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Abstract Turbulent flow in a corn canopy is simulated using large-eddy simulation
(LES) with a Lagrangian dynamic Smagorinsky model. A new numerical represen-
tation of plant canopies is presented that resolves approximately the local structure
of plants and takes into account their spatial arrangement. As a validation, com-
putational results are compared with experimental data from recent field particle
image velocimetry (PIV) measurements and two previous experimental campaigns.
Numerical simulation using the traditional modelling method to represent the canopy
(field-scale approach) is also conducted as a comparison to the plant-scale approach.
The combination of temporal PIV data, LES and spatial PIV data allows us to couple
a wide range of relevant turbulence scales. There is good agreement between exper-
imental data and numerical predictions using the plant-scale approach in terms of
various turbulence statistics. Within the canopy, the plant-scale approach also allows
the capture of more details than the field-scale approach, including instantaneous
gusts that penetrate deep inside the canopy.
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1 Introduction

The interaction between a plant canopy and the atmospheric boundary layer results
in complex structures of turbulence, which govern the transport of kinetic energy
and momentum, as well as the transport of scalars including water vapour, heat, car-
bon dioxide, pollen, and disease spores. The understanding of turbulent transport
processes at the plant-atmosphere interface is important for fields ranging from can-
opy physiology and agricultural micrometeorology to ecological studies of genetically
engineered plants (Wolfenbarger and Phifer 2000). Canopy turbulence is character-
ized by the absorption of momentum by aerodynamic foliage drag throughout the
whole canopy depth, which leads to an unstable inflected velocity profile, similar
to that in a mixing layer. Dissipation of turbulent kinetic energy (TKE) inside the
canopy is enhanced by means of wake-scale eddies (Finnigan 2000). To date, the com-
plexity of turbulence structures and high turbulence intensities inside canopies have
prevented the development of a general similarity scheme in canopy turbulence like,
for example, the Monin—Obukhov theory in the atmospheric surface layer. Interests
in quantifying turbulence statistics and exploring large-scale coherent structures in
plant canopies have led to a number of experimental investigations for different types
of canopies, such as forests (Shaw et al. 1988; Gardiner 1994), cereal crops (Shaw
et al. 1974; Wilson et al. 1982; van Hout et al. 2007), and wind-tunnel canopy models
(Seginer et al. 1976; Brunet et al. 1994; Zhu et al. 2006), to name just a few. Some
important turbulence structures have been observed in the experiments, e.g., coherent
scalar ramp patterns (Gao et al. 1989) and wavelike travelling disturbances in cereal
canopies (Finnigan 1979). For more comprehensive reviews on this subject the reader
is referred to the papers by Raupach and Thom (1981) and Finnigan (2000).

High turbulence intermittency observed in canopy flows raises difficulties in numer-
ical simulations based on the Reynolds-averaged (ensemble-averaged) Navier—Stokes
equations. Because of the increasing computer power, large-eddy simulation (LES)
has gained popularity in numerical modelling of canopy flows since the pioneering
work of Shaw and Schumann (1992). In LES, canopies are usually treated as a porous
body of horizontally uniform area density. Since the Shaw and Schumann study a num-
ber of LES studies of plant canopy turbulence have been performed including Kanda
and Hino (1994) who examined organized structures in a developing flow over a plant
canopy; Dwyer et al. (1997) calculated the turbulent kinetic energy budget above and
within a forest; Shen and Leclerc (1997) compared turbulence statistics and structures
under neutral and unstable conditions; and Patton et al. (1998) simulated a wind-
tunnel wheat canopy with a windbreak. Most of these simulations imposed a mean
pressure-gradient driving the fully developed turbulent flows. Su et al. (1998) added
an artificial momentum source at the top boundary of the computational domain as
the driving force of the flow to address the issue of non-constant momentum flux
layer above the canopy predicted by all other LES studies. More recently, Shaw and
Patton (2003) studied the wake effects on TKE transfer processes and found that the
wake energy is comparable to the subgrid-scale (SGS) energy inside the canopy, thus
providing a “short-circuit” for the inertial energy cascade process. Fitzmaurice et al.
(2004) examined scalar microfronts using conditional sampling and compositional
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technique. Watanabe (2004) used a wavelet transform to detect a scalar’s microfron-
tal structure in the scalar time trace under different flow conditions (both shear-driven
and pressure-driven flows).

