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TURBULENT KINETIC ENERGY BUDGETSFROM A LARGE-EDDY
SIMULATION OF AIRFLOW ABOVE AND WITHIN A FOREST
CANOPY

MICHAEL J. DWYER* EDWARD G. PATTON and ROGER H. SHAW
Department of Land, Air and Water Resources, University of California, Davis, CA 95616, U.SA.

(Received in final form 21 February, 1997)

Abstract. The output of alarge-eddy simulation was used to study the terms of the turbulent kinetic
energy (TKE) budget for the air layers above and within a forest. The computation created a three-
dimensional, time-dependent simulation of the airflow, in which the lowest third of the domain was
occupied by drag elements and heat sources to represent the forest. Shear production was a principal
source of TKE in the upper canopy, diminishing gradually above tree-top height and more sharply
with depth in the canopy. The transfer of energy to subgrid scales (dissipation) was the main sink in
the upper part of the domain but diminished rapidly with depth in the canopy. Removal of resolved-
scale TKE due to canopy drag was extremely important, occurring primarily in the upper half of the
forest where the foliage density was large. Turbulent transport showed a loss at the canopy top and
again within the canopy. These general features have been found elsewhere but uncertainty remains
concerning the effects of pressure transport. In the present work, pressure was calculated directly,
allowing us to compute the pressure diffusion term. Well above the canopy, pressure transport was
smaller than, and opposite in sign to, the turbulent transport term. Near the canopy top and below,
pressure transport acted in concert with turbulent transport to export TKE from the regionimmediately
above and within the upper crown, and to provide turbulent energy for thelower parts of the forest. In
combination, the transport terms accounted for over half of the TKE loss near the canopy top, and in
thelowest two-thirds of the canopy the transport terms were the dominant source termsin the budget.
Moreover, the pressure transport was the largest source of turbulent kinetic energy in the lowest
levels of the canopy, being particularly strong under convective conditions. These resultsindicate that
pressure transport is important in the plant canopy turbulent kinetic energy budget, especialy in the
lowest portion of the stand, where it acts as the major driving force for turbulent motions.

Key words: Turbulent kinetic energy, Large-eddy simulation, Canopy

1. Introduction

Turbulent kinetic energy (TKE) budgets illustrate the relative importance of phys-
ical processes that govern turbulent fluid motions. The presence of a plant canopy
modifiesthe surface boundary layer in aunique fashion and adds further dimension
to the balance of TKE. Most notably, the canopy imposes aerodynamic drag on the
flow and creates turbulent motions in the wakes of the plant elements. This latter
processis an additional source of TKE (wake production) as kinetic energy passes
from the mean flow to turbulence (Wilson and Shaw, 1977; Raupach and Shaw,
1982; Raupach et al., 1986), and al so represents atransfer of turbulent kinetic ener-
gy from ‘large’ scales to wake scales (Shaw and Seginer, 1985). In both aspects,
consideration must be given to the scale of motion generated in such wakes. In
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addition, the canopy may act as a heat source or sink, or both, depending on the
temperature difference between layers of the canopy and the surrounding air at
each level.

Lesnik (1974) provided one of the earliest pictures of the canopy TKE budget,
showing datafrom atwenty year old pineforest under different stability conditions.
Shear production was a magjor source at the canopy top where the wind shear
gradient waslargest, and dissipation wasalargelossin the upper canopy. Buoyancy
was small in comparison with the other terms and was not shown. The unique
feature of the budget presented by Lesnik was the role of the turbulent transport
term, in which a significant gain in the lower canopy levels represented an import
of turbulent energy from the primary production region in the upper canopy levels.

More recent field experiments support these results. For example, Meyers and
Baldocchi (1991) present TK E budgetsfor adeciduousforest under neutral stability,
inwhich profiles of shear production, turbulent transport and dissipation (the latter
found asaresidual) were in qualitative agreement with Lesnik (1974). Meyersand
Baldocchi (1991) estimated wake production and found it to slightly exceed shear
production at al levels within the canopy except near the canopy top.

The effects on the TKE budget of atmospheric thermal stratification wereinves-
tigated by Leclerc et al. (1990) using datafrom a deciduousforest collected during
the Camp Borden experiment (Shaw et al., 1988). In general, their measurements
showed that normalized shear production and dissipation, found as a residual,
increase with decreasing levels of convectiveinstability, and increase sharply again
with the onset of stable conditions.

