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ABSTRACT

Numerical modeling is a useful tool for estimating the local wind resource in rela-
tion to wind turbine siting. At onshore sites, the wind climate isoften in�uenced
by nearby forests and they cause an increase in wind shear and turbulence in-
tensity, which may compromise the performance of wind turbines. The wind �ow
over forests therefore needs to be predicted with a high degree of accuracy. Forests
are however inhomogeneous in nature causing complex �ow dynamics di�cult to
capture in numerical models. An accurate description of the canopy structure is
necessary to properly evaluate the performance of wind modelsin such environ-
ment.

A systematic method to acquire gridded input of canopy structure from aircraft-
based LiDAR scans of heterogeneous forests is de�ned. An extensivevalidation
against ground-based measurements of the vertically summed frontal area density
(or plant area index) and tree height is performed. The method is optimized both
in terms of plant area index magnitude and spatial variability. A forest grid is
generated from the LiDAR method using airplane scans of a 5� 5 km2 forested
site in Sweden. The grid serves as the basis for Reynolds-averaged Navier-Stokes
(RANS) simulations. Wind observations from an instrumented mast are used for
validation where a good correlation is found for the mean wind speed of two con-
trasting wind directions with di�erent in�uences from the upstream forest. The
e�ects of successive simpli�cations of the forest representationshow an important
in�uence of the smaller heterogeneities on the �ow when the site is complex. A
second helicopter-based LiDAR scan of high resolution is used to create a highly
detailed forest grid at the site of a previous forest edge experiment on the island of
Falster in Denmark. This input is used in a large-eddy simulation (LES) study us-
ing the Advanced Regional Prediction System. The results show important spatial
variability in the �ow �eld, in close correlation with the can opy structure.

Both the RANS and the LES studies demonstrate that a detailed representation
of the �ow over and inside inhomogeneous forests can be acquired using the LiDAR-
based forest parameterization. This opens up for a new way of developing and
evaluating wind models adapted to complex forested terrains.
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DANSK RESUMÉ

Numerisk modellering er et nyttigt redskab, når vindressourcen for vindmøller
skal vurderes. På land kan skove forårsage forhøjet turbulens og �shear� i vinden,
hvilket generelt mindsker vindmøllers produktivitet. Der er derfor brug for høj
præcision, når vinden over skove skal vurderes. Skove er imidlertid heterogene
og forårsager komplekse strømningsdynamikker, der er svære at fange i numeriske
modeller. For at kunne forbedre modellerne er det vigtig meden præcis beskrivelse
af den heterogene skovstruktur.

En systematisk metode til at opnå en præcis beskrivelse af den heterogene
skovstruktur ud fra luftbaserede LiDAR scanninger er de�neret. Metoden bliver
grundigt valideret med jordbaserede målinger af træhøjden og af skovens frontareal
densitet, og metoden bliver optimeret med hensyn til både størrelsen og vari-
abiliteten af frontareal densiteten. I et hvert punkt af et �ntmasket net, dækkende
et 5� 5 km2 skov område i Sverige, bliver skovstrukturen bestemt med LiDAR
metoden samt �ybaserede scanninger. Nettet danner grundlag forRANS simu-
leringer (Reynolds-averaged Navier-Stokes), og vind målinger fra en mast anven-
des til validering. De to beregnede vindretninger er påvirket forskelligt af skoven;
men for begge retninger er der god overensstemmelse mellem den beregnede og
målte vindhastighed. Gradvise forenklinger af skovbeskrivelsen viser den store
ind�ydelse, som skovens små heterogeniteter har på strømningsdynamikken. En
anden højopløst helikopter-baseret LiDAR scanning bruges til en yderst detaljeret
beskrivelse af en skovkant på Falster (Danmark), hvor der tidligere har været en
målekampagne. Denne skovbeskrivelse anvendes i en LES simulering (large-eddy
simulation) ved hjælp af systemet: �Advanced Regional Prediction System�. Re-
sultaterne viser vigtig rumlig variabilitet i strømningen i tæt korrelation med den
heterogene skovstruktur.

Både RANS og LES undersøgelserne viser, at en detaljeret beskrivelseaf
strømningen over og i heterogene skove kan opnås ved hjælp af LiDAR-baserede
parametriseringer. I jagten på højere præcision er der derforåbnet op for nye
måder til at udvikle og evaluere vind modeller til skovrigt landskab.
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1
INTRODUCTION

1.1 The wind energy context

Wind power capacity in Europe has increased at a compound annual growth rate
of 10% over the last 13 years (EWEA, 2013). Onshore wind power contributed
to a large extent to the increase, where a total of 110.7 GW capacity has now
been installed (94% of the total wind power). The rapid expansion of wind energy
steered the new wind farm developments towards sites where wind conditions are
more di�cult. Among them, forested sites became, and are becoming increasingly
inevitable.

Forests constitute 31% of the world total land area (Fig. 1.1) and in Europe,
45% (FAO, 2010). The large cover fraction increase the probability of dealing with
forests in wind energy projects. Siting wind turbines in such environment show
numerous advantages, such as:

� The use of existing electrical grid infrastructure. Compared to o�shore wind
farms, costs can be avoided by making use of the already existing installa-
tions.

� Easy accessibility. The inland transport system makes it convenient for main-
tenance and installation, and also contributes to lower the costs.

� Low externalities. Problems such as noise, shadow e�ects and visual impacts
are lesser in forests, since they are generally located far from residential areas.

� Decentralised electricity production. The regional communities near forested
lands can bene�t from the positive economic impacts of new wind farm
developments.

However, the following disadvantages are encountered:

� Low wind speeds. Less energy is available in the wind over forestsas they
act as a sink of momentum.

� High turbulence and wind shear. The turbulence level and variations of
velocity are more important over forests. The wind turbines therefore need
to sustain higher loads.
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forests (seee.g Lee, 2000).
The wind is a�ected by forest heterogeneities at various scales, among which

two can be de�ned: (1) the tree- or plant-scale (1-10 m) and, (2) the stand-scale
(� 10 m). Over large areas of several kilometers, it is uncommon to�nd ho-
mogeneous forests with uniform properties. The landscape is rather fragmented
and consists of a variety of stand-scale heterogeneities. For example, man-made
activities often shaped the landscape into sharp forest edges and clearings. More-
over, within forest stands, the trees have di�erent morphologies and they often are
randomly distributed in non-plantation forests (tree-scale heterogeneity).

For the wind energy community, improved predictions over forest heterogeneities
can greatly contribute to meet the low uncertainty targets. For this task, the pre-
cise description of the heterogeneous canopy structure is a keyaspect to consider.
The motivation and objectives of the current thesis are the following:

Problem statement: numerical predictions of the wind in the context of hetero-
geneous forests are currently performed with a high degree ofuncertainty.

A �rst objective is to achieve higher-accuracy predictions by de�ning a better
representation of forest heterogeneities in numerical models.

A second objective is to evaluate the e�ects of the detailed representation of
inhomogeneous forests on the wind �ow.

Below, three hypothesis are formulated in relation to these objectives (Section 1.3,
1.5 and 1.6). Each hypothesis are tested in Chapters 3�5 and are summarized in
Chapter 6.

1.3 Choice of parameterization

It is important at this point to justify the method chosen to parameterize forests.
Here, the focus is put on two methods: the modi�ed roughness height and the
drag parameterization.

The roughness height approach is derived from scaling approximations of the
shear stress in the surface layer of the neutral atmosphere (Kaimal and Finnigan,
1998). The well-known logarithmic wind pro�le is derived from these approxima-
tions:

u =
u�

�
ln

� z
z0

�

; (1.1)

where �u is the mean streamwise velocity component,u� the friction velocity, �
the von Kármán constant, z the vertical direction above the surface andz0, a
parameter named the roughness height, which represents the in�uence of the sur-
face under neutral conditions. In numerical models, boundaryconditions can be
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temporally- and spatially-averaged Navier-Stokes equations as:

Dh�ui i
Dt

= Pressure+Viscosity +Other volume forces� Cdajh�uijh �ui i| {z }
Drag

; (1.2)

where �ui is the mean velocity vector andj �uj its magnitude, Cd the drag coe�cient,
and a the frontal area density. The drag force parameterizes the net e�ect of the
form and viscous drag produced by canopy elements. Although still approximative,
the drag force allows more �exibility than the roughness height parameterization
as the properties of the forest (represented witha) are treated separately from
the dynamical e�ect of the forest (represented withCd). Drag parameterization is
however more complex as the canopy structure, or the distribution of a, needs to
be speci�ed for every point of the computational grid.

