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Abstract

Large-eddy simulations described here have included the effect of canopy drag through the depth of a plant canopy.
Specifically, we have considered the simulation of flow through a forest. Drag forces enter the simulation with the inclusion of
form and viscous drag forces in the momentum equation. In addition, we have carried a variable to represent the kinetic energy
(KE) associated with the turbulent wakes behind canopy elements. Assigning typical dimensions to canopy drag elements and,
hence, to the scale of wake turbulence, we have evaluated wake effects on the dissipation process and on subgrid-scale (SGS
energy arising from the cascade of resolved-scale energy. Despite the fact that the rate of conversion of resolved-scale kinetic
energy to wake energy is large, and the observation that wake energy is comparable with SGS energy, an effective diffusivity
for wake turbulence can be ignored when calculated from wake-scale kinetic energy and a length scale based on element
dimension. Thus, it is unnecessary to carry a wake energy variable in the simulation. On the other hand, it is very important
that the process of conversion of SGS energy to wake-scale energy be included in the simulation because the action of wakes
is to enhance the dissipation of SGS energy. Viscous drag appears to be of little consequence, at least in our calculations
where elements are considered as flat plates and fully exposed to the grid-averaged flow.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction reveal features of the momentum exchange and turbu-
lence structure that are quite dissimilar from typical
While recent tower and mast studies in agricultural wall shear layer flows. In particular, the correlation
crops and forests have yielded fascinating details of between streamwise and vertical velocitieg,, at the
the structure of the turbulent aspects of air flow, field canopy top is usually substantially larger in magni-
observations are necessarily limited with regard to tude, implying more efficient exchange of momentum.
documenting the three-dimensional aspects of the Quadrant analyses=ipnigan, 1979; Shaw et al.,
flow. The penetrable roughness of a plant canopy 1983 show that the downward sweep of high momen-
imposes direct and crucial influences on the mean tum air provides a greater contribution to exchange
and turbulent parts of the wind field. Field studies of than does the ejection of low momentum air, in con-
canopy flow (e.gFinnigan, 1979; Shaw et al., 1983 trast to surface layer flow over smoother terrain in
which the two contributions are of similar magnitude,
* Corresponding author. Tels1-902-634-3019. or in which ejections dominaté&R@upach, 1981 The
E-mail address: rhshaw@ucdavis.edu (R.H. Shaw). contrast between the pattern of turbulence away from
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(a)

d)

Fig. 1. Locus of that, w’ velocity perturbation during a 30 min period at the Camp Borden forest site at two heights: (a) 2.4 times treetop
height, and (b) 0.86 times treetop height.

the canopy and in the vicinity of the top of the stand forest site Shaw et al., 1988 Here,u and w refer