Some have considered it appropriate to present the budget with TKE split into
two different scales, turbulent shear kinetic energy (SKE) and turbulent wake
kinetic energy (Shaw and Seginer, 1985; Wilson, 1988). Presentation of the budget
in this manner supposes that the canopy acts to create aloss of kinetic energy for
the‘large’ shear induced scales, and againfor the‘small’ wake scales. This process
represents the action of the drag elements to suppress turbulent motions as well as
to suppress the mean flow and, at the same time, create small-scale motionsin the
wake of plant elements. Presenting the budget in this manner, Leclerc et al. (1990)
showed that canopy drag was the primary destruction term in the SKE budget,
while shear production was the primary source in the upper canopy. Turbulent
transport was a loss near the canopy top and a gain within the canopy. Under
unstable conditions, the residual term, representing the sum of viscous dissipation,
pressure transport and accumulated errors, was a gain within the canopy and aloss
at the canopy top and above. Since dissipation can only act to eliminate TKE, this
is evidence that pressure transport is a source within the canopy.

Such field experiments contribute to our understanding of turbulent flow within
a canopy. However, the effects of turbulent pressure fluctuations are still largely
uncertain. Because of characteristically high turbulenceintensities, direct measure-
ments of turbulent pressure fluctuations in plant canopies are extremely difficult
but there are exampl es of such measurements (Sigmon et al., 1983). Measurements
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at the soil surface are less troublesome and have been presented by Maitani and
Se0 (1985), Shaw et al. (1990), and Shaw and Zhang (1992).

Maitani and Seo (1985) measured surface pressure fluctuations in wheat, and
vertical velocity within and above the canopy. They assumed that pressure fluc-
tuations at the levels of the anemometers were approximated by the surface mea-
surements, from which calculations of pressure-velocity covariancesindicated that
the pressure driven flux of TKE was downward, and that the pressure transport
term in the TKE budget was not negligibly small. Shaw et al. (1990) and Shaw
and Zhang (1992) used surface pressure and tower-based velocity measurements
from the Camp Borden forest study to infer the role of pressure fluctuations in
canopy turbulence. Shaw et al. (1990) compared surface pressure measurements
to pressure fluctuations cal culated through a Poisson equation to demonstrate that
pressure fluctuations at the surface are primarily created by velocity perturbations
in the high shear region near the top of the forest. Shaw and Zhang (1992) found
that longitudinal velocities measured in the trunk space were strongly correlated
with surface pressure, and that peak correlations occurred with near-zero time lag.
They proposed this as evidence that turbulence at low levelsin the forest isto a
large extent driven by pressure fluctuations. Pressure induced motionsin the lower
canopy are consistent with a significant pressure transport term in the TKE budget.

Zhuang and Amiro (1994) calculated the two-dimensional field of perturbation
pressure from a Poisson equation using the Camp Borden data. In terms of pressure
diffusion of TKE, however, their results are inconclusive, since they did not sepa-
rate pressure diffusion and return-to-isotropy components of the pressure-velocity
interactions. In addition, their analysis was necessarily confined to periods iden-
tified as coherent structures because they needed to apply Taylor’'s hypothesis to
convert from temporal to spatial rates of change. Another limitation arises from
their need to neglect contributions from lateral velocity gradients.

An aternative to field experiments has been the use of closure modelsto inves-
tigate canopy budgets (Wilson and Shaw, 1977; Meyers and Paw U, 1986; Wilson,
1988; Meyers and Baldocchi, 1991). Although these models provide qualitative
agreement with field measurements or estimates of shear production, wake pro-
duction, dissipation, and turbulent transport, pressure effects are either assumed
negligible or parameterized. As aresult, no conclusions can be drawn regarding
the role of pressure perturbations in the budgets.

Others have turned to wind-tunnel studies to investigate the flow of air within
and above a plant canopy. Most notable are the studies of Raupach et al. (1986)
who used amodel canopy constructed of aluminum strips, and Brunet et al. (1994)
who simulated airflow through a wheat canopy using flexible nylon stalks. Bud-
gets were presented that are in qualitative agreement with field experiments and
mathematical models. Moreover, both studies offer insight into the possible role of
the turbulent pressure perturbations within and above a plant canopy. In the TKE
budget, Raupach et a. (1986) found significant differences between two calcula-
tions of the dissipation. They suggested that the difference may be due to pressure



26 M.J. DWYERET AL.

transport indicating that pressure diffusion is a source above the canopy in approx-
imate balance with turbulent transport, and that pressure and turbulent transport
are both sources of TKE within the canopy. Brunet et al. (1994) also suggested that
pressure transport is a source above the canopy. However, their residual analysis
indicated that pressure transport is a loss within the canopy, which contradicts the
earlier results of Raupach et al. (1986). Differences between the two wind-tunnel
studies appear to arise from substantial differencesin estimates of viscous dissipa-
tion within the canopy. Brunet et al. (1994) stated that, ‘there is clearly an urgent
need for high-quality measurements of fluctuating pressure in the context of plant
canopy flows'.

While output from a large-eddy simulation (LES) should not be considered
an adequate substitute for accurate field measurements, it is likely that LES can
provide evidence concerning the role of pressure perturbations in the dynamics
of canopy air flow. Shaw and Schumann (1992) were the first to employ the
LES techniqueto the plant canopy environment. Simulated mean velocity profiles,
vertical profiles of Reynolds stress, turbulent kinetic energy, and velocity skewness
provided qualitative agreement with observations. Kanda and Hino (1994) aso
used LES to explore coherent motions within and above a plant canopy, but their
simulation was limited to the developing stage of turbulence and not to a fully
developed flow regime.