Over heterogeneous forests, the wind �eld is variable and the momentum trans-
fer show di�erences compared to homogeneous forests and in free-air atmosphere.
The �ow prediction accuracy could therefore be diminished without a �ne descrip-
tion the local variations in canopy stucture. Finding a systematic way of obtaining
and prescribing the value ofa for any type of forest is worthwhile to reach more
precision in wind models. The thesis starts with the following hypothesis:

Hypothesis 1 Using aerial LiDAR scans of forested areas in combination with
Beer-Lambert's law, a high-accuracy forest description can be
achieved for large computational domains.

1.4 Acquiring the canopy structure

Forest canopies are very di�erent from one site to another and their properties are
highly variable in space. The only way to ensure a precise description of their prop-
erties is by performing actual measurements. Di�erent methods can be considered
for the determination of a (Jonckheere et al., 2004; Weiss et al., 2004). They can
be classi�ed as direct and indirect (Bréda, 2003). The direct methods consist of
destructive sampling of trees, whereas indirect methods approximate the forest
density using the light absorption properties of canopies (Morsdorf et al., 2006).
The direct methods involve labor-intensive, ground-based tree height and density
distribution measurements. For extended areas, this task is technically impracti-
cable and local measurements of the canopy structure are oftenapproximated to
a larger scale. Approximating the trees and stand characteristics over such large
scales can severely degrade the overall accuracy of the wind simulations. Thus,
indirect methods represent a potentially useful approach fordetermining stand
structure for applications requiring high accuracy description over extended areas.
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2
BACKGROUND

To describe the air�ow motion above and within forest canopies,governing equa-
tions and statistical operators are introduced in Section 2.1. In Sections 2.2 and
2.3, respectively, the RANS and LES models used to perform the wind simula-
tions are detailed. Aspects of canopy structure theory are �nally introduced in
Section 2.4.

2.1 Governing equations

2.1.1 Navier-Stokes equations

The Navier-Stokes (NS) equations in the incompressible form areobtained by
applying Newton's second law to a �uid particle and read

@ui
@t

+ uj
@ui
@xj

= �
1
�

@p
@xi

+ �
@2ui

@xj @xj
+ f C

i + f i ; (2.1)

@ui
@xi

= 0; (2.2)

wherep is the pressure,� the kinematic viscosity,f C
i the Coriolis force,f i are other

body forces acting on the �uid andui � u � f u1;u2;u3g � f ux ;uy;uzg � f u;v;wg
the velocity components in the Cartesian coordinate systemx i � x � f x1;x2;x3g �
f x;y;zg. By convention, z is taken as the vertical direction, andx is aligned with
the mean wind vector. Eqs. 2.1 and 2.2 are known as the momentum and continuity
equations, respectively.

Coriolis force

In the atmospheric boundary-layer, the Coriolis forcef C
i is an external body force

acting on the air due to the Earth's rotation,

f C
i = � 2� ijk 
 j uk � f c� ij 3uj ; (2.3)

where 
 j is the Earth's angular velocity vector,f c = 2! sin� � 10� 4 in rads� 1 is
the Coriolis frequency,! = 7:27� 10� 5 in rads� 1 the angular velocity of the Earth,
and � the latitude of the site under consideration (� = 43� N). The Coriolis force
will be accounted or assumed negligible depending on the context of the study. In
the last approximation of Eq. 2.3, the Coriolis force is neglected in the vertical.
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2.1.2 Averaging and �ltering operators

Time-averaging

The time-averaging operator of a scalar or vector� i , denoted by an overbar, and
the departure from the time-average, denoted by a prime, arede�ned as

�� i (x ) =
1
T

Z t+ T

t
� i (x ; t)dt; � 0

i = � i � �� i where � 0
i = 0; (2.4)

and whereT is the averaging time-period. This operator is used to calculate time-
averaged wind statistics from LES outputs, and to simplify the instantaneous
�ow in the NS-equations into a mean and a �uctuating component, the so-called
Reynolds decomposition(Section 2.2). Here, the �ow is averaged over a �nite time-
scaleT much longer than the turbulent �uctuations, but small enough to retain
the mean time-variations greater thanT (@�� i =@t6= 0). For wind observations,T is
typically taken as 10-30 minutes between averaging samples, and about 30 minutes
for a large-eddy simulation run.

Spatial-averaging

The spatial-averaging operator, denoted by angled brackets,and the departure
from the spatial-average, denoted by a double prime, are de�ned as,

h� i (x ; t)i =
1
V

ZZZ

V

� i (x + y ; t)d3y ; � 00
i = � i � h � i i where h� 00

i i = 0; (2.5)

and V is an averaging volume. This operator is used for grid-volumeaveraging
the NS-equations in the canopy airspace (Section 2.1.3), thereafter used for con-
structing the RANS model (Section 2.2), or at larger scales, to perform a spatially-
averaged statistical analysis of the time-averaged �ow �eld. For this latter purpose,
the volume-averaging is de�ned as an horizontal-averagingoperator over a region
R, where the dimensionx3 is ignored (see Chapter 5).

For averaging the NS-equations, the surfaces occupied by plantparts are ex-
cluded from V. In the x3 direction, the extension ofV is small enough to resolve
the vertical variability in tree density. In x1 and x2, it extends over a length-scale
much smaller than the large-scale nonrandom inhomogeneity incanopy structure
(Raupach et al., 1996a), but is extensive enough to eliminatesmall-scale hetero-
geneity (see Finnigan, 1985, for a discussion of the mathematical implications of
the latter approximation). In reality, the separation of scales can be considered to
occur at the plant-scale, as a canopy usually consists of trees ofthe same species
showing similar (homogeneous) structural characteristics.
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Spatial-�ltering

The spatial-�ltering operator, denoted by an overtilde, andthe residual sub-�lter
scale �eld, denoted by as upper indice, are de�ned as (Leonard, 1974),

~� i (x ; t) =
Z

D

G(x � y )� i (y ; t)dy ; � s
i = � i � ~� i where f� s

i 6= 0; (2.6)

whereD is the entire domain of the �ow �eld and G, a box-type �lter given by

G(x � y ) =

8
<

:

1
VR

if jx i � yi j � � i
2 ;

0; otherwise;
(2.7)

and VR = � 1� 2� 3 is the box-volume with side lengths �i used to perform the
�ow �ltering. The grid-�ltered NS-equations describes the large-eddy simulation
mathematical model (Section 2.3). Compared to spatial-averaging, spatial-�ltering
describes a cut-o� scale where the �uctuations smaller thanV are removed.

2.1.3 NS-equations in the canopy airspace

Canopies are characterized by randomly distributed canopy elements obstructing
the air�ow, such as branches, leaves and stems. A detailed representation of the
�ow around each individual canopy elements is too complex and a statistical de-
scription is required. First-order moment equations in the canopy airspace can
be obtained from the NS-equations (Eq. 2.1) by performing, 1� time-averaging
(Eq. 2.4) and 2� spatial-averaging (Eq. 2.5). Let us suppose that the averaging
time-period is long enough, that the averaging-volume is large and thin enough
to neglect the Leonard stresses (see Leonard, 1974; Finnigan, 1985, 2000), and
that the time-derivative terms do not vanish knowing that in reality, a true en-
semble average is experimentally unattainable (Finnigan, 2000). The momentum
equations using this procedure read (Wilson and Shaw, 1977; Raupach and Shaw,
1982; Finnigan, 1985, 2000)

@h�ui i
@t

+ h�uj i
@h�ui i
@xj

= �
1
�

@h�pi
@xi

+
@�ij
@xj

� 2� ijk 
 j h�uk i + hFDi i ; (2.8)

@h�ui i
@xi

= 0; (2.9)
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where

� ij = � h u0
i u

0
j i

| {z }
T urbulent

� h �u00
i �u00

j i
| {z }

Dispersive

+ �
@h�ui i
@xj

| {z }
V iscous

; (2.10)

hFDi i =
1
V

NX

n=1

ZZ

Sn

�pnedS

| {z }
F orm drag

�
�
V

NX

n=1

ZZ

Sn

@�ui

@n
dS

| {z }
V iscous drag

; (2.11)

whereSn is the surface of thenth canopy element withinV and ne, the unit vector
pointing away from its surface. Performing spatial-averaging (Section 2.1.2) in a
multiply-connected airspace, where the plant parts intersect the volume V, leads to
spatial discontinuities in the di�erentiation at the air-canopy elements interfaces,
and the terms inhFDi i remain due tonon-commutativity (see Raupach and Shaw,
1982). Respectively, these terms represent the form (or pressure) and viscous drag
produced by the canopy elements. It is physically impossible to retrieve the mean
pressure and velocity �eld around each canopy elements inside the volumeV to
sum their form and viscous drag contributions. For this reason, the net e�ect of
plant drag insideV is often parameterized as

hFDi i = � Cdajh�uijh �ui i ; (2.12)

where it is assumed that the form drag dominate inhFDi i from the dependence
on the square of the velocity, altough some authors reported a non-negligible con-
tribution of viscous drag in the total drag (e.g., Thom, 1968).

