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ABSTRACT

Large-eddy simulation of a neutral atmospheric surface layer (ASL) flow is per-
formed over a modelled tree canopy with heterogeneous leaf-area density. The
canopy is arranged as a series of equally-sized stripes of different leaf-area
density, emulating the study of Bou-Zeid et al. (E. Bou-Zeid, C. Meneveau, and
M.B. Parlange. Large-eddy simulation of neutral atmospheric boundary layer
flow over heterogeneous surfaces: Blending height and effective surface
roughness. Water Resources Research, 40(2), 2004.) over heterogeneous rough
surfaces. The simulation results are analysed to understand the qualitative
similarities and differences between ASL flows over heterogeneous canopies and
heterogeneous roughnesses. This will allow, in the future, the identification of the
equivalent roughness length, displacement length, and blending height which
parameterises the flow above the heterogeneous canopy. In the present work
we restrict aftention to the characterisation of the four canopy case and the
blending height and B parameter, the ratio of shear stress to velocity at the
canopy top. The general characteristics of the four-canopy case are
representative of the other cases. Strong vertical velocities (ie up- and down-
drafts) exist at the interface between the heterogeneous roughness stripes.
However, for a canopy, vertical velocity couplets exist on the vertical interface
between two canopies. This implies the presence of sub-canopy recirculation
zones at canopy interfaces, which can be confirmed by visualisation of the fluid
streamlines. Above the canopy internal boundary layers form over each canopy
stripe and exhibit similar features to the characteristic upstream plumes of flow
over arough surface. The shear stress immediately above the canopy varies over
the stripes but it varies more smoothly over a canopy than over a heterogeneous
roughness. These simulations will allow the development of parameterisations for
the near-surface layer and the sub-canopy winds. A better understanding of the
effect of heterogeneous canopies on the sub-canopy winds will improve
predictions of the wind reduction factor, and in turn, improve operational fire
spread predictions.
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INTRODUCTION

Knowledge of sub-canopy winds is important for characterising wildfire spread
using operational models such as the McArthur [McArthur, 1967] model. The
McArthur Mk V forest model takes wind speed at 10 m from the ground in the
open (ie. outside of the forest) as an input and returns the forward-rate-of-spread
of a fire within a forest. The McArthur model therefore implicitly accounts for the
reduction in wind speed due to the tree canopy. McArthur [1967] includes a
figure showing the a correlation between the open wind speed at 33 feet
(approximately 10 m) from the ground and the wind speed at 5 feet
(approximately 2 m) from the ground within the forest. Three eucalyptus forests
each with different stocking density and height were considered. These wind
speed measurements are valid only for the conditions under which they were
made, and are not valid for any given forest.

In order to compensate for different forest types, densities, heights, and so on, a
wind reduction factor (WRF) is typically used when applying the McArthur model
to areal-world fire in forest types different to what McArthur [1967] considered. It
is unclear how to best predict the WRF a priori from the data available to fire
behaviour analysts such as forest type, prevailing wind speed, and canopy
height [Heemstra, 2015]. Operational forecasting tools such as Phoenix RapidFire
[Tolhurst et al. 2008] also use wind reduction factors to account for the drag of
different forest types. Field studies have been conducted to measure wind
reduction factors for various Australian forest types [Moon et al. 2016]. Moon et
al. define wind reduction factor as the ratio of open wind speed at 10 m to the
sub-canopy wind speed at a range of heights. Moon et al. present numerous
measurements showing the variation in WRF with sub-canopy wind measurement
height and forest type, height, and age. The purpose of their study was to provide
a sound scientific basis for choosing the values of WRF used in operational
models.

Another approach, present in the meteorological literature for some time, is to
develop reduced analytical models for wind speed profiles within an idealized
canopy. For large and spatially uniform forests it appears that an analytical
model, originally due to Inoue [1963], and later modified and verified by Harman
and Finnigan [2007] is sufficient to predict the sub-canopy wind speed. Although,
to the best of our knowledge, this model has not been trialled by fire practitioners.