Inthe present study, the code of Moeng (1984) and M oeng and Wyngaard (1988),
modified by Patton et al. (1994) to include a plant canopy, is used to simulate
canopy flow fields. While it has been useful for us to consider our simulations
as applying to the flow field through and above a forest, the equations and the
representation of the canopy (leaf area distribution and drag coefficient) could
relate equally well to a stand of quite different height. The motivation is to use the
three-dimensional output of velocity, temperature, subgrid-scalekinetic energy, and
pressureto calculate all termsin the resolved-scal e turbulent kinetic energy budget
with particular emphasis on determining the role of the pressure perturbations in
the budget. Several simulations have been completed with different canopy and
environmental specifications, and comparisons are made between simulations and
with field experiments, closure models, and wind-tunnel results.

2. Methods
2.1. EQUATIONS

Large-eddy simulation explicitly calculatesthelarge or resolved-scalesof turbulent
flow while the small scales, the subgrid-scales, are parameterized. The assumption
is made that the resolved-scales contain most of the energy and are fairly insensi-
tive to the effects of the subgrid-scale parameterizations. While this is adequately
demonstrated for planetary boundary-layer scale simulations (Nieuwstadt et al.,
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1993; Andren et al., 1994), it remains to be sufficiently justified with regard to
canopy flow. It is encouraging, however, that Kaimal and Finnigan (1994), sum-
marizing numerous reports of canopy wind spectra, state that spectral peaks do
not vary with height on descent ‘through the roughness sublayer to mid-canopy
height’, such that the canopy layers are not dominated by small-scale turbulence.

Theresolved-scaleis defined using a wave-cut-off filter in the horizontal, and a
grid-volume average in the vertical (Moeng and Wyngaard, 1988). The derivation
of the resolved-scale equations can be found in Moeng (1984) but some details
will be presented here for completeness and to show the terms that represent the
presence of the plant canopy. Specifically, a form drag term and a canopy heat
source are added to the resolved-scale momentum and thermal energy equations
respectively.

Under the Boussi nesq approximation, the resol ved-scal e conservation equations
for mass, momentum and energy arewritten in aform consistent with that of Moeng
(1984),

on;
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The filter separates flow variables into resolved-scale and subgrid-scale (SGS)
components, such that velocity u; = @; + /. 0 is potential temperature, 1/6, is
the volumetric expansion coefficient, g is gravitational acceleration, p, is density,
p ispressure, 7;; isthe SGS shear stress, and 7y; is the SGS heat flux. The canopy
effects of form drag and heat source are represented as F; and S, respectively.

The SGS terms arise from application of the wave-cut-off filter (Moeng and
Wyngaard, 1988). In the momentum eguation, we follow Moeng (1984) and write
the subgrid-scal e stress tensor as

Tij = Rij — Rprdij/3, 4)
where
R;j = uju;'. ®)

The normal components have been subtracted from the stress tensor and added as
SGS dynamic pressure to the static pressure to form the quantity

e (6)
P
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where p” is the deviation of the resolved pressure from its horizontal mean (p),
since the mean pressure gradient is shown separately in Equation (2) asan external
forcing in the z1-direction. The third term on the right hand side of Equation (6)
is the resolved-scale dynamic pressure which arises when the advective term is
expressed in rotational form as in Equation (2). The substitution of Equation (6)
into the resolved-scale momentum equation yields

ou; B ou; B 8Uj B laﬂjﬂj B g de!
ot J Or;  Ox; 2 Ox; 30x;
10p" 10(p) 95 OTij

- — 0 =006;3 — .+ F; 7
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where e’ = Ry /2 is SGSkinetic energy.

At each node, atime-dependent drag force was parameterized in a conventional
manner as the product of a drag coefficient, an element area density, and the square
of the velocity. The drag forcein the z;-direction is

F;, = —Cda(z)Vﬂi, (8)

where V' isthe instantaneous scalar wind speed, C; is an isotropic drag coefficient
assumed constant and equal to 0.15 according to measurements in a deciduous
forest (Shaw et al., 1988), and a(z) is plant area density.

Since no attempt was made to simulate the thermal energy budget of the canopy,
wefollowed the procedure of Shaw and Schumann (1992), whereby the magnitude
of the heat source was greatest in the upper levels where the solar radiation load
would be strongest, and weakest in the lower canopy where solar radiation is
attenuated.