In addition to turbulent and viscous �uxes, the total �uxes � ij (Eq. 2.10) con-
tain so-called dispersive �uxes, or spatial correlation in time-averaged velocities.
In the following RANS and LES equations, where the grid-volume averaging and
�ltering of the NS-equations are applied at the scale ofV, the small-scale dispersive
and viscous �uxes below the grid size are ignored, and the heterogeneities smaller
than the computational grid volumes are removed using the drag parameterization.
The possible dispersive �uxes arising above the grid size are kept resolved in the
simulations when an heterogeneous canopy is considered. At these larger scales,
the contribution of dispersive �uxes were traditionally considered small compared
to turbulent �uxes (Kaimal and Finnigan, 1998) and the homogeneity of the �ow
was often assumed. The validity of this hypothesis is evaluatedin Chapter 5 for
an edge �ow using an heterogeneous canopy description.
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2.2 Reynolds-averaged Navier-Stokes model

2.2.1 RANS equations

RANS equations are here obtained from the set of equations (2.8)-(2.12) presented
in Section 2.1.3. The dispersive and viscous �uxes are assumed small compared
to turbulent �uxes and are henceforth ignored from the equations. The remaining
turbulent �uxes hu0

i u
0
j i are non-linear terms requiring modeling in order to close the

system of equations. This can be accomplished by using the Boussinesqhypothesis:

� ij = �h u0
i u

0
j i � 2� tSij �

2
3

k� ij ; (2.13)

where� t is the eddy viscosity,k = 1
2hu0

i u
0
i i the turbulent kinetic energy (TKE), and

� ij the Kronecker delta. The mean strain rate of deformation tensor Sij writes

Sij =
1
2

 
@h�ui i
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+
@h�uj i
@xi

!

: (2.14)

The Boussinesq hypothesis is assuming the turbulent �uxes to be proportional to
the mean velocity gradient. The second term on the right-handside of Eq. 2.13 is
needed to obtain the proper trace of� ij , so that contraction on the index yields
� ii = � 2k sinceSii = 0 for an incompressible �ow (Wilcox, 2006). Using the Boussi-
nesq hypothesis and the Coriolis force approximation (Eq. 2.3), the RANS equa-
tions become

h�uj i
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� f c� ij 3h�uj i � Cdajh�uijh �ui i ; (2.15)
@h�ui i
@xi

= 0; (2.16)

where the forcing term:

FRANS = � i 2
1
�

@P
@xi

; (2.17)

is a constant pressure gradient added in the momentum equation to drive the �ow.
The magnitude of the forcing is determined from the (geostrophic) balance with
the Coriolis force above the boundary layer height as (see Bechmann, 2006):

@P
@x2

= � �f cG; (2.18)

where G is the desiredx-oriented geostrophic wind at the top boundary of the
computational domain. This forcing setup is used in Chapter 3 whereas it is
omitted in Chapter 4, along with the Coriolis force.
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2.2.2 Standard k � � model

The eddy viscosity � t in the standard k � � model (Jones and Launder, 1972) is
provided with

� t = C�
k2

�
; (2.19)

where C� is a calibrated constant,k is the turbulent kinetic energy and� is the
turbulent dissipation rate. Solutions for k and � are found by solving the two
following transport equations:
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and
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+ S� ; (2.21)

where the constants are (C� ; �; � k ; � � ;C� 1;C� 2) = (0 :06;0:4;1:0;2:1;1:52;1:83). The
set of constants presented here di�ers from the standard set of constants origi-
nally proposed by Jones and Launder (1972). The (C� 1;C� 2) constants are rather
set following Kantha (2004), the von Kármán constant to the widely used value
of � = 0:4, and the Schmidt number, to the constant-stress relationship� � =
� 2=(

q
C� (C� 2 � C� 1)) (Wilcox, 2006). The constant C� is optimized from nu-

merical simulations in the work presented in Chapter 3.Sk and S� are sink terms
expressing the energy loss caused by drag (see Sanz, 2003; Katul etal., 2004). The
model used to express these terms is presented in Section 2.2.3.

Length-scale limiter

The length-scale in thek � � model grows in�nitely with height, an e�ect incom-
patible with the upper part of the atmospheric boundary-layer. A correction can
be applied, as suggested by Apsley and Castro (1997), where the constant C� 1 in
Eq. 2.21 is replaced by the new constantC�

� 1 as

C�
� 1 = C� 1 + ( C� 2 � C� 1)

l
lmax

; (2.22)

where the mixing-lengthl of the model is given by

l = C
3
4
�

k
3
2

�
: (2.23)
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The maximum length-scalelmax is prescribed using a relationship proposed by
Blackadar (1962):

lmax =
0:00027G

f c
; (2.24)

where G is the geostrophic wind above the boundary-layer height, andf c the
Coriolis frequency (see Section 2.1.1). The length-scale limiter and the forcing
setup described in Section 2.2.1 are used in Chapter 3 only.

2.2.3 RANS forest model

As presented in Sogachev and Panferov (2006) and Sogachev (2009), the following
source termsSk and S� are added in Eq. 2.20 and 2.21 to model the e�ect of the
canopy

Sk = 0; (2.25)

S� = 12(C� 2 � C� 1)C1=2
� Cdajh�uij �: (2.26)

Retaining only the term S� , the model is reproducing the enhanced dissipation
caused by wake eddies behind the canopy elements. The model waschosen for
its simplicity as only one term in addition to drag is needed, and because no
new constants other than the constants already de�ned in thek � � equations are
required.

2.2.4 EllipSys3D code

The EllipSys3D code (Michelsen, 1992, 1994; Sørensen, 1995) is acomputer pro-
gram developed at the wind energy department of the Technical University of
Denmark, to simulate the wind around terrains, airfoils and wind turbines. The
code is based on a curvilinear �nite-volume formulation of the discretized incom-
pressible NS-equations on structured unstaggered grids. A multi-block decompo-
sition approach of the domain is used to perform fast parallel computing using
the message passing interface (MPI). The numerical procedure usedin this work
to solve the discretized equations is based on the semi-implicitmethod for pres-
sure linked equations (SIMPLE) algorithm (Patankar, 1980), and the tri-diagonal
matrix (TDMA) algorithm. The coupling between pressure and velocity is han-
dled using the Rhie/Chow interpolation technique (Rhie, 1981). The solution is
accelerated using a multigrid method,i.e. coarse solutions are �rst obtained on
coarse grid levels, and interpolated onto the next �ner grid levels as initial so-
lutions. Volume forces such as canopy drag could create numerical oscillations,
where steady-state solutions are di�cult to obtain. The approach described in
Rhétoré (2009) was used in the solver to mitigate this issue.
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2.3 Large-eddy simulation model

2.3.1 LES equations

In large-eddy simulation, large eddies of the turbulent �ow are explicitly resolved
whereas the motion of the smaller-scale eddies are modeled. The LES equations
for canopy �ows (Shaw and Schumann, 1992; Lien et al., 2005) are obtained from
the �lter or grid volume-averaging operator described in Section 2.1.2. Using the
drag parameterization to characterize the form and viscous drag resulting from
the spatial-�ltering operation (similarly obtained as in Section 2.1.3), the LES
momentum equations read

@~ui

@t
+ ~uj

@~ui

@xj
= FLES| {z }

F orcing
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1
�

@~p
@xi

�
@�sij
@xj

� Cda
q

~uj ~uj ~ui ; (2.27)

where� s
ij = gus

i us
j = gui uj � ~ui ~uj is the residual sub-�lter scale stress tensor (Leonard,

1974). The forcing termFLES will be detailed in Chapter 5. Henceforth,� s
ij will

be designated as the sub-grid scale (SGS) stress tensor as the computational grid
is used as an implicit �lter of the turbulent motions. � s

ij needs to be modeled using
a closed system of equations. One such model is described in the nextsection and
is used in the present work.