Most forests are not spatially uniform and contain many inhomogeneities (or
heterogeneities) in all spatial directions. The leaf area density (LAD), the amount
of volume occupied by all plant matter, is often used to characterise a canopy.
In realistic canopies, the leaf area density has strong vertical variation essentially
because the leaves tend to be concentrated at the top of a free canopy. Often,
forest canopies will end abruptly at a man-made break in the forest or will
become sparse due to some change in forest type. Additionally there are small,
effectively random, variations in LAD over all directions in free canopies due to
natural variation in the vegetation. The aerial photograph (figure 1a) taken near
Ararat in Victoria, Australia, shows a canopy region with some heterogeneity in
between forest type 1 and forest type 2.

In reality these changes are not abrupt, regular, in one particular direction, nor
always aligned with the wind. However, as a first step to characterising the wind
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flow over such canopies we will idealise the canopy to alternating stripes of high
and low leaf area density. The flow over this heterogeneous, striped canopy will
be simulated using the large eddy methodology.
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Figure 1: (a) Aerial photograph taken near Ararat in Victoria showing a forest canopy with step-like
variation in leaf area density between forest type 1 and forest type 2. The wind direction aligned with
this step change in forest type is shown by the arrow. (b) Simulation domain for the four-canopy
case. Red: LAD = 0.2, green: LAD = 3.The x — and y —boundary conditions are periodic.

Grant et al. [2015] suggest using a canopy model has numerous advantages
over simple roughness parameterisations particularly when flow separation
occurs over complicated terrain. Harman and Finnigan [2007] have
demonstrated that analytic canopy models and a canopy parameterisation,
which in turn provide a roughness length, displacement length, and stability
parameterisation can be used successfully for homogeneous forests. The aim of
this work is to use Large Eddy Simulation (LES) to study the flow over
heterogeneous canopies with an eye towards developing a canopy model and,
subsequently, a parameterisation of the whole flow.

The code used to perform the simulations is Fire Dynamics Simulator (FDS)
[McGrattan et al., 2013]. FDS has previously been benchmarked against
experimental and other simulation results by Mueller et al. [2014] for flows over
homogeneous canopies and canopies with finite edge boundaries. LES of flows
over canopies with edge heterogeneities, where the canopy abruptly stops,
have been conducted by Cassiani et al. [2008], who identified the presence of
recirculation regions downstream of the canopy, and Kanani-Suhring and
Raasch [2017] who studied scalar (eg. temperature, humidity, CO2) transport
near the edges of the canopy. Schlegel et al. [2015] conducted simulations with
heterogeneous canopies where the leaf area index profile was obtained using
LIDAR of a real world forest. Comparisons to field measurements revealed that
small-scale plant inhomogeneities considerably influenced the observed flow
statistics. In the present work we conduct idealised numerical experiments to
identify how the effective roughness length, displacement length, and blending
height vary above the heterogeneous canopy.
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Similarly we aim to examine the features of the sub-canopy flow. A greater
understanding of the effect of heterogeneous canopies will improve fire spread
prediction, extend previous wind reduction factor studies [Moon et al., 2016],
and improve the understanding of the transport of firebrands, smoke, and
combustion products such as carbon dioxide [see for example Kanani-Suhring
and Raasch, 2017].
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NUMERICAL METHODS

In LES the equations describing conservation of mass and momentum in a fluid
(the continuity and Navier-Stokes equations respectively) are spatially filtered
retaining the dynamically important large-scale structures of the flow. The
assumption is that the largest eddies contain the most energy and therefore
make the largest contribution to momentum transport. The diffusive effect of the
smaller scales on the resolved large scales is non negligible and is then
accounted for by using a sub-grid-scale stress model. In FDS, the filtering
operation is implicit at the grid scale. That is, the numerical grid acts as a high-
pass filter on the velocity. Features which have a length scale smaller than the
grid size simply cannot be resolved and therefore are implicitly filtered. The use
of an implicit filter can cause problems with grid independence [Sarwar et al.,
2017] and overestimation of mean domain stresses [Bou-Zeid et al., 2009].
However due to the validation work previously conducted for FDS simulations of
canopy flows these effects are considered negligible for these flows and the
implicit filtering method is employed.