Most of the above-mentioned LES studies modelled the canopies as a horizontally
homogenous drag field that we refer to as the “field-scale” approach. The heterogene-
ity of the canopies, characterized by local structural features of plants (“plant-scale”)
and field arrangement, has not been taken into account. Furthermore, in these sim-
ulations, the SGS models rely on the standard Smagorinsky parameterization (Shaw
and Schumann 1992; Moeng 1984), whereas the appropriate Smagorinsky coefficient
may critically depend on local flow conditions inside the canopy. To date, LES studies
of canopy flows have used an a priori prescribed coefficient that typically does not
depend on the local flow structures. Addressing these issues, our study presents a
flexible approach that takes into account the spatial structure of a corn canopy and
uses a newly developed scale-dependent Lagrangian dynamic SGS model that does
not require a priori specification of the model coefficient (Bou-Zeid et al. 2005). The
computational results are compared with those from our recent particle image veloc-
imetry (PIV) field experiment and two other previous sets of measurements in corn
fields from the literature. The PIV measurements were carried out in a half-circular
corn field of 0.6 km? located on the eastern shore of the Chesapeake Bay, Maryland,
USA, in July 2003. The PIV instrumentation was mounted on a retractable measure-
ment platform that could be rotated to align the sample area (182 mmx 182 mm) with
the governing wind direction. The measurements were performed at four different
elevations, from just below the canopy top up to 1 m above it. At each elevation,
4096 double-exposure PIV images were recorded at an acquisition rate of 4 Hz, cor-
responding to 1,024 s of sampling time. Before each run, the laser sheet was aligned
with the wind direction using a wind vane mounted on top of the platform. In addi-
tion, a meteorological tower was set up composed of two three-dimensional sonic
anemometers (Campbell Scientific) exactly at the canopy top, z/h = 1, and the other
at z/h = 1.35, where z is the surface normal coordinate measured from the ground
up and & = 2.67 m is the canopy top. Wind data was continuously acquired at 6.9 Hz.
Measurement data used here were acquired on July 22, 2003, between 0030 and 0300
Eastern Daylight Time (EDT). For additional details on the field experiment, the
reader is referred to van Hout et al. (2007).

Two sets of existing experimental data from corn canopies (Shaw et al. 1974; Wilson
et al. 1982) are also used in the assessment of the present LES results. These data
were collected at the Elora Research Station, Elora, Ontario, Canada, over different
years. The corn plants were 760 mm apart. The measurements for the “Shaw” corn
field study (with a leaf area index (LAI) of 3.0 and plant height 2.90 m) were taken
from 1400 to 1600 EDT on October 5, 1971. For the “Wilson” corn field (with LAI
2.9), the experiments were carried out between September 13 and October 5 in 1976
and between July 28 and September 3 in 1977. The averaged canopy height was 2.25 m
during the experiments. Turbulence statistics, such as root-mean-square velocity and
momentum flux, and energy spectra were obtained with a split-film anemometer in
both experiments.

The objective of this paper is to test two different representations of plant can-
opy (averaged "field-scale” and detailed “plant-scale”) and compare the simulation
results, e.g. mean flow and turbulence statistics, with the experimental data. A brief
description of the LES and the Lagrangian SGS model is given in Sect. 2. The numer-
ical modelling of the corn canopy is described in the same section. In Sect. 3 the
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computational turbulence statistics and energy spectra are compared with the exper-
imental data. Section 4 provides the summary and conclusions of this work.

2 Numerical Modelling
2.1 Large-eddy simulation

In LES, energy-containing large-scale eddies are computationally resolved, while
small-scale eddies, tending to be more homogeneous and isotropic, are modelled. The
large scales are separated from the small scales via a filtering process, thus a variable
is decomposed into a resolved scale component and an unresolved SGS component.
The filtered, incompressible continuity and Navier—-Stokes equations are,

ol
=0 1
x; ’ )
ou; . (ou; o ap* 0Ty
7’+uj i My __° _ %Y F;, )
ot oxj  Ox; 0x; 0x;

where ~ represents filtering at the grid scale; u; is the filtered velocity component,
i = 1,2, 3 corresponding to the x, y, z directions (see Fig. 1). The spectral cutoff
filter is used in the present LES. The convective terms are written in the rotational
form for better numerical conservation of kinetic energy. The viscous diffusion term
is neglected because of the very high Reynolds number in atmospheric flows and
modelling of the surface layer near the ground. F; represents external forces. The
modified pressure p* is defined as

5" = B/ p + ikl /2 + (it — i) /3 (3)

where the repeated subscript k implies summation. The traceless part of the SGS
stress 7;;, introduced by the filtering of the non-linear convective terms, is defined as

Ty = wgity — it — (Ut — i) 855/ 3. 4)

The SGS stress represents the effects of small-scale eddies filtered out from the
resolved large-scale eddies. An important role of eddies is to transfer energy from
large scales to smaller scales in a cascade process until the energy is dissipated at
the Kolmogorov scale by molecular viscosity. Since the SGS stress is not computable
directly, an SGS model is used to express 7;; in terms of the resolved-scale velocity
field. The success of LES relies on the capability of the SGS model to accurately

Fig.1 Schematic of
arrangement of the corn field
(not to scale)
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compute the SGS effects based on the resolved scales. Many SGS models used in the
lower atmosphere are based on the Smagorinsky model,