The LES equations introduced above are formulated slightly di�erent in the
ARPS code. The di�erences found are summarized in Section 2.3.4and detailed
in Chapter 5.

2.3.2 Sub-grid scale model

A transport equation of SGS-turbulent kinetic energye and horizontal and vertical
length-scaleslh and lv (1.5-equation closure model) is used in Eq. 2.27 for closure.
The SGS-stress tensor� s

ij in Eq. 2.27 is approximated using the eddy-viscosity
hypothesis:

� s
ij = � � t
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@~uj

@xi

!

; (2.28)

where� t is given by

� t = (1 � � 3j )� t;h + � 3j � t;v ; (2.29)

and where� t;h and � t;v are respectively the horizontal and vertical eddy-viscosities.
Using relationships for the product of a velocity scale

p
e and a horizontal and
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vertical length scales,lh and lv, respectively,� t;h and � t;v can be approximated as

� t;h = 0:1
p

elh; (2.30)

� t;v = 0:1
p

elv: (2.31)

The length scales are obtained from the grid spacing as

lh =
q

� x� y; (2.32)

lv = � z; (2.33)

and the velocity scale from a transport equation of the SGS turbulent kinetic
energye as

@e
@t

+ ~uj
@e
@xj

= � � s
ij

@~ui

@xj
+

@
@xj

 

2� t
@e
@xj

!

� C�
e3=2
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+ Se; (2.34)

whereC� is 3.9 at the lowest model level and 0.93 above, according to Deardor�
(1980) and Moeng (1984). The terms on the right-hand side of Eq.2.34 repre-
sent respectively the dynamic shear production, the turbulenttransport and the
dissipation; the last term Se is discussed in the next section. Following Deardor�
(1980), the pressure transport term from the prognostic SGS-TKEequation was
included into the turbulent transport term by doubling its value, as both terms
are assumed equivalent at the sub-grid scale.

2.3.3 LES forest model

The e�ect of canopy drag in the SGS-TKE (Eq. 2.34) is accountedwith the fol-
lowing source termSe (Shaw and Schumann, 1992; Watanabe, 2004):

Se = � 2Cda
q

~uj ~uj e: (2.35)

This term represent the turbulent energy transfer from the larger to the smaller
scales, or energy cascade, which is physically interrupted at the scale of the canopy
elements. The largest structures directly transfer their energy to the �ne wake tur-
bulence structures behind the canopy elements, where the energy becomes rapidly
dissipated (Baldocchi and Meyers, 1988; Finnigan, 2000; Cava and Katul, 2008).
The term Se represents the enhanced dissipation produced by wake-scale motions
and is known as the SGS-TKE cascade term.

2.3.4 ARPS code

The Advanced Regional Prediction System (ARPS, version 5.1.5) solver is used
to implicitely solve the LES equations. The ARPS code is designedfor weather
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ingly linked to the Beer-Lambert law following the observations of Monsi and Saeki
(2005). This relationship proved useful, as it can relate the light attenuation to
the structural property of the forest media. The forest properties descriptors, the
G-function and the Beer-Lambert law used in the LiDAR method (seeChapter 3)
are introduced in this section.

2.4.1 Tree height

The tree height, denoted byhmax , is de�ned as the vertical distance between the
uppermost point on the canopy to the lowermost point on the ground.

2.4.2 Frontal area density

The frontal area density1 a(x;y;z)

a(x;y;z) =
1

V(P)

nX

i =1
A i ; (2.36)

is de�ned as the sum of alln frontal areasA i of eachi th canopy elements inside
a volumeV(P), centred around a pointP(x;y;z). V(P) is here represented with
a vertically aligned cylinder.

The projected frontal area densitya� (x;y;z; �; � ) is de�ned as

a� (x;y;z; �; � ) = a(x;y;z)G(�; � ); (2.37)

where the functionG(�; � ) is an operator establishing the dependence of the frontal
area densitya(x;y;z) on both, the orientation of the canopy elements and a given
projection direction (see Section 2.4.4).

2.4.3 Plant area index

The downward cumulative plant area index, or PAI , is de�ned as

PAI (x;y;z; �; � ) =
hmaxZ

z

a� (x;y;z; �; � )dz; (2.38)

and represents the projected frontal area of canopy elementsa� (x;y;z; �; � ) from
the top of the canopy, per unit horizontal surface area at a height z. Followingly,
the PAI (x;y; �; � ) is the total projected frontal area per unit ground area over the
whole canopy height (z = 0).
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Figure 2.1: Geometry of the projection of a canopy element area (here onto the horizontal
plane x � y).

2.4.4 G-function

The G-function (Ross, 1981) is an operator used for projecting the averaged area
of canopy elements onto a surface perpendicular to the normaldirection of the
projection vector n (see Fig. 2.1). It is de�ned as

G(�; � ) =
Z


 H

g(ne)
2�

j cos(n � ne)jd
 e; (2.39)

where

cos(n � ne) = cos� cos� e +sin � sin� ecos(� � � e); (2.40)

with � and � , the zenith and azimuth angles, respectively, and where

d
 e = sin � ed� ed� e; (2.41)

is the solid angle containing the canopy elements' surface normals ne = ( � e; � e)
within the upper unit hemisphere 
 H . The distribution function of the canopy
elements' surface normalsg(ne)=2� sastis�es

Z


 H

g(ne)
2�

d
 e � 1: (2.42)

1The frontal area density denomination is here equivalent to the plant area density.
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The distribution function is assumed to be the same at every pointP of the for-
est media (xyz independent). Mathematically, theG-function sums the projections
of the canopy elements surface normals falling within the solid angle d
 e onto a
plane perpendicular to the normal directionn. Several approximations forG(�; � )
could be assumed from ideal distributions ofg(ne) (seee.g.Chen and Black, 1992).
Here, a uniform or spherical distribution of the canopy elementorientations with
g(ne) = 1 is assumed for simplicity (Nichiporovich, 1962). This assumption is
tested in Chapter 3. Projecting the average frontal areas in the directionn normal
to the horizontal plane x � y (see Fig. 2.1), and integrating the canopy elements
normals ne over the upper unit hemisphere 
H , G(�; � ) becomes

G(� ) = cos� �
1

2�

2�Z

0

d� e

�
2Z

0

cos� esin� ed� e = cos� � G = cos� �
1
2

; (2.43)

where the dependence on the azimuth angle is removed by the integration.

2.4.5 Beer-Lambert law

The Beer-Lambert law applied to canopies (Monsi and Saeki, 2005) reads

I (z) = I 0exp(� PAI ); (2.44)

and relates the decay of �ux density of lightI (z) at a height z inside the canopy,
to the incoming intensity I 0 at the top of the canopy. The extinction coe�cient of
light  is de�ned as the ratio between the averaged projected area inthe horizontal
plane x � y, to the averaged canopy element area (Campbell and Norman, 1998).
For a light beam radiation coming from the zenith angle� , it follows from Eq. 2.43
that

 =
a� (x;y;z)
a(x;y;z)

=
G(� )
cos�

: (2.45)
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3
LiDAR METHOD

Abstract

The di�culty of obtaining accurate information about the ca nopy structure is a
current limitation towards higher accuracy in numerical predictions of the wind
�eld in forested terrain. The canopy structure in computational �uid dynamics
is speci�ed through the frontal area density, and this information is required for
each grid point in the three-dimensional computational domain. By using raw data
from aerial LiDAR scans, together with the Beer-Lambert law, wepropose and test
a method to calculate and grid highly variable and realistic frontal area density
input. An extensive comparison with ground-based measurements of the vertically
summed frontal area density (or plant area index) and tree height, was used to
optimize the method, both in terms of plant area index magnitude and spatial
variability. The resolution of the scans was in general low (< 2:5 reectionsm� 2).
A decrease of the resolution produced an increasing systematic underestimation
of the spatially averaged tree height, whereas the mean plantarea index remained
insensitive. The gridded frontal area density and terrain elevation were used at
the lower boundary of wind simulations in a 5� 5 km2 area of a forested site.
The results of the �ow simulations were compared to wind measurements using a
vertical array of sonic anemometers. A good correlation was found for the mean
wind speed of two contrasting wind directions with di�erent in�uences from the
upstream forest. The results also predicted a high variability on the horizontal
and vertical mean wind speed, in close correlation with the canopy structure. The
method is a promising tool for several computational �uid dynamics applications
requiring accurate predictions of the near-surface wind �eld.