The subgrid-scale kinetic energy was evaluated using a budget equation of the
form

de’ de!  —— Ou; S
E = —Hia—xi — u;ug (93?]' + g—ouge’éig
0 |ul(e +p'/po p
R CCRRZ) Ny o
83% T

where the terms on the right hand side represent, in order, advection of SGS
Kinetic energy by the resolved-scale velocity, shear production due to the action
of SGS Reynolds stresses on the resolved-scale velocity gradient, SGS buoyancy
production, SGS transport, and viscous dissipation, while the final term represents
an enhancement to the dissipation rate due to the presence of the plant canopy.
Here, 7 isatime constant for the drag process and is equated to the resolved-scale
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velocity divided by the drag force. Shaw and Schumann (1992) also added this last
term to represent the removal of SGS kinetic energy by the action of canopy drag,
based on the assumption that eddies created in the wakes of the plant elements are
smaller again than the most energetic SGS eddies, dissipate rapidly and make no
significant contribution to SGS kinetic energy.

To solve Equation (9), Kolmogorov’s hypothesiswas applied for the dissipation
rate, and gradient diffusion approximations were applied to the SGS fluxes. The
SGS fluxes of momentum and heat also appear in the equations for resolved-scale
quantities. Specifically, we expressed them in the following manner

. ou; 8ﬂj
Tl] - _KM <8$] + a:EZ) ) (10)
00
To; = —KHaij (11)

where the SGS eddy diffusivities, K; and Ky, were assumed functions of the
subgrid-scal ekinetic energy and adissipation length. Further detail s of the subgrid-
scale energy budget and fluxes may be found in Moeng (1984).

2.2. NUMERICAL MODEL

Our computational domain was 96 x 96 nodes in the horizontal and 31 nodes
in the vertical. With a grid spacing of 2 metres equidistant in all directions, this
represented a domain size of 192 m x 192 m x 62 m, with the lowest one-third
(20 grid intervals) occupied by a 20 m tall forest. The governing equations were
integrated in time using a second-order Adams-Bashforth scheme, with a time
step of 0.1 s. The horizontal derivatives were evaluated using a pseudospectral
method (Fox and Orzag, 1973), and the vertical derivatives employed second-
order centered finite differences. The boundary conditions in the horizontal were
periodic, the upper boundary was specified asafrictionlessrigid lid with zero mass,
momentum, heat and SGS kinetic energy flux, and the bottom boundary employed
ano-dlip condition with a prescribed roughness length, z, /h = 0.001.

The forest was defined as a vertical distribution of leaf area density. Figure 1
shows the two artificial profiles used in this study for a sparse canopy, leaf area
index (LAI) equal to 2, and a dense canopy with LAl = 5.

The conservation equations were solved on a non-staggered horizontal grid and
astaggered vertical grid. The vertical velocity, w, the subgrid-scale kinetic energy,
¢/, and the leaf areadensity were defined at the surface and on equally spaced grids
above. The streamwise velocity, @, the lateral velocity, 7, potential temperature, 6,
and the quantity 7, were defined at a half grid point above the surface and at all
intermediate level s above. The budget terms were calculated at these intermediate
levels, resulting in the budget terms being offset from the location of the leaf area
density.
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Figure 1. Vertical distribution of leaf areadensity (m™?). Integration gives|eaf areaindices (LAI) of
2and 5.

Table|
Plant canopy variables and forcing
Simulation LAl Q. U h/L U
(mstK) (ms™} (ms™1)
S1 20 0.005 20 —0.024 0.388
S5 50 0.005 20 —0.017 0424
S6 50 0125 4.0 —0.064 0.801
S7 50 0.005 10 —0.153 0.209
S8 50 0125 1.0 —1.252 0.302

LAl = leaf areaindex; Q. = canopy top heat flux; U = mean wind
speed; h = canopy height; L = Obukhov length; «. = canopy top
friction velocity

The flow was externally forced by a horizontal mean pressure gradient. This
pressure gradient was adjusted to ensure a constant integrated mass flux acrossthe
upwind y, z boundary, which we expressin terms of an area averaged wind speed,
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U . Thewind speed was varied between simulationsin order to study environmental
influences on the TK E budget. The canopy density and the strength of the heat flux
were also varied between simulations to determine canopy influences. Table |
summarizes environmental and canopy conditions. The simulations are ordered in
terms of the stability parameter /L (Shaw et al., 1988), where h is the height of
the canopy and L is the Obukhov length evaluated at the canopy top.

After each simulation reached equilibrium, data sets were saved at specified
intervals (250 or 500 timesteps). A data set contains the three-dimensional output
of the resolved-scale velocity (u, 7, w), the resolved-scale potential temperature
(9), the SGS kinetic energy (e’), and the quantity 7. However, since 7 contains
dynamic pressure components, it was necessary to recalculate the static pressure
perturbation field (p” / p,). At this point all terms of the resolved-scale TKE budget
can be calculated.