T = —2(Cs 0?1818 5)

where A is a length scale defined as A = JAxAyAz. S'i,- is the resolved strain rate,
3’,-]- = (du;/dx; + 0u;/0x;)/2, and S = ,/ZS’US’U. The Smagorinsky coefficient, Cf., is
a parameter that typically varies for different flows. Germano’s dynamic procedure
(Germano et al. 1991; Lilly 1992) for obtaining CZ has become a popular approach
in SGS modelling. This procedure makes use of a second larger-scale filter,”, and
an algebraic identity, the Germano identity, between the SGS stresses from the two
filters. An analytical expression can be developed for C? that usually needs to be
averaged over directions of statistical homogeneity to stabilize computations. But
this approach may not be applicable to turbulent flows over complex surfaces (i.e.,
plants) in which there is no appreciable homogeneous flow direction. Meneveau et al.
(1996) developed a Lagrangian procedure to average C2 over fluid-particle trajec-
tories, which does not rely on specific flow conditions thus relaxing the requirement
for homogeneous flow directions and making the model particularly well suited for
turbulent flows in complex configurations. An assumption in the dynamic procedure
described above is that C? is independent of filter scale, so-called scale-invariance.
This assumption may break down when the filter scale A approaches the integral
scale, e.g., in the vicinity of a wall surface (Meneveau and Katz 2000). Porté-Agel
et al. (2000) developed a scale-dependent dynamic model in which C? is a function of
filter size, employing the same averaging procedures as in Germano et al. (1991). A
filter at a larger scale, 4A (denoted as ——), is employed to determine g = C?,z N CSZ, As
that is a parameter accounting for possible scale dependence of Cf, A- The parameter
B is assumed to be scale invariant, i.e., = Cf,z NG Csz’ A= C§,4 N Csz’2 A- Bou-Zeid et al.
(2005) recently developed a scale-dependent Lagrangian dynamic model for complex
turbulent flows that combines the scale-dependent model of Porté-Agel et al. (2000)
and the Lagrangian averaging procedure of Meneveau et al. (1996). In this model, it
is shown that CSZ’ A at the grid scale can be calculated by

Tim/Iyum
2, = (©)
5 ZoNZ,
max (Z2721/8)
where
t
IAB=/ AyBijlx(t),(IW(t — ) dr. 7
—00

Here, W(¢) is an exponential weighting function, W(f) = e /T/T, and T is a time
scale, chosen as T = 1.5A(Zr.mZum) /8 based on direct numerical simulation data
and self-consistency (Meneveau et al. 1996). In addition, x(#') is the location of fluid
elements at a prior time ¢/, A and B represent tensors (L, M) and (N, Q), respectively,
computed as follows,
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Lij = ity — iit;, 8)
My = 2821313 - 481515, ©)
—— ———
Qjj = winj — u;  uj , (10)
-~ N
Nij:2A2[|S|S,-j—16ﬂ| 5138 ] (11)

More detailed formulation and algorithmic aspects of the Lagrangian dynamic SGS
model can be found in Meneveau et al. (1996) and Bou-Zeid et al. (2005).

The LES equations (2) are solved by applying a pseudo-spectral method in the
horizontal directions and centered finite-difference method in the vertical direction
(Albertson and Parlange 1999a,b; Porté-Agel et al. 2000). The vertical velocity com-
ponent, w, is staggered with horizontal components u# and v. In the pseudo-spectral
method, the spatial derivatives are calculated in spectral space while the nonlinear
convective terms are evaluated in physical space for computational efficiency. The
convective terms are de-aliased by padding and truncation using the 3/2 rule (Orszag
1970). The second-order Adams-Bashforth scheme is used for time advancement.

2.2 Numerical representation of corn canopy

The corn field where the PIV measurements were conducted was double-row planted
(see Fig. 1). Between two normal corn plant rows (0.76 m apart), an extra staggered
plant row was planted in order to increase corn production. The height of the mature
corn plants at the test site was on average 2.67 m. The LAI for this corn field was about
6.0, approximately twice as high as in the corn field of Wilson et al. (1982) which did
not have the extra plant row. In order to validate the LES results, we employ the same
corn field configuration is employed in our simulations and the simulation results,
the same are compared to the PIV experimental data. The averaged wind direction
during the measurements was roughly aligned with the plant rows (x-direction in Fig.
1); here we set the x-direction as the streamwise direction in the simulations.

In previous large-eddy simulations of the canopy flows as reviewed in Sect. 1, the
canopies were modelled as a horizontally homogeneously distributed drag (force per
unit mass) field. The drag force d; is applied at every grid points below the top of the
plants without considering the spatial variability of the canopies (as shown in Fig. 2a).

di = —Cga(z)ii;|al (12)

where Cy is a prescribed drag coefficient, a(z) is the leaf area density, defined as
one-sided projected area of leaves per unit volume of canopy, and |u| = |/i;it;.

In this paper, we propose a new numerical approach to model air flows through
plant canopies, named “plant-scale” approach. In the plant-scale approach, the spa-
tial arrangement of the plants is approximately resolved and the local morphology
(stem and leaf) of the plants is explicitly taken into account, as shown in Fig. 2b in a
horizontal cross-section through canopy. In the horizontal cross-section, a single corn
plant is represented by a stem point at its centre and eight surrounding leaf points,
marked as “0” and “x” in Fig. 2b, respectively. At the leaf grid points, the drag force
d;, Eq. 12, is applied, while at the stem points, a drag force per unit mass f; is imposed,
calculated in terms of drag on a cylinder,
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Fig. 2 Schematic of horizontal grid in plant- and field-scale approaches. (a) Field-scale approach;
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(b) plant-scale approach. Symbols “0” and “x” represent stem and leaf grid points of the corn plants,
respectively. The large dashed circle in (b) represents the simulation area for a single corn plant