is illustrated clearly inFig. 1, which shows a 30min  to the streamwise and vertical velocity components
trace of the locus of the end point of the w’ fluc- and the primes designate a departure from the mean
tuating velocity vector at two heights at a deciduous value. Theu- andw-velocity signals near treetop level
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exhibit substantially stronger correlation (correlation drag coefficient, and the local instantaneous velocity.
coefficient= —0.55) than those at twice the canopy Leaves and branches also create small-scale turbu-
height (correlation coefficient —0.30), and contain  lence in their wakes. An important question arises
an asymmetry not present at the higher level. regarding this wake-scale turbulence in a large-eddy
Such analyses provide a strong implication of simulation. Is its main action to contribute to the
structure to turbulence but yield no explicit infor- pool of subgrid-scale (SGS) energy, or does it have
mation regarding spatial and temporal coherence. the overall effect of enhancing kinetic energy dis-
Micrometeorological studies of a forest IBenmead sipation and reducing both SGS and resolved-scale
and Bradley (1985Wwere among the first to illus-  energy? How wake turbulence is treated will strongly
trate the presence of coherent flow structures thatinfluence SGS energy within such numerical simu-
dominate the exchange process. The picture was fur-lation, and will establish the relative importance of
ther clarified byGao et al. (1989Wwho presented a  resolved-scale and SGS processes within the canopy.
streamwise-sectional view of an ejection/sweep struc- We discuss these issues and present results of a set of
ture by invoking Taylor's hypothesis and inferring simulations aimed at estimating the contributions of
the streamwise spatial pattern from time traces of a wake-scale effects to canopy turbulence.
vertical array of sonic anemometer/thermometers in a
deciduous forest. A sloping scalar microfront appears
at the interface between a downwind ejection of low 2. Wake turbulence and the unresolved scales
momentum air from within the forest, and an upwind
sweep of high momentum air. Proper treatment of spatial averaging in the formu-
Without concurrent information in the lateral lation of the set of first and second-moment equations
direction, no inference can be made about the three- that govern canopy flowWilson and Shaw, 1977;
dimensional and vorticular properties of canopy Raupach and Shaw, 1982; Finnigan, 198&sults in
turbulence. Likewise, without the ability to follow the appearance of a form drag term in the turbulent
structures as they are carried by the flow, no infor- kinetic energy (TKE) equation that represents the
mation is gained about the temporal evolution of conversion of mean flow kinetic energy to wake-scale
coherent structures. This provided the impetus to energy.Shaw and Seginer (198pyesented a frame-
apply numerical procedures in an attempt to mimic work for discussion of the influence of wakes on
observed canopy turbulence. Large-eddy simulation Reynolds-averaged TKE, and arrived at the conclusion
has been a valuable computational tool for the inves- that turbulence created in the wakes of plant elements
tigation of numerous geophysical flow scenarios. The is of sufficiently small-scale that it dissipates rapidly,
technique has also been successful in replicating the effectively short-circuiting the inertial cascade pro-
main features of canopy flonShaw and Schumann, cess.Wilson (1988)expanded on this concept in the
1992; Su et al., 1998both statistically and in terms  formulation of a higher-order closure model of flow
of reproducing ejection/sweep patterns and scalar through vegetation, in which separate equations were
microfronts. However, questions remain with regard carried for turbulence created by large-scale shear and
to the treatment in LES of the dynamical influence small-scale turbulence generated in element wakes.
of individual canopy elements in transferring kinetic Turbulent motions are themselves impeded by drag
energy (KE) to scales comparable to element dimen- elements and there is a spectral transfer of the kinetic
sions and, to date, such processes have been handlednergy of large-scale turbulence to that associated with
in a rather ad hoc fashionShaw and Schumann, wake-scale motions. Thus, distributed drag elements
1992; Kanda and Hino, 1994 within a canopy accelerate the dissipation process.
Since, in general, individual elements of the Computational turbulence in a large-eddy simula-
canopy are not directly resolved by the numerical tion is classified as either resolved-scale or subgrid-
grid array, drag effects must be parameterized. Thus, scale, where band separation is set by the filter choice.
in the resolved-scale momentum equation, the in- In our simulation, we do not explicitly filter in the ver-
fluence of the canopy elements appears as a dragtical direction and thus the band separation in this di-
force constructed from an element area density, a rection is defined by the grid dimension. For example,
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with 10 grid levels through the depth of the canamy,

ers place much emphasis on the proper construction

the smallest resolved-scale of motion has a dimension of SGS models with the simple Smagorinski model

of 0.2 h. On the other hand, typical canopy elements
can be two orders of magnitude smaller again. In the
simulation we present here, which is intended to rep-

criticized for being too strongly dissipative, especially
in the vicinity of boundaries and for not allowing
backscatter (upscale transfer) of kinetic energy. While

resent a 20 m tall forest, a wavelength of 4 m separatesthese criticisms are thought to be generally valid,

resolved and SGS motions, while the characteristic
dimension of individual elements of the canopy might
be only 0.1m. In general, the only aspect of plant

we contend that for simulation of flow in penetrable
roughness a more important consideration is the cor-
rect treatment of wake effects, since they are respon-