This chapter has been accepted for publication as: Boudreault, L.-E., Bechmann, A., Tar-
vainen, L., Klemedtsson, L., Shendryk, I., and Dellwik, E. (2014b). A LiDAR method of canopy
structure retrieval for wind modeling of heterogeneous forests.Agricultural and Forest Meteorol-
ogy. Accepted.



3.1. Introduction 35

3.1 Introduction

In computational �uid dynamics (CFD) simulations of complex forested terrain,
imposing the correct canopy structure at all spatial scales is crucial to reduce the
modeling uncertainty (Lopes Da Costa et al., 2006). In the vicinity of the trees,
the �ow is a�ected by the canopy elements and the horizontal and vertical vari-
ability in forest density. At larger scales, natural and man-made heterogeneities
cause the �ow to be in constant adaptation to the surface. It has been shown
that the �ow in and over the heterogeneities is closely correlated with the den-
sity of the forest (Schlegel, 2012; Dellwik et al., 2014). Several CFD applications
require high accuracy numerical predictions of forest �ows. These include wind
energy assessments (Lopes Da Costa et al., 2006; Ayotte, 2008), aerosol dispersion
(Katul and Poggi, 2010), wild�re propagation (Coen, 2005; Sun et al., 2009), car-
bon dioxide exchange between forests and atmosphere (Belcheret al., 2012), and
wind damage on trees (Dupont and Brunet, 2006). In this study,a method to ob-
tain the forest canopy structure using aerial light detection and ranging (LiDAR)
scans (ALS) for CFD is presented and evaluated.

In wind modeling, the e�ect of the forest is often parameterized using drag
forces in the momentum equations (seee.g. Finnigan, 2000). Additional source
terms are generally prescribed in a turbulence model to account for the modi�-
cation of the turbulence length or velocity scale inside the canopy. In the Reynolds-
averaged Navier-Stokes (RANS) canopy model proposed by Sogachev and Panferov
(2006); Sogachev (2009), the drag termsSd and the source termS� in the dissipa-
tion equation read

Sd = � Cdajujui ; (3.1)

S� = 12C1=2
� Cdajujk; (3.2)

where u (in ms� 1) is the mean velocity vector,k (in m2s� 2) is the turbulent
kinetic energy (TKE), Cd is the drag coe�cient and a (in m2m� 3), the frontal area
density. The frontal area density represents the area of leafs, branches and stems
opposing the wind �ow per unit volume. Two parameters,Cd and a, are required
as input. Cd is often assigned using approximations based on measurements (see
e.g.Pinard and Wilson, 2001; Queck et al., 2012). The canopy structure enters as
an input through a.

Di�erent methods can be considered for the determination of a
(Jonckheere et al., 2004; Weiss et al., 2004). They can be classi�ed as direct and
indirect (Bréda, 2003). The direct methods consist of destructive sampling of
trees, whereas indirect methods relate the forest density to the light absorption
and the optical properties of canopies (Morsdorf et al., 2006). In wind model-
ing, performing labor-intensive, ground-based tree height and density distribution
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3.2 LiDAR method of canopy structure
retrieval

3.2.1 Forest description

A three-dimensional description ofa(x;y;z) is considered. However, performing
an extensive validation ofa(x;y;z) using a direct comparison with ground-based
measurements is a di�cult task to perform. For this reason, simpler forest pa-
rameters such as the tree heighthmax (in m) and PAI (in m2 m� 2) were used for
comparison. The tree height was de�ned here as the height di�erence between
highest vegetation point above the ground and the lowest pointon the ground
within a given area. The PAI was a reduced two-dimensional variable of the
three-dimensional distribution ofa(x;y;z) de�ned as:

PAI (x;y) =
Z hmax

0
a(x;y;z)dz (3.3)

and represents the projected canopy element area per unit ground surface area.
Here, a = a(x;y;z) and PAI = PAI (x;y) include all possible canopy elements
opposing the wind �ow, i.e. leafs, branches and stems.

3.2.2 Mathematical model

The ALS data was gathered as a point cloud, i.e. a set of re�ections havingx,y and
z spatial coordinates (Fig. 3.1d). The Beer-Lambert law as a function of PAI was
�rst introduced by Monsi and Saeki (2005)2. Extending its de�nition to a(x;y;z)
we get:

I (x;y;z) = I 0exp

2

6
4 �  (� )

hmaxZ

z

a(x;y;z)dz

3

7
5 (3.4)

where the incoming light of intensityI 0 a the top of the canopy decays exponen-
tially to a I value within the canopy. Assuming a spherical distribution of the
canopy element surface angles, the extinction coe�cient (� ) was given by:

 (� ) =
0:5

cosj� jLiDAR
(3.5)

where j� jLiDAR is the mean zenith angle of the LiDAR (Richardson et al., 2009).
Using so-called voxels of a vertically discretized volume (or bin) (e.g. Fig. 3.2a), a

2Article from the same authors translated from a German version originally published in 1953.
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relationship for ak values into akth layer of thickness � z can be directly obtained
from Eq. 3.4. Assuming that the incoming and outgoing intensitiesI 0 = I k� 1 and
I = I k could be obtained from the count of the intercepted LiDAR pulses Ri inside
the kth layer, ak reduces to:

ak = �
1

 (� )� z
ln

 
I k

I k� 1

!

; where

8
>>>>><

>>>>>:

I k = 1 �
kX

i =1
Ri =R0

I k� 1 = 1 �
k� 1X

i =1
Ri =R0

(3.6)

and R0 is the total number of re�ections counted inside a given bin.

3.2.3 Gridding algorithm

The proposed LiDAR method was based on a local binning procedure(seee.g.
El-Sheimy et al., 2005). A uniform grid of � x = � y spacing in the horizontal
was de�ned where cylindrical bins of variable radiusr were created around each
grid point (the blue shaded area in Fig. 3.2b illustrates the grid arrangement).
Each of the individual bins was discretized in the vertical by de�ning layers of � z
thickness. Ground and vegetation re�ections were separated into two distinct data
sets according to a method de�ned in Evans and Hudak (2007). Using Eq. 5.2, the
number of vegetation re�ectionsRi contained inside each �z layers was then used
to calculate the vertical distribution of a. A LiDAR beam may undergo multiple
re�ections when a pulse is emitted and re�ected. Here, we only considered the
�rst LiDAR re�ections to be consistent with the de�nition of the B eer-Lambert
law. The terrain height in each bin was set with the lowest �rst ground re�ection.
Last ground re�ections could have been used to specify the terrain level but no
signi�cant di�erence were found on the tree height estimates for the considered
point cloud. For the grid positionsij in the x � y plane, the e�ectivePAI (PAI ij

ef f )

was de�ned as the cumulative sum of eachaij
k voxels contained inside a given bin,

given as:

PAI ij
ef f =

nhX

k=1
aij

k � z ; where nh = jjhij
max =� zjj : (3.7)

The PAI ef f denotes the rawPAI without any corrections applied.
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3.3 Test site and experimental method

3.3.1 Site description

The LiDAR method was implemented and tested on a 5� 5 km2 area, centered
around the Skogaryd Research Catchment3 (58� 21050:5"N, 12� 8059:4"E). The site
is located ' 50 km from the west coast of Sweden (Fig. 3.1a). The ALS was
produced by the National Land Survey of Sweden in the context of the Swedish
national digital elevation model project. The scans were performed from 3 to 4
June 2011 and had a mean scanning resolution of 1.42 reectionsm� 2 for the whole
area. The area is predominantly covered by coniferous forest, but also contains
areas of low-crop agriculture. Two tall installations were present on the site, a
mast and a sca�old tower.