The LES equations are

ou; ou; Jdy; 1 ap 0ty j
_t A i F
ot Y (ax]- 0x; pax] * 0x; b
aui —0
an o

where u; is the resolved part of the velocities,i,j = x,y,z are the coordinates, p
is the fluid density, p is (the modified) pressure, and TU is defined as:
ou
T = —2(v+ V)25 +3 —— I 5U ,
l

where S ; is the rate of strain tensor, §; ; is one if i and j are equal, and zero
otherwise. The subgrid-scale stresses appear as the eddy viscosity v,. Here the
turbulence is modelled using the constant Smagorinsky model (see, for example,
Pope, 2001):

t = _Z(CA)zl'SlSi,j:

S . = 1 aui n 0uj
b 2 aX] axi ’

where A= (6x8y8z)'/3 is a measure of grid spacing. Here we assume the
constant in the Smagorinsky modelis € = 0.1 [Lesieur et al., 2005].

A simulation domain with four canopy stripes is shown in figure 1(b). Following
previous canopy simulations (eg Dupont et al. [2011], Mueller et al. [2014]) the
canopy of height h is modelled as an aerodynamic drag term of the form

1/2
Fpik (x,2) = pcpxr(x, z, h)(ujuj) uiz-

We fix the value to be ¢, = 0.25 roughly consistent with the measurements of
Amiro [1990] and the study of Cassiani et al. [2008]. The function y, (x, z, k), defines
the spatial location of the kth stripe canopy and h is constant across the stripes.

This is a simplified representation of the forest profile. In reality, there are often
strong variations in LAD with height within the canopy. However, for the purposes
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of ouridealised study we neglect that variation to isolate features caused by only
the streamwise variation in LAD. For the same reasons, we choose extreme values
of the LAD. A value of LAD = 3is found by Amiro [1990] for a dense spruce forest,
while LAD = 0.2 is reasonable for a eucalyptus regrowth forest [Moon et al.,
2016]. In figure 1(b) green represents the uniform LAD = 3 canopies, and red
represents the uniform LAD = 0.2 canopies. Four cases with these extreme
differences in LAD have so far been simulated. The length scale of the stripes is
then L, = L,/nwhere nisthe number of canopies. There are also two, four, eight,
and sixteen canopy cases. The height of the canopy is taken ash = 20 m and h
is the natural length scale of the flow.

The size of the exterior domain is chosen so that the largest relevant structures
are captured. The channel sizes are chosen to follow the proportions set out by
Moser et al. [1999]. The channel height is dictated by the canopy height. Bou-
Zeid et al. [2009] recommends the channel height be at least four times larger
than the canopy height to avoid any artificial interaction between the top
boundary and the canopy. The overall domain size is 600 x 300 X 100 m
(30h x 15h x 5h). The boundary conditions employed follow [Bou-Zeid et al., 2004]
and are standard among most similar canopy flow simulations conducted in the
literature. The streamwise and spanwise boundary conditions are periodic. The
bottom (ground) boundary condition is enforced using the log-law of the wall.
At the bottom of the canopy, u is small, hence canopy drag (proportional to u?)
is negligible and the log-law is appropriate here [Belcher et al., 2003]. In FDS, the
log-law of the wallis enforced using a Werner-Wenkle approximation [McGrattan
et al., 2013]. The top (sky) boundary condition is a free-slip condition, that is, the
normal velocity vanishes at the top of the domain.