distribution treated explicitly is the one-dimensional
vertical profile of leaf and branch area density.
Wake-scale energy is clearly subgrid-scale, and it is
important to evaluate its contribution to SGS energy.
It can be readily shown that very substantial amounts 3. Form and viscous drag forces
of kinetic energy are transformed into wake scales
as the mean and turbulent parts of the resolved-scale The presence of the canopy creates a balance of
flow perform work against drag elementRaupach forces with drag appearing in the momentum equa-
and Shaw, 1982 It might not be immediately clear tion. Drag consists of two components: (i) form or
how to treat turbulence at this scale. One option pressure drag, and (ii) viscous drag or skin fric-
would be to combine it with SGS energy arising tion. We are not aware of attempts to separate these
through the action of SGS viscosity on resolved-scale two components in ensemble average models or in
shear in a cascade process. The problem this presentsnicrometeorological applications of LES. In fact,
is the potential disparity in scales between energy implicit in an acceptance of a constant element drag
arising from the two sources. One could imagine sim- coefficient is the assumption that the obstruction to
ilar contributions to the kinetic energy in unresolved the flow is composed solely of form drag. We add a
scales from inertial cascade and from wake motions second component to the drag force in the momen-
but the much smaller wake scales would contribute tum equation to represent viscous drag through a
much less to SGS viscosity, and the energy at the drag coefficient that is dependent on a drag element
wake scales would dissipate much more quickly. By Reynolds number. The impact of such additional
holding wake-scale energy as a separate energy poolcomponent of the drag is to increase the effective drag
in our large-eddy simulation, we are able to evaluate at low wind speeds but to have little impact at high

sible for the spectral transfer of very large amounts
of turbulent energy and are strongly dissipative.

the magnitudes of terms in the budgets of the var-
ious kinetic energy pools, the relative contributions
to total kinetic energy, and the relative importance of
different scales to the diffusion process.

We discuss the impact of drag elements within a
large-eddy simulation. Such simulation includes the
shear production of turbulent kinetic energy that arises
automatically within the simulation due to the dy-
namic instability of the computed flow field (there is
no explicit treatment of resolved-scale TKE, as in an

speeds.

We assume that form drag is proportional to the
square of the local wind speed, and that the Blasius
relationship Schlicting, 1968 holds for the skin
friction component. A continuing problem in the
specification of the drag coefficient for an element
embedded within a foliage canopy is that the element
usually lies within the shadow of upwind elements,
and its effectiveness as a drag element may be sub-
stantially reduced. Thus, estimates of element drag

ensemble average “closure” model). LES incorporates coefficients based on calculations of momentum bal-
the spectral transfer of resolved-scale TKE to SGS en- ance within canopies yield values that are consider-
ergy through the action of SGS eddy viscosity on the ably smaller than those deduced from exposure of
resolved-scale velocity shear. Viscous dissipation ap- individual elements in wind tunnelsTiiom, 197).
pears in the SGS energy equation and is parameterizedTo match observations in a deciduous foreShgw
according to the magnitude of SGS energy and alength et al., 1983, we have selected a form drag coeffi-
scale normally set by the filter width. LES practition- cient of 0.15. To the form drag, we have added an
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extra term to represent viscous drag in the following 4. Wake-scale kinetic energy

manner

The action of element drag on airflow through the
Fi = =(Ca+ G au v (1) canopy is handled by the prgesence of the drgg term
where F; is the drag force (per unit mass) in the F: in the momentum equation. In terms of kinetic
x;-direction,Cq a form drag coefficientCs; an equiv- energy, the form drag component induces turbulence
alent coefficient to represent the effect of skin friction, scales comparable to the individual drag elements
a area density of drag elements, the x; -component (from both mean flow and resolved-scale turbulence).
of velocity, andV the total wind speed. Since viscous Opinions differ on how to treat such wake-scale KE.
drag is not proportional to the square of the fluid One option is to consider wake scales as comparable
velocity, the coefficient is not constant, asQg, but to the predominant subgrid-scales, in which case it is
can be expressed as a function of a Reynolds num-appropriate to consider wake production as a process
ber R based on element dimensidp and the local, contributing to SGS KE. The dissipation of such en-
instantaneous resolved-scale velocity. For flow over €rgy should then be treated in the traditional manner
a flat plane oriented parallel to the flow, the Blasius With a scale set by the filter width. On the other hand,

solution for the skin friction coefficient is if drag element dimensions are significantly smaller
1328 2326 than the filter width, it is ina}ppropriate to combine
Cst = ﬁ + R 2 wake scale and SGS energy in the same category. The