D .
7yuo,i|uol, (13)

where Cy is the cylinder drag coefficient, around 1.0 for Re > 1,000 (set to 1.0 in this
study for simplicity). D is the diameter of the corn stem (taken independent of z), and
i, is the upstream velocity for the cylinder, calculated at a distance L upstream of
the stem points (see Fig. 3), where L is set equal to the stream-wise grid size dx, which
is equal to 3.5D in this study. |up| is the magnitude of the upstream velocity, equal to
Vit ,;. The upstream velocity is calculated by a trilinear interpolation in terms of
the corner point velocity of the grid cell containing the upstream point P(x, y, z):

0,06, y,2) = (1 —s1) (1 = 52)(1 = s3)it} + 51(1 — $2)(1 — 53)ii?
+s152(1 — 53)it} + (1 — sp)s2(1 — s3)itf + (1 — s1)(1 — s2)s3i8;
+51(1 — 52)8301 + s51508301] + (1 — 51)825305 (14)

where 51 = (x —x1)/(x2 —x1),s0 = (y —y1)/(y2 — yl),and 53 = (z — z1) /(22 — z1).
@k (k =1,2,...,8) is the velocity at the corner points of the interpolation box. The
external force F; in Eq. 2 then contains the sum of d; and f;. Note that in the “field-
scale” (FS) approach, only the leaf drag force d; is applied at every grid point below
the canopy top, assuming homogeneity of the corn canopy. The drag coefficient Cy4
was set to 0.17 as measured by Wilson et al. (1982). The vertical distribution of leaf
area density a(z) measured by Wilson et al. (1982) and denoted as a(z)" (see Fig. 4),
was modified for the field- and plant-scale approaches. Using the field-scale approach,
denoted by superscript “FS”, a(z)" is modified by the ratio of LAI’s:

_Lar
LAY
where LAY = 2.9 and LAI? = 6.0(current field). For the cases using the plant-scale

(PS) approaches, a(z)" was also modified by taking into account of area ratio of actual
occupied leaf grid cells, i.e.,

a(z)’s a(z)", (15)

Adomain

PS __
“(2) B Aleaf

a(z)", (16)
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Table 1 Simulation cases
Cases Description Ly : Ly : L; (domain size) Nx : Ny : Nz (grid points)
PS-1 plant-scale 4.5h :2.4h :3.93h 160 : 64 : 60
PS-2 plant-scale 9.0h : 2.4h : 3.93h 320: 64 : 60
FS-1 field-scale 24.7h : 12.3h : 3.93h 160 : 64 : 60
FS-2 field-scale 9.0h : 2.4h : 3.93h 320:64:60

where Agomain 18 the total horizontal domain area, and Ajey¢ is the horizontal area
occupied by leaf nodes in the plant-scale simulations.

In order to compare plant- and field-scale approaches in terms of simulation results
and also investigate the effects of computational domain size and grid resolution, we
have conducted four simulation cases, described in Table 1. Ly, Ly, and L; are domain
size in the respective, x (streamwise), y (spanwise), and z (vertical) directions, and Ny,
Ny, and N; are grid points used accordingly in the same directions. The simulation
results are compared with experimental data including the PIV measurements as a
validation of the simulations. In all cases, the canopy height /# and vertical domain size
(equal to 3.93h) are fixed. The canopy plants are resolved with 16 uniformly distrib-
uted grid points in the vertical direction z. PS-2 and FS-2 have the same domain size
and same grid points (320 x 64 x 60), to compare the two numerical approaches. PS-2
has a streamwise domain size twice that of PS-1, used as a domain size sensitivity test,
while FS-2 has a different grid resolution and horizontal domain size from those of
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FS-1, as a sensitivity test of both grid resolution and domain size. Note that for PS-1
and FS-1, the same grid points (uniformly distributed in each direction), are used
but their computational domain sizes are very different (see Table 1). Fully devel-
oped turbulent flows are considered, driven by a mean pressure gradient to match
the normalized mean flow rate in the experiments. Periodic boundary conditions are
employed in the horizontal directions (both x- and y-directions) and a shear-free con-
dition is used at the top boundary. Wall stresses at the bottom boundary are specified
using the law-of-the-wall. The ground roughness z is set as zo/k = 0.001 (a larger
value of 0.01 was also tested without showing significant difference in numerical pre-
dictions). The time step for each case is varied by setting a CFL number to 0.1 for
numerical stability,

G CFL
maxq (|u;jkl/dx + [vijil/dy + wijxl/dz)’

i,j,keQ 17)

where the subscript Q represents the whole computational domain, and dx, dy, and
dz are the grid spacings in the respective coordinate directions.