3.3.2 Wind measurements

The 38-m-tall mast was the basis for the wind experiment. The mast was equipped
with six sonic anemometers (Metek USA-1 Basic), which were mounted at 1.2, 6.5,
12.5, 18.5, 31.0 and 38.4 m above the local ground level. For the levels below the
canopy top, the instruments were not closer than' 1 m from the nearest branch.
The measurement campaign lasted from 19 August 2010 to 25 October 2011. The
forest immediately surrounding the mast was an' 50-year-old forest dominated
by Norway spruce (Picea abies). The local forest height hc was estimated to
be 24 to 28 m near the mast. Data were sampled at 20 Hz and averaged over
30 min. The Metek sonic anemometer data were corrected for �owdistortion and
treated the same way as described in Bechmann et al. (2009). Thefriction velocity
and Monin-Obukhov lengthsL were calculated as in Dellwik et al. (2014). The
selection for near-neutral data was based on two criteria: (zref � d)=jL ref j < 0:05
and u38m > 4:5 ms� 1, wherezref = 38 m denotes a reference height above terrain,
L ref the Monin-Obukhov length at the reference heightzref , d = 0:75hc � 20 m
was the assumed displacement height andu38m the mean wind speed in the mean
wind direction at z = 38 m. For the CFD model validation, we focused on the
eastern and western wind directions, which had contrasting upstream vegetation
density and terrain. A total of 222 samples centered around the270� sector and
58 samples around the 90� sector were taken on a 30� wide angle.

3A research station within the Swedish Infrastructure for Ecosystem ResearchScience, SITES
(www.�eldsites.se).
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height results of the ALS. The growth was neglected for the comparison between
the ALS data and the data taken inInventory A. This assumption was based on
the shorter gap between the time the ALS and the inventory measurements were
acquired (� 8 months) and the reduced growth rate during the winter season.

3.4 CFD model

3.4.1 Model details

The CFD model was based on a neutrally strati�ed RANS analysis usingthe
standard k � � model (Jones and Launder, 1972). The source termsSd and S� in
Eqs. (3.1) and (3.2) were added to thek � � equations to model the e�ect of the
canopy (Sogachev and Panferov, 2006; Sogachev, 2009). The drag coe�cient in
the source terms was set toCd = 0:2. The k � � equations in the form used can be
found in Wilcox (2006) where the constants of the model were setto C� = 0:06,
� = 0:4, � k = 1:0, � � = 2:1, C� 1 = 1:52 and C� 2 = 1:83. The Coriolis force was
added to the momentum equations and a length-scale limiter was added to limit
the growth of the modeled mixing length following Apsley and Castro (1997). The
maximum length scalelmax in the limiter was prescribed using the relationship of
Blackadar (1962):

lmax = 0:00027G=fc (3.8)

whereG is the geostrophic wind andf c = 1:2� 10� 4 is the Coriolis frequency.

3.4.2 Domain and grid speci�cations

The domain speci�cation in the following description is illustrated in Fig. 3.3. A
box-type computational grid having a 50 km length and 20 km width centred on
the mast location was used. The computational grid had an equidistant x � y
resolution of 10 m near the domain centre. The grid cells were stretched towards
the exterior boundaries. A hyperbolic mesh generator (Sørensen, 1998) was used
to make a three-dimensional volume grid. The domain height was set to 4 km
with a vertical near-wall resolution of 0:03 m, from where it was expanded to a
resolution of about 1 m at a 30 m height above the ground. Simulation tests
indicated that the numerical solution was su�ciently grid-independent. Based on
measurements made at the site (see Section 3.5.1 for details), a 5� 5 km2 forest
grid was generated from the ALS, as described in Section 3.2, using a bin radius
of r = 10 m, a grid spacing of � x = � y = 10 m and layers of � z = 1:0 m thickness.
The forest grid was interpolated in the central area of the CFDgrid. Inside the
forested area, a roughness height ofz0 = 0:1 m was used at the ground boundary
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4
SITE INVESTIGATION

Abstract

We investigated the e�ect of the canopy description in a Reynolds-averaged Navier-
Stokes (RANS) method based on key �ow results from a complex forested site. The
canopy structure in RANS is represented trough the frontal area of canopy elements
per unit volume, a variable required as input in canopy models. Previously di�cult
to estimate, this variable can now be easily recovered using aerial LiDAR scans. In
this study, three approaches were tested which were all based ona novel method
to extract the forest properties from the scans. A �rst approach used the fully
spatial varying frontal area density. In a second approach, thevertical frontal
area density variations were ignored, but the horizontally varying forest heights
were kept represented. The third approach ignored any variations: the frontal
area density was de�ned as a constant up to a �xed tree height over the whole
domain. The results showed signi�cant di�erences among the cases. The large-
scale horizontal heterogeneities produced the largest e�ecton the variability of
wind �elds. Close to the surface, specifying more details about the canopy resulted
in an increase ofx � y area-averaged �elds of velocity and turbulent kinetic energy.

4.1 Introduction

The mean wind speed, turbulence and scalar �uxes are modi�ed bythe hetero-
geneities present in forests (Bohrer et al., 2009; Dellwik et al., 2014). The more
clearings, forest edges and density variations a canopy contains, the more likely
the �ow within and above the canopy will be subject to gradients and develop
di�erently. The local wind �eld could thus be signi�cantly mo di�ed by these
heterogeneities. Predicting the wind �eld using numerical simulations in those
circumstances becomes a technically di�cult task and can haveconsequences for
di�erent applications and several areas of research. For example, the installation

This chapter has been published as: Boudreault, L.-E., Bechmann, A., Sørensen, N., So-
gachev, A., and Dellwik, E. (2014a). Canopy structure e�ects on the wind at acomplex forested
site. In Journal of Physics: Conference Series, volume 524 012112. IOP Publishing.
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5
EDGE FLOW

Abstract

Most of our knowledge on forest edge �ows comes from numerical and wind-tunnel
experiments where canopies were horizontally homogeneous.To quantify the im-
pact of tree-scale heterogeneities (> 1 m) on edge �ow dynamics, the �ow in an
inhomogeneous forest edge of the Falster island in Denmark is investigated using
large-eddy simulation. The three-dimensional forest structure is prescribed in the
model using high resolution helicopter-based LiDAR scans. The large-eddy simula-
tion model is evaluated against �eld measurements, where the characteristics of the
turbulent air�ow upwind and downwind of the forest leading edge are compared.
Several di�erences are identi�ed in the mean two-dimensional edge �ow compared
to an equivalent homogeneous forest. The most important one isrelated to a
further �ow penetration found inside the canopy. Key properties to describe the
edge include the density and vertical foliage distribution, both controlling the �ow
tilt angle and �ow penetration within the canopy. Other di�e rences are related
to a slower adjustment of the correlation coe�cient and the absence of a de�ned
enhanced gust zone at canopy top. Forest heterogeneities induce signi�cant spatial
standard deviations of �ow statistics, increasing with high-order moments. The
spatial standard deviation of velocity can reach 30% of the mean at half-canopy
height for a forest with plant area index and tree height spatial standard devia-
tions of about 60% and 20%, respectively. Spatial-averagingover calculated �ow
statistics from the simulation using the heterogeneous canopy description yielded
non-negligible dispersive �uxes at and near the edge. The spatial variability is
found important in edge �ow.

5.1 Introduction

The fragmented nature of forested landscapes leads to complexthree-dimensional
wind dynamics, and thus complex momentum, energy and mass exchanges be-
tween vegetated canopies and the atmosphere. An improved understanding of

Manuscript in preparation for Boundary-Layer Meteorology.
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6
SUMMARY AND OUTLOOK

In wind energy, forested sites are of interest for wind turbine siting, but they are
often associated with high levels of wind shear and turbulence intensity, which
increase the loads on wind turbines. Computational �uid dynamics (CFD) is a
useful tool to quantify the wind characteristics, but the interaction between the
forest and the atmosphere is challenging to simulate with a highdegree of accuracy.