smaller scale wake turbulence should dissipate more
However, for Reynolds numbers appropriate to leaves quickly, and it is necessary to handle such kinetic
in tree canopies exposed to typical atmospheric flows, energy separately.
the second term on the right-hand side of this ex-  Further, if there is a large disparity in scale be-
pression is at least an order of magnitude smaller tween these two categories of unresolved motion, it
than the first term, and we chose to neglect it. In our would be appropriate to consider that SGS motions
simulations, we have made no attempt to describe themselves interact with the canopy such that SGS
the canopy in terms of a spatial array of elements of energy cascaded from resolved-scales is further trans-
different size, as would be found in a real stand of formed into wake-scale KE (which dissipates rela-
vegetation, but have assumed that a single elementtively quickly). The latter idea led to the formulation
dimension is dominant. of the SGS model irBhaw and Schumann (199)

The application of a coefficient, determined for a which no account was taken of the energy content of
flat plate parallel to the flow, to leaves and branches wake-scale motions, and in which a term was intro-
in natural vegetation is questionable. However, po- duced to represent conversion of SGS energy to wake
tential errors are of opposite sign and to some extent KE. This term acted in the SGS energy equation as
self-canceling. Since leaves are not flat and are gen-an additional dissipation process.
erally not oriented parallel to the flow, the drag co- Here, we carry separate conservation equations for
efficient is likely to overestimate skin friction. On the SGS energy and wake-scale kinetic energy, acknowl-
other hand, individual leaves are exposed to airflow edging that wake-scale energy is also subgrid-scale.
substantially lower than the volume mean flow, sug- Each conservation equation includes all appropri-
gesting that the coefficient should be higher. Without ate processes as identified in the schematic diagram
further guidance on this issue, we adopted the aboveof Fig. 2 This diagram is created in the style of
expression as it stands. The net result of the addition Shaw and Seginer (198%nd Wilson (1988) In a
of a constant form drag coefficient and a Reynolds Reynolds-average closure model, second-moment
number dependent skin friction coefficient is a com- equations are carried for all turbulence scales but in
bined drag coefficient/Reynolds number relationship a large-eddy simulation, turbulence evolves through
of a form similar to that commonly used to repre- a direct solution of the time-dependent Navier-Stokes
sent the drag of cylinders or spheres (&ghlicting, equations and a budget for resolved-scale TKE is
1969, when compensation is made for the influence obtained diagnostically. Thus, in the simulation,
of aerodynamic shading. there is no explicit separation of mean flow and
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Fig. 2. Schematic of the processes that convert resolved-scale
kinetic energy to subgrid-scale, wake scale, and ultimately to
internal energy. Mean flow and resolved-scale turbulence are not
treated explicitly but can be determined diagnostically from the
LES output. Subgrid-scale and wake-scale turbulence are outputs
of the LES. The numbers identify the various physical processes
of energy exchange.

resolved-scale kinetic energy, as suggested by the
diagram.

5. Subgrid-scale and wake-scale energy
equations

The SGS energy equation takes its usual form,
except that SGS energy is subject to the influences
of form and viscous drag. Our simulation includes
the integration of a prognostic equation for the SGS
kinetic energy Deardorff, 1980. With the above
considerations, we write this equation in the form

de ol 0 de )
)

o ox, T om (Ka—
— & — &fd — Esf
where the terms on the left-hand side are the local rate
of change of SGS energy and the advective rate of
change by the resolved-scale flow (as indicated by the
tilde). In order of appearance on the right-hand side,
terms represent: (i) energy cascade from resolved-
scale to SGS, (ii) SGS and wake diffusion of SGS
energy Ky is diffusivity), (iii) free-air dissipation,
(iv) enhanced dissipation in element wakes, and (v)
direct dissipation in viscous-boundary layers.