3 Results and discussion

The predicted turbulence statistics and energy spectra by the two numerical
approaches (plant- and field-scale), in terms of temporal and spatial (horizontal)
average, are compared with available experimental data. The experimental data used
here include our recent PIV measurements and previous experiments of Shaw et al.
(1974) and Wilson et al. (1982). The normalized and curve-fitted data of Shaw et al.
(1974) and Wilson et al. (1982) were extracted from the review paper of Finnigan
(2000) and are quoted in this paper. Most figures presented here only show the ver-
tical profiles below z/h = 2 because the available experimental data are for below
this height. Finally, the fluctuating velocity field is examined to investigate specific
turbulence structures. Angle brackets <> represent both temporal and horizontal
averaging. The superscript /, e.g. in «/, denotes temporal fluctuation, i.e. deviation
from the time-averaged mean value. The superscript 7, e.g. in u”, denotes spatial
variation, i.e. deviation from the horizontally-averaged mean value. Good statistical
convergence was obtained by averaging over 2 x 10° time-steps and over the horizon-
tal plane at each height. Time convergence was verified by increasing the number of
averaging time-steps.

3.1 Mean streamwise velocity

Figure 5a shows the mean streamwise velocity profiles, where <uj> is the mean
streamwise velocity at the canopy top (van Hout et al. 2007). In the PIV profiles,
the corresponding <uy,> is obtained from the measurements of the sonic anemome-
ters fixed at z/h = 1. The vertical velocity profiles predicted by both the plant- and
field-scale approaches agree well with the experimental data of Wilson et al. (1982)
within the canopy and lie between those of PIV and Shaw et al. (1974) above the
canopy. Note that we only show the results for PS-1 and FS-1. Considering that in the
plant-scale simulation there is a gap between the double rows (see Fig. 2a), the mean
velocity profile only averaged over the gap is also plotted and labelled as “PS-1-GA”
in the figure and hereafter. As expected the mean velocity in the gap is larger than the
domain averaged profile inside the canopy. Deep inside the canopy (z/h < 0.7), both
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Fig. 5 Comparison between (a) 2
predicted and measured mean r
streamwise velocity profiles,
(a) compared with 151
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LES and experiments show very steep velocity profiles decreasing rapidly. All the
profiles exhibit inflection points (maximum shear) around the canopy top, implying
hydrodynamic instability.

In Fig. 5b, the vertical coordinate is plotted in a logarithmic scale. The linear behav-
iour of the LES results above the canopy top is in accordance with the logarithmic
law. These profiles are shifted up with a displacement d, called the zero-displacement
height, away from the ground, i.e.,

Uz) = %m(z _d) (18)

20

The determination of d, however, is non-trivial. A regression analysis usually results
in errors of at least 25% (Bradley and Finnigan 1973) because of the insensitivity of
Eq. 18 involving a fit of three parameters, u., d, and zg. Since d can also be interpreted
as the mean level of momentum absorption by the canopy (Thom 1971; Jackson 1981;
Parlange and Brutsaert 1989), it can thus be estimated in the following approach,
h YW h
=f0hZ<MW >zdz%h_i <u/W/>dZ (19)
Jo <uw >;dz Us Jo

d

where the subscript z represents the derivative with respect to z, and u, is the friction
velocity at the canopy top, u, = /—{((@'w’);). Based on Eq. 19, the zero-displace-
ment heights, d, from the plant- and field-scale approaches are 0.714 (PS-1), 0.72h
(PS-2), 0.81% (FS-1), and 0.82h (FS-2), respectively. The difference between the two

@ Springer



Large-eddy simulation of plant canopy flows 193

Fig. 6 Energy spectra (a) 0?
immediately above the canopy

top (z/h =1.1) (a) Eyy; .
(b) Eww; (C) Eyy 107 Sy

PIV-temporal
F |——e—— PIV-spatial

approaches is a result of the difference between canopy drag models. The field-scale
approach tends to over-predict the canopy drag thus leading to a larger displacement
height d. However, both approaches are in agreement with typical values of d (ranging
between 60% and 80% of the canopy height as quoted by Brutsaert (1982) and Kaimal
and Finnigan (1994).

3.2 Energy spectra

Figure 6 shows the one-dimensional energy spectra of u/, v/, and w', E,,, E,y, and
E,,, with respect to the streamwise wavenumber, ky, at z/h = 1.1. The LES spectra
are first spatially averaged in the spanwise direction and subsequently time averaged.
The spectra of ' and w’ from the PIV measurements are also plotted in the fig-
ures (Ey, is unavailable for the PIV measurements). Energy spectra were calculated
from the PIV dataset by treating it as time series, invoking Taylor’s frozen turbu-
lence hypothesis, as well as by directly calculating the spatial energy spectra (see van
Hout et al. (2007) for details). The latter ranges between 15 < ki < 5 x 10? while
the PIV temporal spectra ranges between 1 x 1073 < k.4 < 3. The wavenumber
range covered by the LES fills the gap between the PIV temporal and spatial spectra.
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Fig. 7 Energy spectra above and within the canopy

The combination of spatial and temporal PIV measurements and LES allows us to
couple a wide range of turbulence scales. Note that the profiles of PS-1 and PS-2 col-
lapse, similarly FS-1 and FS-2 overlap. The plant- and field-scale approaches predict
the same spectral slopes for the respective three components within the overlapping
wavenumber range. The energy spectrum of the streamwise component, E,;,, has a
faster roll-off rate than —5/3 within the high wavenumber region. The same trend
was also observed in the Moga forest (Kaimal and Finnigan 1994). However, E,,,, and
E,, approximately follow the —5/3 scope This spectral trend is similar to, but weaker
than the trends observed inside the canopy (see Fig. 7b). This is likely because the
canopy drag is more efficient at extracting energy from the u component than from
the w and v components considering that « is much larger than w and v in magnitude
(resulting in a quadratic drag in u but linear in w and v in Eq. 12). Part of this energy is
not immediately dissipated but converted into kinetic energy of wake eddies behind
plant elements (leaves and stems), leading to a spectral shortcut or bypass process as
discussed in (Finnigan 2000). Note, however, that in the high wavenumber portions
of the PIV data, the roll-off trends are reversed: the E,,, spectra decay faster than
the E,;, ones (van Hout et al. 2007). The present LES does not resolve down to these
small scales, so we prefer not to speculate on possible reasons for the different trends.