The motivation of the thesis was to improve the numerical predictions for �ows
over and inside forests for wind (energy) assesments. A great part of the prediction
uncertainty is currently related to canopy heterogeneities. Heterogeneities are due
to the fragmented nature of the landscape, often shaped by man-made activities,
or simply due to the random variability of the forest properties. Forest hetero-
geneities can alter the momentum transfer signi�cantly in theboundary layer and
the prediction accuracy of wind models may therefore rely ontheir proper descrip-
tion. A �rst objective was to improve the representation of thecanopy structure
in wind models and a second objective, to use the new forest description to study
the �ow over and inside tree- to stand-scale heterogeneities.

To account for the canopy structure, the drag parameterization using a three-
dimensional representation of the forest using the frontal areadensity as input was
well suited. This approach required the speci�cation of the density of the forest
in all points of the three-dimensional computational domain. For such small-scale
canopy structure description, the acquisition of the density over large domains
would be challenging using traditional inventory methods. Aircraft-based light
detection and ranging (LiDAR) scanning was identi�ed as the most promising
technology to meet these requirements. The re�ection points of aerial LiDAR
scans (ALS), however, do not directly provide the informationabout the forest
density. The scans must be priorly transformed into a format suitable for numerical
wind models. The development of such a LiDAR method for vegetation density
description and its validation constituted a major part of thethesis.

To improve wind predictions over and inside heterogeneities,a �rst question
that arose was whether a detailed description was important for accuracy, and if
the wind �eld over large areas could be a�ected signi�cantly. For this objective,
a forest grid was generated using the LiDAR method de�ned for a5 � 5 km2

forested site in Sweden and Reynolds-averaged Navier-Stokes (RANS) simulations
were performed. Secondly, edges are a common type of heterogeneities encountered
in forests. The wind �ow around homogeneous forest edges has previously been
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The LiDAR method should be applied at other forested sites to verify if a global
decrease of modeling uncertainties is gained comparativelyto the use of standard
methods (e.g. applying a high-roughness value of forest). Raw data of LiDAR
scans are becoming increasingly accessible in several countriesand the uncertainty
reduction could be veri�ed for many di�erent sites. If improvements are con-
�rmed, the LiDAR method could become a standard of practice to perform wind
assessments.

Wind farms at forested sites are generally located far from residential areas, but
individual buildings may be located nearby. Buildings are currently not accounted
for in the proposed LiDAR method, but a detection algorithm could be developed.
Sharp objects such as buildings are not easily treated in CFD, but they could be
used in connection with advanced methods for treating complex geometries (e.g.
immersed boundaries, see Mittal and Iccarino, 2005). Eventually, a mapping of
CFD inputs could be produced at country-scales, which could ultimately lead to
a large-scale mapping of micro-scale e�ects.

Hypothesis 2

A detailed representation of the canopy structure is important to achieve
high-accuracy simulations of the wind �eld over large areas.

Conclusion For a 1� 1 km area, RANS simulations showed that higher wind
velocities and tke were found with more complex canopy structures. The tke was
more sensitively responding to the small variations of canopy structure compared
to the velocity. When the site is complex, the small-scale heterogeneities are
therefore important to consider as simplifying the canopy description can degrade
the accuracy of the simulations near the surface. In wind energy, this can be
especially important when small wind turbines located at a complex forested site
are considered.

Outlook The increase in wind velocity and turbulent kinetic energy when re�ning
the canopy structure is an interesting e�ect to investigate further. It is suspected
that the �ow inside an heterogeneous forest is more likely to conserve high wind
speed and turbulence through the many gaps present in the canopy structure
compared to an homogeneous one. An improved understanding of this e�ect could
provide general guidelines to wind farm developers on the best sites to choose prior
a wind turbine siting near forests.

The ALS gives temporal snapshot of the canopy structure for a speci�c day of the
year. It is currently unknown how the mean wind �eld is varying with the sea-

For example, databases such as Danmarks højdemodel and Landmäteriet in Sweden are now
publicly available.
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Appendix A
EVALUATION OF METHODS FOR FOREST
PROPERTIES ACQUISITION





108

Bibliography

Apsley, D. and Castro, I. (1997). A limited-length-scale k � � model for the neutral and stably-
strati�ed atmospheric boundary layer. Boundary-Layer Meteorology, 83:75�98.

Ayotte, K. (2008). Computational modelling for wind energy assessment. Journal of Wind
Engineering and Industrial Aerodynamics, 96:1571�1590.

Bailey, B. and Stoll, R. (2013). Turbulence in sparse, organized vegetative canopies: a large-eddy
simulation study. Boundary-Layer Meteorology, 147:369�400.

Baldocchi, D. and Meyers, T. (1988). Turbulence structure in a deciduous forest.Boundary-Layer
Meteorology, 43:345�364.

Bechmann, A. (2006). Large-eddy simulation of atmospheric �ow over complex terrain. PhD
thesis, Risø DTU, Roskilde, Denmark.

Bechmann, A., Berg, J., Courtney, M., Jørgensen, H., Mann, J., and Sørensen, N. (2009). The
Bolund Experiment: Overview and Background. Technical Report Technical report Risø-R-
1658(EN), Risø DTU - National Laboratory for sustainable energy.

Belcher, S., Harman, I., and Finnigan, J. (2012). The wind in the willows: �ows in forest canopies
in complex terrain. Annual Review of Fluid Mechanics, 44:479�504.

Blackadar, A. (1962). The vertical distribution of wind and turbulent exchang e in a neutral
atmosphere. Journal of Geophysical Research, 67:3095�3102.

Bohrer, G., Katul, G., Walko, R., and Avissar, R. (2009). Exploring t he e�ects of microscale
structural heterogeneity of forest canopies using large-eddy simulation.Boundary-Layer Me-
teorology, 132:351�382.

Borak, J. (2009). E�ective interpolation of incomplete satellite-deriv ed leaf-area index time series
for the continental United States. Agricultural and Forest Meteorology, 149:320�332.

Boudreault, L.-E., Bechmann, A., Sørensen, N., Sogachev, A., and Dellwik, E. (2014a). Canopy
structure e�ects on the wind at a complex forested site. In Journal of Physics: Conference
Series, volume 524 012112. IOP Publishing.

Boudreault, L.-E., Bechmann, A., Tarvainen, L., Klemedtsson, L., Shendryk, I., and Dellwik, E.
(2014b). A LiDAR method of canopy structure retrieval for wind modeling of heterogeneous
forests. Agricultural and Forest Meteorology. Accepted.

Boudreault, L.-E., Dellwik, E., Bechmann, A., Sørensen, N., and Sogachev, A. (2012a). Numer-
ical simulation of the air �ow around a forest edge using LiDAR-derived forest heights. In 8th
PhD Seminar on Wind Energy in Europe, Zurich, Switzerland.



BIBLIOGRAPHY 109

Boudreault, L.-E., Dellwik, E., Bechmann, A., Sørensen, N., and Sogachev, A. (2013). Plant
area density extraction from aerial LiDAR scans for CFD applications over forests. In 13th
EMS Annual Meeting & 11th European Conference on Applications of Meteorology (ECAM),
Reading, UK.

Boudreault, L.-E., Dupont, S., Bechmann, A., and Dellwik, E. (2014c). Edge �ow in inhomoge-
neous canopy.Boundary-Layer Meteorology. In preparation.

Boudreault, L.-E., Dupont, S., Bechmann, A., and Dellwik, E. (2014d). Wind dynamics of an
heterogeneous forest edge: large-eddy simulation and in-situ experiment. In21st Symposium
on Boundary Layers and Turbulence, Leeds, UK.

Boudreault, L.-E., Sogachev, A., Dellwik, E., and Bøgh, E. (2012b). Input parameters for
CFD �ow modelling of forested terrain. In Proceedings of EWEA 2012 - European Wind
Energy Conference & Exhibition. European Wind Energy Association (EWEA) , Copenhagen,
Denmark.

Bréda, N. (2003). Ground-based measurements of leaf area index: a review of methods, instru-
ments and current controversies.Journal of Experimental Botany, 54:2403�2417.