The third term on the right is the dissipation that
would occur in the absence of the vegetation elements.
It is parameterized in the usual manner in the form
3/2

uj

cee

LA

&

(4)
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wherel,, is a length scale set by the grid dimension,
and is defined later5g. (9). The coefficient, is set
to 0.93 according tdVloeng and Wyngaard (1988)
It can be argued (J.J. Finnigan, personal communica-
tion) that selected values of bath andCg (the latter
to be defined later) are inappropriate for canopy flow,
since Moeng and Wyngaard based their evaluation of
the constants on the assumption of an inertial subrange
with a slope of—5/3. Since energy is also extracted
by canopy drag and the spectrum is expected to fall
off more quickly, one should not anticipate the usual
power law relationship. Nevertheless, in order to ap-
ply coefficients that retain constant values both in the
free air above the canopy and within the vegetation el-
ements, we accepted the Moeng and Wyngaard values.
The rate of conversiore{y) of SGS kinetic energy
to wake-scale kinetic energy is calculated as the work
performed by SGS motion against form drag. It is
obtained by first forming individual budgets for the
grid-volume average variance of each SGS velocity
component from the momentum equation with form
drag included. On the assumptions that SGS turbu-
lence is isotropic and non-skewed (to eliminate third
moments), this energy transfer rate becomes

&id = %Cda{/e (5)
whereV is the magnitude of the resolved-scale velo-
city

V= (@ + 92 + %32 (6)
andeis SGS kinetic energy. The procedure for obtain-
ing this energy transfer rate is comparable, to that used
in Wilson (1988) where the expression was applied
to estimate the transfer of ensemble-average TKE to
wake-scale energy. This additional dissipation term is
also equivalent to that incorporated into the simulation
of Shaw and Schumann (1992yho added a second
loss term—2e/r to the SGS energy equation to ac-
count for the effect of element wakes. Herés a time
scale for the drag that was set equal f@da V. Thus,
Shaw and Schumann (1992¢luded a term identical

to ¢fg above but with a factor 2 rather than 8/3.

The action of skin friction is to make a direct
transfer of SGS energy to internal energy. The effect
is represented by the third dissipation teegp for-
mulated in a manner identical to that ef; except
with the Reynolds number dependent skin friction
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drag coefficienCg; substituted for constant form drag
coefficientCy.

An analogous expression is used to calculate
wake-scale energg,, arising as a result of the form
drag of canopy elements. We apply this in the follow-
ing manner

. dew

dew CaaV® + SCqa¥
—_— u = a - ave
ar Moy T 3 d

()

where terms on the right represent, in order: (i) wake
energy “production” as a result of form drag on the
resolved-scale flow, (ii) transfer of SGS energy to
wake-scale energy{y in the SGS energy equation),

(iii) diffusion by SGS and wake-scale turbulence, and
(iv) viscous dissipation of wake-scale energy. This lat-
ter is determined using the free-air formulation (as for
dissipation of SGS energy) but with the length scale

11

where the deltas are the grid dimensions. The factor
1.5 multiplying thex- andy-dimensions arises since
we truncate the top one-third wavenumbers in these di-
rections to eliminate aliasing errors introduced through
spectral differencing, and to define the sub-filter scale.
The numerical methods used to perform these simu-
lations will be discussed further iBection 7 In the
present situation, the viscosity must also include the
contribution of wake-scale energy. It has been demon-
strated to us (M.R. Raupach, personal communication)
that the diffusivities of two uncorrelated turbulence
fields are linearly additive, such that

1/2

Km = Cx(£ae¥/? + trey)”) (10)

where ¢; is a length scale set by the element
dimension, andy,, is wake-scale kinetic energy. The
coefficient Cx was set to 0.1 followingDeardorff
(1980)andMoeng and Wyngaard (1988)

The subgrid-scale Reynolds stress is estimated as

representative of canopy element dimension, such thatthe product of this SGS viscosity and the resolved-

2
Cee\?v/

. ®)

The normally small dimension of canopy elements
(relative to the grid size) would ensure the rapid dis-

Ew =

sipation of energy at these scales. In the extreme case
that the element dimension matches the grid spacing,

the impact of cascading energy from SGS to wake

scale velocity shear such
d;  di;
tj=—Km| 7=+ -—
0x;

11
3, (12)
wherei; is resolved-scale velocity. The divergence of

this SGS Reynolds stress appears in the resolved-scale
momentum equation. As stated earlier, this formula-

scale would be zero, since wake-scale energy would tion has been criticized for being excessively dissipa-

dissipate at the same rate as SGS energy. Strictly,

Eq. (7) should include a term that represents the in-
teraction of wake-scale motion with the viscous drag

of downstream elements. Experience has shown that
viscous drag effects on small-scale turbulence are

negligible (see later discussionfeiy. 4), and we have
chosen not to include this additional complication.