The resolution of the simulation 5 m in the horizontal directions and 0.5 stretched
to 4 m at the top of the domain is chosen to be approximately three times finer
than the resolution used by Bou-Zeid et al. [2009]. The flow is maintained by a
constant pressure gradient of 0.005 Pa/m over the length of the channel. This
gives a wind speed at the top of the domain (100 m) approximately equal to
72 km/h. This channel configuration and use of a pressure gradient driven flow to
model an atmospheric surface layer is fairly standard [Bou-Zeid et al. 2004] and
at the length scales considered here, the effect of the Coriolis force is negligible.
The flow is initialised from a uniform velocity with a random perturbation to ensure
tripping to a turbulent flow. The flow is allowed to develop to a statistically
stationary state over approximately 3600 s and statistics are sampled every 2 s
for 7200 s. The steady state is judged by negligible differences between
instantaneous spatial mean velocities and time-averaged spatial mean
velocities. The sampling fime corresponds to approximately a large-eddy
turnover time t, = h/u;, based on the canopy height and velocity at the canopy
top. The total simulation time was selected to ensure relatively smooth derivatives
of the mean velocity profiles.
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RESULTS AND DISCUSSION

CHARACTERISTICS OF THE FOUR-CANOPY CASE

In this section the four-canopy case will be examined to give a representative
characterisation of the flow above and within a heterogeneous free canopy.
The features of the four-canopy case are representative of all canopy cases. For
all canopy cases the interesting features such as the up- and down-drafts,
recirculation regions, plume structures, and variation in shear stress are periodic
with a length-scale equal to two canopy lengths. For a qualitative discussion it is
therefore sufficient to examine only the four-canopy case.

The results are nondimensionalised using the averaged canopy top friction
velocity
T Uy .,
w= O = (V52— wwy)

X

where t is the total shear stress at the top of the canopy. Typically, in a boundary
layer calculation over an unobstructed or smooth surface, the friction velocity is
taken at the surface z = 0. In these cases the sub- and above-canopy flow are
coupled and velocity scale is at the canopy top. Angled brackets denoted
quantities averaged with respect to the subscripts. For example (u); is the time
average of the u —velocity. Vertical profiles of averaged streamwise velocity are

(u)y,y/u,—velocity (w)y,y/u.—velocity

0 5 10 15 20 25 30
z/h

(a)

Figure 2 Confours of nondimensional average u-velocity with superimposed profiles of average
u-velocity at a range of locations along the canopy. Note the contours (colours) are
nondimensional but the profiles have an approximate dimensional scale as indicated. (b) Vertical
velocity in the whole domain showing the strong up- (yellow) and down-drafts (blue) above and
within the canopies. The canopy stripes are shown as dotted outlines.

shown at a range of locations along the four-canopy case in figure 2(a).

When the flow moves from a sparse canopy to a dense canopy the flow slows in
the streamwise direction causing regions of strong upward vertical velocity
above the dense canopies (figure 2(b)). Correspondingly there is a strong
downward vertical velocity above the sparse canopies. The time and (xy—)mean
sub-canopy flow for the homogeneous canopy cases exhibits the expected
exponential decay profile predicted by Inoue [1963] and simulated by Mueller
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et al. [2014] and others. Within the heterogeneous canopies the sub-canopy flow
exhibits a qualitatively similar decay, however, several new features exist. In
particular, due to the alternating streamwise accelerations and decelerations
and the consequent updrafts and down-drafts, recirculation regions are present
in the sparse canopies. These recirculation regions have been previously
observed at the downstream edge of a finite canopy and deep within extremely
dense canopies [Cassiani et al., 2008]. The recirculation regions are visualised by
plotting the streamlines of the mean flow in figure 3(q).

Similar to the flow over heterogeneous rough surfaces an internal boundary layer
develops above the canopy. Immediately above the canopy ‘plumes’ form
over each individual stripe of canopy which affects the downstream flow. The
plumes are characterised by large deviations in streamwise velocity gradient
from the velocity gradient averaged over all patches, that is

£ <a(u)t,y _ a<u)t,x,y)

u, 0z 0z '
Above the plume structures the overall atmospheric boundary layer flow is well
mixed and the flow is homogeneous in the streamwise and spanwise directions.
The critical height where this well-mixed layer commences is called the blending
height. In a blended layer there will be no localised deviations from the mean
flow throughout the domain. The plumes, mixed layer, and blending height
above the canopy can then be visualised as shown in figure 3(b).