Figure 7 shows the energy spectra farther above and at the middle of the canopy,
z/h = 2 and 0.5, respectively, by the plant-scale approach (Fig. 7a, b) and the field-
scale approach (Fig. 7c, d). Only the results of PS-1 and FS-1 are shown here since they
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Fig. 8 Profiles of normalized rms velocities, uy is the friction velocity at the canopy top

collapse with those of PS-2 and FS-2, respectively. No PIV data are available at these
elevations. In Fig. 7a, Ey,, ~ 3/4E,, within 4 < kyh < 10, indicating a turbulence
state close to local isotropy in the free airstream. The local isotropy above the canopy
is also observed in Fig. 7c within 3 < ki < 9 by FS-1. However, it is not observed deep
inside the canopy (Fig. 7b, d). At the middle of the canopy (z/h = 0.5), PS-1 shows
that E,, and E\,,, have a slower roll-off rate than E,,, for kyh > 10 (Fig. 7b). This is fur-
ther evidence that the canopy drag extracts more kinetic energy from the streamwise
velocity component to boost motions of wake-scale eddies. Figure 7d shows that FS-1
predicts a very rapid roll-off rate of the energy spectra inside the canopy, implying
that this approach overestimates the canopy drag at these scales. The small peaks in
Fig. 7b (more appreciable in E,;,) results from the spatial periodicity of the imposed
drag force in the flow field in PS-1.

3.3 Velocity standard deviation and skewness

Figure 8 shows the root-mean-square (rms) velocity profiles, e.g. 0, = v < t'? >, nor-
malized by the friction velocity at the canopy top, u,. The experimental data of Shaw
et al. (1974) and Wilson et al. (1982), and the present PIV measurements are also
shown in the figure. Within the corn canopy, the predictions of o, /u, and oy, /u, by
the plant-scale approach (PS-1 and PS-2) agree with the experimental data of Wilson
et al. (1982), while the field-scale approach (FS-1 and FS-2) underpredicts both o, /1,
and oy, /u,. Near the ground, the result of FS-2 is closer to that of PS-1 than FS-1 for
oy. For z/h < 0.7, 0, decreases quickly with depth and remains at a finite value of 0.5
very close to the ground. The spanwise component (o) shows the same features as
oy, and is not shown here. The roll-off rate of o, immediately below the canopy top is
less steep than that of o,,. This implies that the horizontal moments are damped more
efficiently than the vertical ones by the canopy drag inside the canopy. At the canopy
top, the field-scale approaches predict values of 1.7 and 1.2 for o, /u, and oy /u.,
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Fig. 9 Skewness factor of streamwise and vertical velocity components

respectively. FS-1 and FS-2 show the same value of 1.7 for o,,. FS-1 shows a smaller o,
value of 1.0 while FS-2 predicts the same value as that by PS-1 and PS-2. The PIV data
show, respectively, 1.8 and 1.1, and they are 1.9 and 1.15 from the measurement of
Shaw et al. (1974), whereas the data of Wilson et al. (1982) show a larger value of 2.3
for o, /u, and a consistent value of 1.2 for oy, /u,. The gap-averaged data (PS-1-GA)
are 5-20% larger than the PS-1 data. Above the canopy, the numerical predictions
of 0, are lower than the experimental data. The PS-1-GA profile collapses with the
PS-1 profile above the canopy top, indicating the homogeneity of turbulence above
the canopy.

Figure 9 shows the skewness of streamwise and vertical velocity components, e.g.
S, =<uP> /03. Above the canopy, all numerical cases predict similar S, and S,,
profiles, and their agreement with the PIV measurements is fair. Since no data are
available from Shaw et al. (1974) and Wilson et al. (1982), we plot the data from a pine
forest (Amiro 1990) and in a wind-tunnel study (Raupach et al. 1986), for reference.
The published data of velocity skewness shows considerable scatter inside the canopy
(see Finnigan 2000), probably due to canopy morphological differences and insuffi-
cient sampling conditions to reach higher moment statistical convergence. There are
also significant differences inside the canopy between the plant- and the field-scale
predictions. The prediction by the plant-scale approach (PS-1 and PS-2) is close to
the measurement data of the pine inside the canopy. Below z/h = 0.7, FS-1 predicts
a nearly constant S, (weakly negative) and S,,. At z/h = 0.65, FS-2 shows a negative
peak of S, where PS-1 and PS-2 show positive peaks in agreement with experimental
data. All simulation cases show negative S, inside the canopy, as do the experiments.
The field-scale predictions of S, (FS-1 and FS-2) are only slightly negative while the
plant-scale predictions (PS-1 and PS-2) are much larger and show peaks near the
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ground (z/h = 0.15). The positiveness of S, and negativeness of S,, have been shown
in many different canopies (Finnigan 2000), indicating strong downward momentum
penetration into canopies.