6. Subgrid-scale and wake-scale viscosity

In a large-eddy simulation, unresolved motions feed
back to the resolved-scale flow through the action of
a subgrid-scale viscosity. In thgeardorff (1980)er-

tive and to result in near-wall wind profiles that do not
match the expected semi-logarithmic form. However,
the presence of a canopy creates an elevated shear
zone where shear production is strongest, and the flow

in the immediate vicinity of the lower boundary is

of little consequence. In addition, canopy drag is the
dominant dissipation process and details of SGS dis-

sipation are believed to be of secondary importance.

7. Computational methods

The numerical method is based on the scheme of
Moeng (1984)and Moeng and Wyngaard (198&nd

sion of this parameterization under neutral stability jneqrates a set of three-dimensional, filtered Navier-
conditions, as used here, the viscosity is formulated g;qes equations under the Boussinesq approximation,

from the SGS energy and a length scéle set by the
grid dimension

£a = (L5A; x 1.5A, x Az)l/3 ©)

with additional terms to represent form and viscous
drag of canopy elements. A pseudospectral differenc-
ing technique is employed for horizontal derivatives,
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and a second-order centered-in-space finite differenceforce aligned in thex-direction such that the, z

scheme determines vertical derivatives. To eliminate cross-section average wind velocity equals 1m/s.

aliasing errors introduced by the pseudospectral tech- Thermally neutral conditions are preserved through-

nigue applied in the horizontal directions, and to define out all simulations. Runs were performed with values

the separation between resolved- and sub-filter scaleof ¢; equal to 0.05, 0.1, 0.2, 0.4, and 1.0 m.

motions, we impose a wave-cutoff filter by truncating Based on domain-averaged turbulent kinetic en-

the highest one-third wavenumbers. Incompressibility ergy, equilibrium was reached after approximately

is forced by forming a Poisson equation for pressure 1000 time steps. For each run, 10 data sets were

from the divergence of the momentum equation. A saved for analysis every 200 steps starting from 2200

third-order Runge-Kutta scheme is used to advance inand ending at the 4000-timestep point. Statistics

time as inSullivan et al. (1996)Periodic boundary = were composed from these 10 time steps and from

conditions are imposed in the horizontal directions. the 96 x 96 grid points in each horizontal plane.

Further details of the methodology may be found in Time steps were variable but averaged 0.56s. Thus,

Patton et al. (1998) the period over which statistics were formed translates
The domain comprises 9696 x 30 equally-spaced  to a little over 1000s in real time.

grid intervals in thex-, y- and z-directions. A vege-

tation canopy representing a 20 m tall forest occupies

the lowest 10 grid points, with a vertical array of 8. Results and discussion

area density identical to that @fwyer et al. (1997)

and which integrates to a leaf area index (LAI) of The objective of this study has been to gauge