2.3. THE TKE BUDGET EQUATION

The resolved-scale TKE budget written in mixed notation for steady state, hori-
zontally homogeneous conditionsis

8<EH> N 7 8(@) g —_np 8EHE"
5t =0= —(u"u") % —i—a(wO)— o
‘—\f—’P \_7;_/ —-—
s b Tt
1 aw”ﬁ” ' n
_ (= T F
<po 0z > +<&,l_>/
T Dcd
p
20ul ()" owT]; , !
—( = " 12
<3 or; " oy ) T \Wag, ) (12)
Togs Daygs

where (E") = (u/'w! /2) isthe horizontal averaged resolved-scaleturbulent kinetic
energy. P is shear production representing the conversion of mean flow kinetic
energy to resolved-scale TKE, P, acts as either buoyant production or destruction
depending on the sign of the vertical heat flux, T} isthe net result of resolved-scale
turbulent transport, 7}, represents the transport of resolved-scale kinetic energy by
pressurefluctuations, and D..; representsthe rate of work performed by the vel ocity
perturbations against the drag caused by canopy elements. The two parts of T
represent subgrid-scale diffusion of resolved-scale TKE, while D, represents
transfer of resolved-scale TK E to the subgrid-scales. Subgrid-scalediffusion (T')
is added to the resolved-scale turbulent transport (7;), and the total referred to as
turbulent transport (TT). The rate of transfer of resolved-scale TKE to the subgrid-
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Figure 2. Normalized resolved-scale TKE budget for simulation S1, h/L = —0.024. Plot |abelsrefer
to budget terms in Equation (12), where T'T refers to the sum of T} and Tgs.

scale(D,;) isequivalent to aconversion of energy to thedissipation scales(Moeng,
1984; Mason, 1994).

The budgets presented here differ in certain aspects from those typically found
for the canopy layer (Wilson and Shaw, 1977; Raupach and Shaw, 1982; Raupach
et al., 1986). First, there is no wake production term because, with a grid spacing
of 2 m, only eddies of wavelength greater than 4 m are resolved. Eddies of thissize
are significantly larger than those expected of the wake production process, which
are determined by the dimensions of the plant elements. Secondly, there are no
dispersive fluxesto represent spatial correlations between time averaged quantities
(Raupach and Shaw, 1982; Raupach et a., 1986). Such fluxes are absent from
the equations as a consequence of formulating spatial averages of the computed
flow fields. However, an ensemble average of each term in the budget equation
was formed by averaging the terms over a minimum of 12 data sets within each
simulation.
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3. Resultsand Discussion

Asalfirst example, the turbulent kinetic energy budget for the sparse canopy under
near-neutral conditions is shown in Figure 2, with terms normalized by height 4
and friction velocity u., which is defined at z = h. In this low heat flux case,
buoyancy is unimportant at all levels and is omitted for clarity. As in al of the
cases we examined, balance was achieved in our calculations to within a few
percent of the largest term at each level, suggesting that numerical errors in our
budget calculations are small.

The overall features of this budget are in qualitative agreement with previous
studies. The dominant production mechanism is shear, term Py in Equation (12),
which achieves maximum strength just below tree-top height, coincident with the
level of highest mean wind shear. Shear production diminishes rapidly with depth
in the canopy, however, and is negligible below about z = 0.5h. The peak valueis,
in this case, equal to 6.7u2/h, which is intermediate between normalized values of
5.9for S8 (LAl =5,h/L =1.25),and 8.2for S5 (LAl =5, h/ L =0.02). Thesevalues
compare favorably with values calculated from forest measurements. For example,
Leclerc et al. (1990) record a peak normalized value of shear production of about
6 under near-neutral conditions, while Zhuang and Amiro (1994) show a peak of
about 6.3, their calculations relating to conditionally sampled periods of coherent
structure. On the other hand, wind-tunnel studies (Raupach et al., 1986; Brunet
et al., 1994) have produced smaller values, of the order of 4, and the deciduous
forest study of Meyers and Baldocchi (1991) shows a value as high as 20. The
small wind-tunnel value is probably a consequence of the low area indices of the
artificial canopy elements, while this high forest value is likely to be the result of
the high, dense crown of the forest in question.

Therestrictive upper boundary conditions, which prevent the appearance of the
constant stressand flux layer normally found in the atmospheric surface layer, force
the shear production term to zero at the top of the domain. This undoubtedly has
an impact on the appearance of all of the TKE budget terms, especially above z/h
= 2. However, the primary source region for generation of TKE is the high shear
layer near the canopy top, and thisis likely to have a dominating influence on the
budgets, leading us to believe that our results are realistic.