Au, =

The contours of T and a plot of t in the plane above the canopy is plotted in
figure 4 (a and b). The stress immediately above the canopy varies periodically
over the stripes as is expected. However, in contrast to the discontinuous jumps
observed over heterogeneous roughness [Bou-Zeid et al., 2004], the variation
over a canopy appears to be somewhat smooth. Over the sparse canopies
T appears to approach a constant value, but over the dense canopies, t exhibits
an inflectional variation.

Sub-canopy streamlines h({Ou/0z), — (Ouf0z) 2,)  u.

0.8 45 Blended layer 03
0.6 4 0.2
0.4 0.1
3.5
0.2 0
s = 3
= 0 . 0.1
0.2 2.5 0.2
04 N - Blending height _ _ | | o
-0.6 1.5 Plume structures 0.4
0.8 _—*A 0.5
wopy top
-1 0.6
10 15 20 25 30

xz/h
(a) (b)

Figure 3 (a) Streamlines highlighting two recirculation vortices within the canopy.
Superimposed on the nondimensional average u—velocity. (b) Contours of averaged
velocity gradient difference above the canopy, clearly showing the plume structure
immediately above the canopy. Above the blending height is a well-mixed boundary
layer characterised by neglibible fluctuations in the velocity gradients. Sub-canopy flow
is omitted from this figure. The canopy stripes are shown as dotted outlines.
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Figure 4 (a) contours of stress over the domain, (b) stress at the canopy top

BLENDING HEIGHT AND 8 FOR CANOPY LENGTH SCALES

The blending height is identified following Bou-Zeid et al. [2004]. In a blended
layer, the difference between the domain averaged (in x,y, and t) velocity
profile and the profiles of velocity averaged in y and t only is small. Plotting these
profiles can then be used to identify the blending height. The upper and lower
quartiles of (u)., — (u). ., are plotted, in figure 5, for each canopy case and the
local minimum critical points, for z/h > 1, of these profiles are used to identify the
blending height unambiguously. These minima points form the ‘neck’ of the
velocity difference profile.

° | ‘ ——L.= 300 m
45} —L.= 150 m
41 —L.= Thm
— L. =375m
3.5¢
\
3l |
[
= 25/ |
"‘ Al /b =221 0 =442 m
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1t
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Figure 5 Upper and lower quartiles of the difference profiles. The ‘neck’ gives an unambiguous
measurement of blending height

As the streamwise length scale of the canopies decreases (in this case, as the
number of stripes increases) the blending height decreases. That is, the
homogeneous boundary layer becomes closer to the canopy top. This is
consistent with the idea that as the stripes become narrower, the heterogeneous
canopy behaves like a uniform canopy with an average LAD value. In the case
of a uniform canopy, there are no strong streamwise variations in the vertical
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motions above the canopy. Therefore, there is no blending height above the
canopy and the flow above the canopy is homogeneous in the x- and y-
directions.

A homogeneous sub-canopy flow is parameterised by 8 = u,/uy, the ratio of
canopy top friction velocity to canopy top velocity [Harman and Finnigan, 2007].
In that study g was found to be approximately constant with LAD in neutral
atmospheric stability conditions; the value proposed for the neutral conditions
B = 0.3.Infigure, é g as a function of x/h is plotted for all canopy cases. We also
find that the mean value of B is approximately constant across the
heterogeneous canopies with a value of B = 0.2. In the simulations of Mueller et
al. [2014] p = 0.3 was observed for some homogeneous canopy cases. However,
decreases in the measured value of pwere observed for LAD profiles with
extreme vertical variation (unlike the cases here where there is no vertical
variation) and cases with canopy edges. Further work is required to investigate
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Figure 6 Variation of the g parameter for (a) two, (b) four, (c) eight, and (d) sixteen canopy cases.
The mean value is approximately g = 0.2 in all cases.