2.0. Flow is maintained by a domain-uniform driving the impact of canopy element drag on SGS energy,
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Fig. 3. Vertical profile of normalized turbulent kinetic energy normalizedulﬁy(solid curve), and its constituents: (long dash line),
resolved-scale flow field; (dash-dot line), SGS energy; (short dash line), wake-scale kinetic energy. Calculations were performed with an
element dimension of 0.1 m.
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and to evaluate the diffusive powers of wake-scale  Assigning a length scale of 0.1 m to the canopy
turbulence. To these ends, we present the contribu-elements, as in the case shown, results in SGS and
tions to turbulent energy of resolved-scale, SGS, and wake-scale energy making roughly equal contributions
wake-scale energy, and the budgets of SGS energy andhrough the depth of the forest. Wake-scale energy falls
of wake-scale energy. We also compare the content of off quickly above treetop level, where it only remains
these two turbulent energy pools with resolved-scale above zero because of transport by the resolved-scale
turbulent kinetic energy, and compare the effective and SGS turbulence. The outcomes of runs with larger
diffusivities of resolved-scale, SGS, and wake-scale element scales are not shown. Basically, the results
energy. show little impact on the total TKE but progressively
Fig. 3presents a vertical profile of turbulent kinetic increasing contributions to TKE from wake scales
energy and the three spectral components of which it until, with a dimension of 1 m, wake-scale kinetic en-
is comprised. The TKE is normalized by the square ergy in the middle and lower canopy makes as large
of the friction velocity calculated from the Reynolds a contribution as the resolved-scale flow field. The
stress at the canopy top. It increases from the surfacelarger element scale does not affect the rate of produc-
by an order of magnitude to reach a maximum value tion of wake-scale energy but reduces, in proportional
of about 3 just above treetop height. By far the largest manner, its rate of dissipation.
contribution is that of the resolved-scale flow. The Fig. 4 shows a vertical profile of the terms in
logarithmic scale allows us to examine in more detail the budget of subgrid-scale energy for a foliage el-
the small contributions made by SGS and wake-scale ement dimension¢s of 0.1m. SGS motion gains
energy. Within the canopy, each is a factor of about kinetic energy from the action of SGS turbulence on
10 smaller than the resolved-scale flow contribution. resolved-scale shear, peaking at the canopy top with
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Fig. 4. Budget of SGS kinetic energy normalized:yfk: (heavy solid line), energy cascade from the resolved flow (process 2); (long dash
line), SGS dissipation (process 3); (thin solid line), transfer of SGS energy to wakes (process 6); (short dash line), diffusion by resolved
and subgrid-scale motions.
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a magnitude of a little over a non-dimensional value Similar calculations of the SGS energy budget were
of 2. Above the vegetation, viscous dissipation is the performed for each of the element dimensions consid-
only sink of SGS energy. As seen, diffusion by both ered but these are not presented because differences
resolved and unresolved turbulence plays a relatively were relatively small. Only at the very largest element
small role in distributing SGS energy in the vertical. sizes ¢; equal to 0.4 or 1.0m) was there a notice-
Energy is removed from the upper layer of the canopy able change, with production and free-air dissipation
and the layer immediately above, and is carried into both decreasing slightly in magnitude. Presumably,
the canopy. this is through the greater diffusivity of wake-scale
Within the canopy, canopy drag, through the for- energy causing a reduction in local resolved-scale
mation of small-scale wakes, is an additional and shear.
equally important sink for kinetic energy. For the The budget of turbulent energy associated with the
lowest three quarters of the canopy, free-air and wake wakes of canopy elements is illustrated Fig. 5.
dissipation rates are roughly the same magnitude. The dominant terms are wake production due to the
The near equality of the two dissipation processes resolved-scale flow impinging on components of the
is coincidental and a result of the selection of LAIl. vegetation, and viscous dissipation of this energy.
Were the LAI to be greater than the selected value of The unresolved SGS motions naturally make a much
2, wake dissipation would exceed free-air dissipation, smaller contribution to wake-scale energy. Again,
and the opposite would be true if LAk 2. Calcu- element dimension has little impact on the budget.
lated values of the direct dissipation of SGS energy This is because the form drag force is not dependent
in the viscous-boundary layers of canopy elements on element size (se&q. (1). Viscous dissipation
were insignificant and are not shown in the figure. is a function of element size but wake-scale energy
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Fig. 5. Budget of wake-scale kinetic energy normalizedufijh: (heavy solid line), transfer of kinetic energy from the resolved flow in
element wakes (processes 4 and 5); (dash-dot line), dissipation of wake-scale energy (process 7); (dash line), transfer of energy from SG¢
motions (process 6); (thin solid line), diffusion of wake-scale kinetic energy by resolved and subgrid-scale motions.
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simply adjusts to an appropriate magnitude to force largest element dimensions used in the simulations

energy balance. does the diffusivity associated with wake motions
Finally, Fig. 6 shows vertical profiles of the effec- become significant. This happens on two counts: the

tive diffusivities associated with resolved-scale, SGS larger dimension and the larger turbulent velocity, as

and wake-scale turbulence. Again, only the case for discussed earlier.