3.4 Vertical structure of momentum flux, correlation coefficient and Smagorinsky
coefficient

In Fig. 10 the vertical profiles of Reynolds shear stress (momentum flux), — <u/w'>,
normalized by u?2 are plotted. The experimental data of Shaw et al. (1974) and Wilson
et al. (1982) are also shown in the figure. Note that only the results of PS-1 and FS-1
are shown here since they are almost identical to those of PS-2 and FS-2, respectively.
The PIV results are shown here because it is difficult to obtain accurate u, when
the measurement stations are away from the canopy top. The momentum fluxes pre-
dicted from the present LES are the sum of resolved-scale Reynolds stress and the
SGS component, <1y, >, where 1, is negligible except around the canopy top (not
shown here).

Within the corn canopy, the prediction by PS-1 agrees with the experimental data
better than that by FS-1. Above the canopy, both simulations show that the mean
shear stress linearly decreases to the zero value imposed at the top boundary of the
computational domain. A similar shear-stress profile was observed in the wind-tunnel
experiment of Seginer et al. (1976), probably due to a finite value of pressure gradient
existing in the windtunnel. Many field experiments have observed a constant stress
layer above canopies, similar to the data of Shaw et al. (1974) shown in the figure.
As in most previous large eddy simulations of canopy flows, the shear-free boundary
condition imposed at the top boundary and the mean pressure gradient forcing leads
to a linear mean momentum flux profile starting immediately above the canopy. This
differs from the more nearly constant flux layer observed in the field. This discrepancy
can only be remedied with a much larger but unaffordable computational domain, or
by modifying the forcing schemes (e.g., Su et al. 1998). These options are outside the
scope of the present paper. The expectation is that other turbulence statistics inside
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the canopy are not affected significantly by this difference in shear stress profile above
the canopy.

The wall stress is negligible compared to the shear stress at the canopy top, implying
that the horizontal momentum is mostly absorbed by the canopy. This fact also implies
that the bottom boundary condition of the wall stress (imposed with the law-of-the-
wall) exerts little effect on turbulence structures above the canopy. The observation
of the very weak momentum flux (Fig. 10) and the finite value of velocity variance of
oy (Fig. 8) near the ground suggests that there exists some kind of “sloshing” motion
deep inside the canopy, which is inactive in transporting horizontal momentum, thus
also called “inactive motion” by Bradshaw (1967).

Figure 11 shows the correlation coefficient, r,,, =< u'w’ > /o0y, which is usually
used to measure the efficiency of momentum transport. The results of FS-2 agree with
those of FS-1 inside the canopy but match those of the plant-scale simulations above
the canopy. The predictions by the plant-scale approach (PS-1 and PS-2) agree well
with the experimental data of the present PIV and Shaw et al. (1974). At z/h = 0.8,
all cases predict peaks, —0.65 by FS-1 and -0.55 in all other cases, consistent with the
experimental data of —0.58 (Shaw et al. 1974). The peak point of r,, implies that
turbulence is the most efficient in transporting momentum at this elevation. Below
this elevation, r,,, attenuates rapidly, another evidence of inactive motion deep inside
the canopy. Well above the canopy top, r,, predicted by the plant-scale approach
(PS-1 and PS-2) shows a nearly constant value, —0.4.

Figure 12 shows the dynamic Smagorinsky coefficient C; calculated in terms of Eq.
6 and then averaged in time and horizontal planes. The predictions by FS-2 has a sim-
ilar pattern to that in Fig. 11, i.e., it follows FS-1 inside the canopy but the plant-scale
cases above the canopy. Above the canopy top, Cs has constant values of 0.23 for
FS-1, but varies slightly about 0.16 for all other cases. The difference between FS-1
and FS-2 above the canopy may be due to the relative large grid spacings in FS-1
and that the scale-dependent lagrangian dynamic model may have some sensitivity to
large grid size. This needs further investigations. PS-1 and PS-2 predict a small peak
immediately above the canopy, but Cs remains near 0.16 below the canopy (not near
the ground). However, Cy decreases sharply below the canopy top in FS-1 and FS-2.
All the cases have a rapid decrease near the ground (z/h < —0.15), demonstrating
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Fig. 12 Vertical profile of
mean dynamic Smagorinsky
coefficient <Cy>

z/h

0.3

that the scale-dependent dynamic Lagrangian model predicts the near-wall damping
effect.