the dependence of g on the canopy LAD. It is not possible to immediately extend
the sub-canopy flow model of [Harman and Finnigan, 2007] because the
recirculation regions which exist at the canopy interfaces will not be captured.
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Several of the features identified here may have significant effect on fire spread
dynamics. Intuitively, the forward-rate-of-spread of a fire will be affected by the
periodic decreases and increases of the mean sub-canopy wind speed. That is,
within the sparse canopies, the McArthur model would predict a higher rate-of-
spread (RoS) than in the dense canopies. However, this implies that the fire will
accelerate between the alternating canopy stripes. The McArthur model, like
almost all empirical fire models, assumes that the fire is spreading at a quasi-
steady rate. How the accelerating fire is driven by the spatially varying sub-
canopy wind speed is unclear. As the canopies become narrower, the fire has
less distance over which to accelerate or slow down. The RoS may in fact remain
roughly constant even though the sub-canopy wind speed is varying
considerably over a short distance.

We also expect that smoke, firebrand transport, and spotfire ignition to be
influenced by the strong updrafts and recirculation regions which occur at
canopy boundaries. Previous work by Kanani-Suhring and Raasch, [2017]
showed canopy boundaries lead to enhanced concentrations (of for example
CQO2) in the lee side of a canopy. Analogously, boundaries between dense and
sparse forests may also lead to enhanced concentrations of smoke and
combustion products in these regions. Furthermore, the strong updrafts on the
leading dense canopy edges and the large downdrafts over sparse canopies
are likely to enhance firebrand lofting, at dense canopy leading edges, and
falling firebrand distribution over sparse canopies. Therefore, spoftfire ignition may
occur more frequently in the sparse canopy regions, near an inhomogeneity in
the canopy, because a greater number of firebrands land there relative to the
rest of the canopy.

Small spot fire ignitions may be significantly influenced by recirculation regions.
Simpson et al. [2013] found that recirculation in the lee side of hills can lead to
lateral spread of large fires spreading over the hill. The magnitude of velocities in
lee vorticesis larger than observed in canopy recirculation regions, and therefore
we expect that only small fires may be influenced by the canopy recirculation
vortices. Therefore this effect may be significant in spotfire ignition and growth. It
is unlikely that the recirculation regions will persist in the presence of a large
buoyant fire plume which will disturb the background wind flow in the vicinity of
the fire.

All of these effects must be rigorously studied in further simulation work before
any useful conclusions may be drawn.
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CONCLUSIONS

Large eddy simulations of flow over heterogeneous canopies have been
conducted. The streamwise velocity profiles follow the inflectional profile typical
of flows over canopies [Harman and Finnigan, 2007]. However, at the canopy
interfaces prominent recirculation regions are observed, similar to the
recirculation region which exists downstream of a finite canopy [Cassiani et al.,
2008]. The vertical velocity exhibits up- and down-drafts corresponding to the
dense and sparse canopies respectively.

For heterogeneous canopies the mean g appears to be slightly lower than
measured experimentally for homogeneous canopies, and does not appear to
vary significantly with the number of canopies. For the heterogeneous cases the
time and domain mean flow exhibits a flow reversal, or a recirculation close to
the ground. At the boundary at the dense-to-sparse canopy interfaces, a
velocity couplet and a corresponding recirculating structure are formed inside
the sparse canopy.

The data set presented here will be used to develop a parameterisation of the
boundary layer above a heterogeneous tree canopy and it will also be used to
model the sub-canopy flow. The determination of an equivalent blending height,
displacement length, and surface roughness length in terms of the canopy
parameters can be used in surface schemes of numerical weather prediction
models which willimprove the overall wind forecast accuracy. The development
of a reduced model of sub-canopy winds in heterogeneous forests will be useful
to wildfire management agencies that require estimates of sub-canopy wind
speeds for operational fire models such as the McArthur model or the Rothermel
[Rothermel, 1972] model. A particular question that arises from this study is the
effect of recirculation regions on fire spread. Recirculation regions may not persist
in the presence of a fire plume. It is possible to simulate the effects of the canopy
on a fire spreading under a canopy using FDS and this is the subject of a
forthcoming study. Simulations will be conducted to understand the effect the
canopy has on the forward-rate-of-spread of a fire and examine if the
recirculation regions influence the fire spread. Extending this work will contribute
to understanding the effect of forest heterogeneities on firebrand and smoke
fransport.
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