a foliage element dimensiofy of 0.1 m is shown. A

diffusivity for the resolved-scale turbulence was cal-

culated in a manner similar to that for SGS wake-scale 9. Summary and conclusions

turbulence (se&q. (10), using the same coefficient

but a velocity scale based on resolved-scale TKE and Prior work has clearly demonstrated the value of

a vertical length scale derived from two-point corre- large-eddy simulation as a tool for the examination

lations presented iBu et al. (200Q) of the turbulent nature of the air as it penetrates a
Itis readily seen that the eddy diffusivity associated plant canopy and conducts the exchange of a vari-

with resolved-scale turbulence is by far the largest of ety of vector and scalar quantities. Here, we have

the three scales of motion. The contribution from SGS investigated an aspect of the flow that has a large

turbulence is an order of magnitude smaller and, in impact on both the resolved and unresolved compo-

the canopy, wake-scale motions are an order of mag- nent of an LES flow field. That is, we have examined

nitude smaller again. The lack of significance of wake the contribution made by the wakes of canopy ele-

motions is a consequence of the relatively small phys- ments to subgrid-scale energy and diffusing power.

ical dimension of the elements—diffusivity being the Canopy elements create a transfer of kinetic energy

product of length and velocity scales. Only with the from the mean flow to small-scale turbulence, and
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are responsible for the scale conversion of turbulent drag in the momentum equation, the impact on SGS
kinetic energy from larger scales that are resolved energy must be treated explicitly.
within the LES, and from those classified as subgrid-  The rate of production of wake-scale kinetic energy
scale. is large but its small-scale ensures that it dissipates
To this end, we have added another variable to the rapidly with the result that, with an element dimen-
simulation to represent the unresolved kinetic energy sion of 0.1 m, the energy content of the wake-scales
associated with the wakes behind canopy elements.matches that of SGS energy within the canopy. On the
This energy results from the action of form or pressure other hand, the effective diffusivity of wake motions
drag. Part of this energy is calculated directly in the is small because this quantity is constructed from the
simulation from the instantaneous, spatially varying product of turbulent velocity and length scales. We
resolved-scale flow field, while a second is estimated deduce, therefore, that it is not necessary to carry a
from the instantaneous, spatially varying SGS energy. variable to represent wake-scale energy in the simula-
Included in the simulations is the separation of form tion, asWilson (1988)concluded in his higher-order
and viscous drag, and estimates of the direct dissipa- closure model. However, the action of canopy ele-
tion of kinetic energy in the viscous-boundary layers ments on SGS energy, when element dimensions are
surrounding each element. an order of magnitude or more smaller than grid di-
A natural canopy is composed of a range of ele- mensions, is important and it is essential to include
ment types (trunks, branches, leaves, etc.) exhibiting a term to represent this energy transfer in the SGS
an assortment of shapes and sizes. Furthermore, suclenergy budget. Because canopy drag is strongly dis-
elements are not uniformly distributed throughout sipative to the resolved-scale flow, it is proposed that,
the stand but tend to be clumped and exhibit vary- for LES of canopy flows, the nature of the SGS model
ing density. None of these characteristics is treated employed is of secondary importance compared to
here because of the need for economy in our humer- the importance of SGS models in simulations of wall
ical computations. Rather, our numerical “canopy” boundary layer flows.
consists of a horizontally uniform array of element Our calculations show the direct impact of viscous
density, in which the elements themselves are spa-drag to be of little consequence both to the momen-
tially uniform in dimension, and their impact on the tum equation and in terms of the direct dissipation of
resolved and unresolved flow field are parameterized. resolved-scale and SGS kinetic energy. A note of cau-
We do attempt to represent a typical vertical variation tion, though, is that we assumed viscous drag to be
in drag element area density. that of flat plates oriented parallel to the flow and to
As previously known, the creation of turbulent be fully exposed to the resolved-scale (grid-volume
wakes behind canopy elements has the very large averaged) flow.
effect of transferring energy from the mean flow and
from larger-scale turbulence to small-scales, which
dissipate quickly. This process has been referred to Acknowledgements
as a “short circuit” of the normal, free-air inertial
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