3.5 Instantaneous velocity fluctuation field

Turbulent flows over canopies are characterized by intermittent sweep and ejection
motions as demonstrated by many experimental studies. Figure 13 shows the instan-
taneous fluctuating velocity field (u” and w”) at two x — z vertical planes of jy = 25
(or y/Ly, = 0.38) and 37 (or y/L, = 0.56), where jy is the grid index in the y-
direction. Only the results from PS-1 and FS-1 are shown here, since the observed
patterns of turbulent structures are similar to those of PS-2 and FS-2, respectively.
In PS-1, these two planes lie in the middle of the wide and narrow gaps between
two neighbouring plant rows, respectively (as shown in Fig. 13e). Figure 13a (PS-1)
shows strong Q4 (sweep) events, which are weakened by the closely surrounding
plants as shown in Fig. 13c (PS-1), indicating, not surprisingly, that the downward
gusts penetrate more easily into the wide space between the canopy plants. Q2 (ejec-
tion) events are shown in Fig. 13c, but are of smaller magnitude than the Q4 events
in Fig. 13a. Figure 13b, d (FS-1) also show sweep and ejection events around the
canopy top. The most prominent phenomenon shown in Fig. 13 is that the plant-
scale approach predicts the deep penetration of the gust into the canopy (Fig. 13a)
which is not observed in the field-scale approach. This is additional evidence that the
field-scale approach is a less accurate method to predict turbulence structures inside
the canopy. The ejections and sweeps are the important mechanism of momentum
transfer. Figure 13 shows that the momentum transfer between atmosphere and can-
opy occurs mostly around the canopy top. Different from a turbulent wall boundary
layer where ejections contribute most to the momentum flux (above the buffer layer)
(Lu and Willmarth 1973), Fig. 13 and many other instantaneous fluctuating velocity
field views (not shown here) suggest that sweeps are the dominant contributor to the
momentum flux inside the canopy. Turbulence in the plant canopy simulated by the
plant-scale approach is further studied in a detailed quadrant-hole analysis of canopy
turbulence in a followup paper (Yue et al. 2007). Finally, we remark that some initial
simulations using plant-scale representations but with the wind direction shifted by
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Fig. 13 Instantaneous fluctuating velocity at two xz vertical planes with jy = 25 (or y/Ly = 0.38)
((a) for plant-scale and (b) for field-scale) and 37 (or y/Ly = 0.56) ((¢) for plant-scale and (d) for
field-scale). The dashed line represents the top of the canopy. (e) Schematic of locations of extracted
planes for the plant-scale case

30° from the plant row direction have also been performed. Preliminary results (not
shown) indicate that the depth of penetration of turbulence into the canopy is still
more pronounced in this case than in the field-scale simulations, in which the canopy
structure has no preferred direction.

4 Summary and Conclusions

Large-eddy simulations of turbulent flows over a corn canopy have been performed
to investigate how to best represent the plant architecture and spatial arrangement.
A new numerical representation of canopies, termed as “plant-scale” (PS) approach,
is presented in this paper. The PS approach takes into account the heterogeneity
of the canopy field, and the approximate features of individual plants are resolved.
Numerical simulations based on the traditional “field-scale” (FS) approach are also
conducted for comparison. To test the sensitivity of the numerical models on the
computational domain size and the grid resolution, four simulation cases have been
conducted. The computational LES results are compared with those of previous field
experiments and recent PIV field measurements. The mean velocity and mean shear
stress predicted by the FS approach are generally comparable to those obtained by the

@ Springer



Large-eddy simulation of plant canopy flows 201

PS approach and to the experimental data. Conversely, the FS-approach’s predictions
of rms velocity, streamwise velocity skewness, and correlation coefficient are not as
good as those of the PS approach based on comparison with the experimental data.
In general, we can conclude that the plant-scale approach shows better performance
in prediction of canopy turbulence than the field-scale approach. The predictions of
energy spectra by both the FS and PS approaches show excellent agreement with
the field experimental data available at various wavenumber ranges near the canopy
height. Inside the canopy, the FS spectra show more rapid roll-off near the cutoff
wave-number as compared to the PS results.

The mean velocity profiles show maximum shear around the canopy top, providing
the main production of canopy turbulence. The present numerical models predict a
displacement height consistent with the typical range observed in other canopies. The
slight differences may be attributed to the high leaf area index of the present corn
field, although the differences are within the measurement uncertainty. The analysis
of energy spectra within and above the canopy indicates that the canopy drag extracts
more kinetic energy from the u’ component and converts it into motions of wake-scale
eddies behind plant elements. The combination of LES and the PIV temporal and
spatial measurements provides a wide scale range of turbulence structures.

The prediction of the velocity variances by the plant-scale approach shows good
agreement with the experimental data within and above the canopy. The plant-scale
approach also yields a good agreement of the vertical profiles of the mean momentum
flux with the experimental data. The mean momentum flux decreases almost expo-
nentially within the canopy and linearly above the canopy. The observation of a very
weak shear stress and a finite value of velocity variance o, near the ground suggests
the existence of inactive motions deep inside the canopy. All the simulations predict
peaks of correlation coefficient at the same location within the canopy (z/h = 0.8),
indicating that the most efficient location of transporting momentum by turbulence
is a bit below the canopy top. The fluctuating instantaneous velocity fields visualize
the turbulence sweep and ejections events, suggesting that the sweeps are the major
contributor to the momentum flux. The field-scale results show excessive damping of
deep penetrating gusts into the canopy, suggesting that the plant-scale approach is a
more appropriate method to investigate turbulence structures within the canopy.
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