Well above the canopy, production is largely balanced by transfer to subgrid-
scales (term D), which must be considered a dissipation process as far as the
resolved-scalemotionsare concerned. Transfer to subgrid-scal esisimportant down
to about the mid-point in the canopy. Within the canopy, drag (term D..;) is by far
the most important term to counterbalance production. That is, canopy elements
have a strong influence in suppressing resolved-scal e turbulent motions, aswell as
reducing the mean flow. Many analyses have discounted this process because the
bluff object component of the aerodynamic drag represents a conversion of energy
from‘large’ scalesto wake scalesand isnot aloss of kinetic energy per se. Herewe
treat wake eddies as subgrid-scale, and the process of canopy drag is considered a
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“short circuit’ to the traditionally recognized inertial cascade process. We contrast
our interpretation with that of Brunet et al. (1994), who do not consider canopy
drag in their TKE budget, even though they recognize wake turbulence as being
unresolved by their measurement system.

In addition, it is clear that the diffusion terms are of crucial importance to the
TKE budget; the sum of turbulent and pressure diffusion accounting for more
than 50% of the TKE loss immediately above the canopy, and being responsible
for nearly all turbulence in the lower half of the canopy. The combined resolved-
scale and subgrid-scale turbulent transport term (7°7°) is responsible for removing
turbulent energy from the canopy top region and from alayer up to twice tree-top
height, and to redistribute this energy to the upper reaches of the domain and to
layers within the depth of the forest. Just above the top of the canopy, it is the
largest sink for kinetic energy. As a source to the canopy, it peaks at about 0.75h,
and then diminishes asymptotically to become insignificant below about 0.25h.
This pattern is well supported by the results of observations in forests (Lesnik,
1974; Leclerc et d., 1990; Meyers and Baldocchi, 1991), by those of wind-tunnel
experiments (Raupach et al., 1986; Brunet et al., 1994), and by higher order closure
models (Wilson and Shaw, 1977; Meyers and Paw U, 1986; Meyers and Paw U,
1987; Meyers and Baldocchi, 1991).

In our simulations, subgrid-scale diffusion of resolved-scale turbulent energy
is not insignificant but is generally small. Figure 3 focuses on turbulent transport
(T'T) in the bottom half of the domain and separates T'T" into its resolved-scale
component (7}), and the two SGS components (7', that are the second-from-last
and third-from-last terms in Equation (12). Where TT peaks on the negative and
positive sides, the combined SGS diffusion terms account for 14% and 16% of the
total transport respectively.

Our calculations of the pressure diffusion term (7},) are of prime interest, since
direct field measurements are extremely difficult, and, while previous studies have
shown general agreement with regard to the turbulent transport term, this is defi-
nitely not the case for pressure diffusion. With respect to canopy and near-canopy
levels, Figure 2 showsthat pressure diffusion operatesin asimilar fashion to turbu-
lent diffusion, extracting energy from near the canopy top, and acting as an energy
supply for lower regions. The maximum size of the pressure term is smaller, how-
ever, peaking on the negative side near z = h at dlightly less than half that of
TT. One major difference between the two diffusion processes is that pressure
diffusion decreases only slowly as the soil surface is approached. Because of this,
pressure diffusion accounts for more than 70% of the TKE source in the lowest
one-third of the canopy, although all terms are small in these levels. Thus, our
calculations support the hypothesis of Holland (1989) and the evidence of Shaw
and Zhang (1992) that turbulencein the lowest levelsof acanopy islargely induced
by pressure perturbations.

Above z = 1.3h or so, we observe that turbulent and pressure diffusion are
opposed to each other, and that both reverse sign at about twice canopy height.
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Turbulent Transport
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Figure 3. Normalized components of the turbulent transport term (7'T") for simulation S1. T} isthe
resolved-scale component. S,, and S, represent the normal and shear components of subgrid-scale
diffusion of resolved-scale TKE (T%45) respectively.

Pressurediffusion remainsthe smaller of thetwo, approximately 30% of theformer,
wherethey are not negligibly small. While the restrictive upper boundary condition
might confusetheissue, thisresult doessupport surface-layer observations(McBean
and Elliott, 1975) that turbulent and pressure diffusion are of opposite sign. Large-
eddy simulations of the planetary boundary layer (Deardorff, 1980; Mason, 1989;
Moeng and Wyngaard, 1989) have also shown the terms to be generally of reverse
sign. As we have shown, though, this relationship does not extend to near-canopy
and within-canopy levels, and the estimates of pressure diffusion attempted by
Brunet et al. (1994), using parameterizations suggested by planetary boundary
layer studies, produce results that are ailmost the exact opposite of our findings.

Theinfluence of increased canopy density is shown in Figure 4 from simulation
S5, which differs from simulation S1 only in terms of LAI (5 instead of 2). The
main features of the budget remain (buoyancy is still insignificant in this second
near-neutral case) but we note that shear production and canopy drag peak with
values somewhat larger than for the less dense canopy, and that all terms, with the
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Normalized TKE Budget
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Figure4. Normalized resolved-scale TKE budget for simulation S5, h/ L = —0.017. Plot |abelsrefer
to budget terms in Equation (12), where T'T refers to the sum of T} and Tsgs.

exception of pressure diffusion, are extinguished more rapidly with depth in the
forest.

