4).
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5. Concluding Remarks
The dynamics of passive scalar statistics within canopies were investigated using LIF measurements of dye
concentration in a plane parallel to a flume bed with solid rods mimicking a uniform canopy configuration. It is shown that the steep decay in the two-dimensional spectrum of passive scalars within the confines
of the canopy is a consequence of the tendency of stem wakes (von Kármán streets) to spatially grow in
size with downstream distance, even though its behavior cannot be entirely explained by the theory of
two-dimensional turbulence. Hence, these wakes truncate the high wavenumber spectral regime and concentrate the scalar variance at scales commensurate with the stem diameter dr . This tendency is in sharp
contrast to the ISR (k−5/3 ) spectral scaling imposed by the periodic arrival of sweeping events from the canopy
top. In reaching these conclusions, the dissimilarity in spectral scaling of instantaneous snapshots (images)
of the flow was used to distinguish wake-dominated flow regimes and the arrival of downward sweeps from
aloft. The corresponding scaling of information entropy was then used to illustrate that the aforementioned
wake spectral scaling arises from organized and deterministic interactions between eddies. Analysis of the
time and space-dependent mutual information content between turbulent scales disclosed a peculiar feature of scalar mixing by von Kármán vortices, namely, that internal entropy production is associated with
increasing mutual information following a small-scale to large-scale information cascade, while canonical
forward cascades remain dominant during the transient flow regime of sweeping events.
The broader implications of this work are threefold: (i) In Reynolds-averaged Navier-Stokes (RANS) models
for scalar dispersion formulated in the deeper layers of tall canopies, there is no unique “master length
scale.” At minimum, two length scales must be used: h reflecting the Kelvin-Helmholtz vortices and their
sweeping into the canopy and dr reflecting the effects of von Kármán vortices. Should these effects be lumped
into a single length scale, then a weighted length scale formulated based on the fraction of time the flow
resides in sweeping motion and in wake-dominated regimes is required. This formulation may be possible
due to the fact that scalar turbulence within the canopy appears to oscillate between these two classes of
vortical motion. Clearly, such fraction must depend on vegetation density, but separate experiments using
laser Doppler anemometry for momentum have indeed confirmed its feasibility (Poggi et al., 2004a). (ii)
For spectral transfer models, the scalar transfer functions used, such as Leith's diffusion model or variants
thereto (Hill, 1978; Leith, 1967; Rubinstein & Clark, 2013), must be assessed to accommodate backscatter
effects. This topic is now gaining significant attention in physics and many geophysical applications where
3D-like turbulence and 2D-like turbulence coexist and impact energy content at many intermediate scales
(Xia et al., 2011). Similar to RANS models, it may be possible to formulate two spectral transfer functions:
one from large to small scales (analogous to Leith or Heisenberg or variants on them) and another from
small to large scales (as with 2D turbulence) with relative weights based on the time fraction the flow resides
in each spectral transfer mode. Developing a unified model that accounts for these findings is a research
topic better kept for the future.
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