Thefact that the budget terms are expressed in normalized form must be kept in
mind when eval uating differences between the two cases. Also to be considered is
the fact that the mass flow through the domain was kept the same, so that, while the
denser canopy experienced lower velocities, wind speeds in the upper part of the
domain were higher. Given these factors, relative to the ratio u,/h, the canopy with
higher LAl experienced stronger wind shear near the canopy top, creating astronger
rate of shear production. The more rapid decrease of shear production with depth
is undoubtedly a consequence of the faster depletion of both the Reynolds stress
and the wind shear within the denser canopy. Shear production decreases below
10% of its peak value at a somewhat higher level (z/h ~ 0.65) than in the sparse
canopy (z/h =~ 0.55). Meyers and Baldocchi (1991) also found that normalized
shear production decreased rapidly inside a deciduous forest with aleaf areaindex
of 5 and their measurements showed shear production to be negligible below z/h
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~ 0.85. Again, the difference is likely due to the canopy architecture because, in
their case, the foliage was concentrated more in the upper levels of the crown.

Canopy drag is larger near the top of the denser forest, as a direct result of the
increased foliage density, but smaller (than the LAl = 2 case) below, because of a
more rapid diminishment of wind speed with depth. Decreases in both resolved-
scal e and subgrid-scal e turbulence intensities deep within the denser canopy result
in more rapid decreasesin termsI"I" and D,,,. The latter is consistent with Shaw
and Seginer (1985) who found dissipation to be negligible within a dense corn
canopy (LAl = 4.0), while dissipation accounted for one-third of the loss in a
sparse artificial wind tunnel canopy (LAl ~ 0.5). Pressure diffusion, which is not
strongly influenced by increased canopy density, is now the most important source
of turbulencein the lower two-thirds of the canopy. In explanation, we suggest that
pressure perturbationsin the trunk space are largely the outcome of turbulence near
tree-top height (Shaw et al., 1990) and are, thus, less strongly influenced by the
flow reduction within the canopy that results from a denser canopy, than are the
other terms.

A third example (Figure 5, simulation S8) includes the effect of strong heat
flux and a smaller total flow rate, such that h/L = —1.252 representing strong
instability. The leaf area index is 5 as in the previous case, S5. The additional
production term is quite apparent in the upper canopy and the layers above. The
buoyancy term decreaseslinearly to zero at the domain top because of therestrictive
upper boundary condition, which dictates that the heat flux vanishesat z/h = 3. In
this strongly unstable case, buoyant production at tree-top level is about one-third
aslarge as peak shear production. Normalized shear productionis, itself, smaller by
about 30% than in the near neutral case S5, because convective mixing has reduced
the wind shear near the canopy top relative to the magnitude of u./h. Leclerc et al.
(1990) show equivalent influences of buoyancy on shear production.

Buoyancy decreases to zero by mid-canopy and is small but negative in the
lower half. Thisis a direct consequence of the manner by which the heat source
was specified, with source strength greatest in the upper canopy where the large
leaf area density is exposed to high incoming radiation. With a non-conducting
upper boundary, the simulation does not achieve thermal equilibrium and a small
part of the heat from the upper leavesis directed downwards to warm the lowest
air layers. This imposes weak stability on the bottom part of the canopy. While
created here somewhat artificially, such a thermal structure has been reported as
typical of daytime conditions (Kaimal and Finnigan, 1994). It might be pointed
out that it is inappropriate to attempt to represent the stability of this sub-canopy
situation by a parameter such as the flux Richardson number, which takestheratio
of the buoyancy term to the rate of shear production. Asseenin Figure5, at within-
canopy levels pressure transport is the primary factor governing turbulence levels
and shear production is insignificant, which is distinctly different from ‘smooth
wall’ or above-canopy turbulent flows, where the flux Richardson number would
be more appropriate.
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Figure5. Normalized resolved-scale TKE budget for simulation S8, h/L = —1.252. Plot |abelsrefer
to budget terms in Equation (12), where T'T refers to the sum of T} and Tsgs.

Thermal instability appears to have a significant effect on the diffusion terms.
Turbulent diffusion (T'T") becomes slightly larger in magnitudein both the negative
region above the canopy and the positive region in the upper one-third of the
domain. The positive region within the canopy shifts downward slightly. As far
as the canopy is concerned, however, the biggest change occurs in the pressure
diffusion term, which is substantially larger in the buoyant case (S8). Differences
between the four caseswith aleaf areaindex of 5 are shownmoredirectly in Figure
6 for turbulent diffusion (7"7") and in Figure 7 for pressure diffusion (7},). For both
terms, normalized profiles are influenced by the stability parameter i /L, rather
than by the magnitude of the heat flux Q. (see Table ). The three near-neutral
cases (S5, S6 and S7) are not ordered exactly by i/ L but differences are small and
their profiles are amost coincident.

Stronger vertical motions created by thermal convectionin case S8inducelarger
pressure perturbationsthat impart greater amounts of turbulent kinetic energy inthe
lower canopy. In thelowest two-thirds of the depth of the canopy, pressurediffusion
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Turbulent Transport
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Figure 6. Normalized turbulent transport (7'T") for adense canopy (LAI =5). Plot labels are ordered
interms of increasingly negative h/L; S5 (h/L = —0.017), S6 (—0.064), S7 (—0.153), S8 (—1.252).

remains strong, while all other terms on the positive side fall off in exponential
fashion (Figure 5). Thus, turbulence deep in the canopy is represented primarily
by a balance between pressure diffusion and canopy drag. While the same can
be claimed for the near-neutral cases (Figures 2 and 4), this result is most clearly
demonstrated in the buoyant case.

4. Summary and Conclusions

The output of a large-eddy simulation has been used to calculate al terms of
the resolved-scale turbulent kinetic energy budget for airflow within and above
a forest canopy in which the computational domain extends vertically to three
times the canopy height and to a little under ten times the canopy height in the
horizontal directions. The TKE budget includes the traditional terms that represent
shear and buoyant production, turbulent transport, and pressure transport; however,
differences arise because the budget is for the resolved-scales of a large-eddy
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Figure 7. Normalized pressure transport (73,) for a dense canopy (LAl = 5). Plot labels are ordered
interms of increasingly negative h/L; S5 (h/L = —0.017), S6 (—0.064), S7 (—0.153), S8 (—1.252).

simulation. These scales are mathematically defined by a numerical filter that
separates resolved-scale from subgrid-scale motions and sets a lower limit to the
size of the resolvable eddies. As a consequence, awake production term, whichis
sometimes found in a plant canopy budget, does not appear in the resolved-scale
budget presented here. Thisisaresult of our assumption that wake-scaleturbulence
is not resolved by the grid network. On the other hand, our budget does contain a
term that representsthe direct extraction of turbulent energy by plant element drag,
which actsto suppressresol ved-scale turbulent aswell asmean flow kinetic energy.
In addition, viscous dissipation effects are replaced here by a transfer of energy
from the resolved to the subgrid-scales using a parameterized SGS diffusivity,
athough the descriptor ‘dissipation’ is retained.

Severa simulations were run using different environmental forcing and plant
canopy specifications. The plant canopy was defined as either sparse (LAl = 2) or
dense (LAI = 5), and the effects of canopy heating on the surrounding air were
specified by applying realistic profiles of solar heating at high and low levels.
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Thermal stability was defined by theratio i/ L, where h is tree-top height and L is
the Obukhov length (calculated at the same level).

The effects of canopy density changes were seen in all profiles. The simulated
profiles showed the normalized peak value of each budget term to be larger in the
dense canopy than in the sparser stand. For example, normalized shear production
for the dense canopy peaked at values approximately 30% larger than for the sparse
canopy simulations. This feature was also observed in the normalized profiles of
buoyant production, canopy drag, dissipation, and the transport terms. Accompany-
ing this change, the magnitudes of the budget terms attenuated much more rapidly
in the dense than in the more sparse canopy, indicating that, as expected, turbulent
activity is suppressed in the lower portions of a dense forest when compared to a
more open forest.

A significant aspect of this study is that the three-dimensional pressure pertur-
bation field was numerically calculated, allowing the calculation of the pressure
diffusion term throughout the domain, such that the effects of pressure diffusion
could be compared to the other budget terms. As far as canopy TKE budgets are
concerned, other than studies where estimates were based on budget residuals,
we believe this to be the first time that such a comparison has been presented.
The general features of the budget are that, (i) well above the canopy, there is an
approximate balance between production and conversion to subgrid-scale motion
(dissipation asfar asresolved-scalemotions are concerned); (i) in thissameregion,
turbulent and pressure transport roughly oppose one another but pressure diffusion
is only about 30% of the magnitude of turbulent diffusion; (iii) at the canopy top,
production is balanced by plant canopy drag effects, the transfer of energy to the
subgrid-scales (dissipation), and by both transport mechanisms, where turbulent
and pressure transport counteracted over one half of the production; (iv) in the
lowest two-thirds of the canopy, production and subgrid-scale transfer become
negligible, and the primary balanceis between the loss due to canopy drag effects
and the gain due to transport. Further, pressure transport is the dominant sourcein
the lowest levels of the forest. In our simulations, pressure transport accounts for
more than 70% of the TKE source in the lowest one-third of the sparse canopy,
and isthe most important source term in the lowest two-thirds of the dense canopy,
especially under convective conditions.

These findings must be tempered with the understanding that they are the
outcome of a numerical smulation and not direct field observation. The most
important limitations of our model concern the relatively small size of the domain
and the imposed boundary conditions, particularly that of the rigid but frictionless
upper lid. Nevertheless, we believethat our simulations provideinsight into canopy
dynamics not previously available.
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