Campbell, G. and Norman, J. (1998). An introduction to environmental biophysics. Springer-
Verlag, New York.

Cava, D. and Katul, G. (2008). Spectral short-circuiting and wake production within the canopy
trunk space of and alpine hardwood forest.Boundary-Layer Meteorology, 126:415�431.

Chahine, A., Dupont, S., Sinfort, C., and Brunet, Y. (2014). Wind-�ow dynamics over a vineyard.
Boundary-Layer Meterol., 151:557�577.

Chen, J. and Black, T. (1992). De�ning leaf area index for non-�at leaves. Plant Cell and
Environment, 15:421�429.

Clewley, D., Lucas, R., Accad, A., Armston, J., Bowen, M., Dwer, J., Pollock, S., Bunting, P.,
McAlpine, C., Eyre, T., Carreiras, J., and Moghaddam, M. (2012). An approach to mapping
forest growth stages in Queensland, Australia through integration of ALOS PALSAR and
Landsat sensor data.Remote Sensing, 4:2236�2255.

Coen, J. (2005). Simulation of the Big Elk Fire using coupled atmosphere-�re modeling. Inter-
national Journal of Wildland Fire , 14:49�59.

Coops, N., Hilker, T., Wulder, M., St-Onge, B., Newham, G., Siggins, A., and Trofymow, J.
(2007). Estimating canopy structure of Douglas-�r forest stands from discrete-return LiDAR.
Trees, 21:295�310.

Deardor�, J. W. (1980). Stratocumulus-capped mixed layers derived from a 3-dimensional model.
Boundary-Layer Meteorology, 18(4):495�527.

Dellwik, E., Bingöl, F., and Mann, J. (2014). Flow distortion at a dense forest edge. Quaterly
Journal of the Royal Meteorological Society, 140:676�686.

Dellwik, E. and Jensen, N. (2000). Internal equilibrium layer growth over forest. Theoretical and
Applied Climatology, 66:173�184.



BIBLIOGRAPHY 110

Dellwik, E. and Jensen, N. (2005). Flux-pro�le relationships over a fetch limited beech forest.
Boundary-Layer Meteorology, 115:179�204.

Dupont, S. and Brunet, Y. (2006). Simulation of turbulent �ow in an urban forest ed park
damaged by a windstorm. Boundary-Layer Meteorology, 120:133�161.

Dupont, S. and Brunet, Y. (2008a). Edge �ow and canopy structure: a large-eddy simulation
study. Boundary-Layer Meteorology, 126:51�71.

Dupont, S. and Brunet, Y. (2008b). In�uence of foliar density pro�le on canopy �ow: A l arge-
eddy simulation study. Agricultural and Forest Meteorology, 148:976�990.

Dupont, S. and Brunet, Y. (2009). Coherent structures in canopy edge �ow: a large-eddy
simulation study. Journal of Fluid Mechanics, 630:93�128.

Dupont, S., Brunet, Y., and Finnigan, J. J. (2008). Large-eddy simulation of turbulent �ow over
a forested hill: validation and coherent structure identi�cation. Quaterly Journal of the Royal
Meteorological Society, 134:1911�1929.

Dupont, S., Gosselin, F., Py, C., de Langre, E., Hemon, P., and Brunet, Y. (2010). Modelling
waving crops using large-eddy simulation: comparison with experiments and a linear stability
analysis. Journal of Fluid Mechanics, 652:5�44.

Dupont, S., J.-M., B., Irvine, M., Lamaud, E., and Brunet, Y. (2011). Long-di stance edge
e�ects in a pine forest with a deep and sparse trunk space: in situ and numerical experiments.
Agricultural and Forest Meteorology, 151:328�344.

El-Sheimy, N., Valeo, C., and Habib, A. (2005). Digital terrain modeling . Artec House, Norwood.

Evans, J. and Hudak, T. (2007). A multiscale curvature algorithm for classifying discrete re-
turn lidar in forested environments. IEEE Transactions on Geoscience and Remote Sensing,
45(4):1029�1038.

EWEA (2013). Wind in Power: 2013 European Statistics. Technical report, European Wind
Energy Association (EWEA), Brussels, Belgium.

FAO (2010). Global Forest Resources Assessment 2010 � main report. Technical report, Food
and Agriculture Organization of the United Nations (FAO), Rome, Italy.

Finnigan, J. (2000). Turbulence in plant canopies. Annual Review of Fluid Mechanics, 32:519�
571.

Finnigan, J. J. (1985). Turbulent transport in �exible plant canopies. In The Forest-Atmosphere
Interaction , pages 443�480. BA Hutchison, Dordrecht, The Netherlands: Reidel.

Harman, I. and Finnigan, J. (2007). A simple uni�ed theory for �ow in the canopy a nd roughness
sublayer. Boundary-Layer Meteorology, 123:339�363.

Hicks, B., Hyson, P., and Moore, C. (1975). A study of eddy �uxes over a forest. Journal of
Applied Meteorology, 15:58�66.



BIBLIOGRAPHY 111

Irvine, M., Gardiner, B., and Hill, M. (1997). The evolution of turbulence acro ss a forest edge.
Boundary-Layer Meteorology, 84:467�496.

Jonckheere, I., Fleck, S., Nackaerts, K., Muys, B., Coppin, P., Weiss, M., andBaret, F. (2004).
Review of methods for in situ leaf area index determination Part I. Theories, sensors and
hemispherical photography. Agricultural and Forest Meteorology, 121:19�35.

Jones, W. and Launder, B. (1972). The prediction of laminarization with a two-equation model
of turbulence. International Journal of Heat and Mass Transfer, 15:301 � 314.

Kaimal, J. C. and Finnigan, J. J. (1998). Atmospheric boundary layer �ows : their structure and
measurement. Oxford University Press, New York.

Kantha, L. (2004). The length scale equation in turbulence models.Nonlinear Process Geophys,
11:83�97.

Katul, G., Mahrt, L., Poggi, D., and Sanz, C. (2004). One- and two-equation models for canopy
turbulence. Boundary-Layer Meteorology, 113:81�109.

Katul, G. and Poggi, D. (2010). The in�uence of hilly terrain on aerosol-sized particle deposition
into forested canopies.Boundary-Layer Meteorology, 137:67�88.

Keating, A., Piomelli, U., Balaras, E., and Kaltenbach, H.-J. (2004). A priori and a posteriori
tests of in�ow conditions for large-eddy simulation. Physics of �uids, 16:4696�4712.

Klemp, J. and Lilly, D. (1978). Numerical simulation of hydrostatic mo utain waves. Journal of
the Atmospheric Sciences, 35:78�107.

le Maire, G., Mardsen, C., Nouvellon, Y., Stape, J.-L., and Ponzoni, F. (2012). Calibration of a
species-speci�c spectral vegetation index for leaf area index (LAI) monitoring: example with
MODIS re�ectance time-series on Eucalyptus plantations. Remote Sensing, 4:3766�3780.

Leblanc, S. and Chen, J. (2001). A practical scheme for correcting multiple scatteringe�ects on
optical LAI measurements. Agricultural and Forest Meteorology, 110:125�139.

Lee, X. (2000). Air motion within and above forest vegetation in non-ideal conditions. Forest
Ecology and Management, 135:3�18.

Lefsky, M., Harding, D., Cohen, W., Parker, G., and Shugart, H. (1999). Surface lidar remote
sensing of basal area and biomass in deciduous forests of eastern Maryland, USA.Remote
Sensing of Environment, 67:83�98.

Leonard, A. (1974). Energy cascade in large simulation of turbulent �uid �ow. Advances in
Geophysics, 18A:237�248.

Leonard, B. (1979). A stable and accurate convective modelling procedure based on quadratic
upstream interpolation. Computational methods in applied mechanical engineering, 19:59�98.

Lie�ers, V., Stadt, K., and Navratil, S. (1996). Age structure and growth of understory white
spruce under aspen.Canadian Journal of Forest Research, 26:1002�1007.



BIBLIOGRAPHY 112

Lien, F.-S., Yee, E., and Wilson, J. (2005). Numericall modelling of the turbulent �ow developing
within and over a 3-D building array, Part II: A mathematical foundation for a distributed
drag force approach.Boundary-Layer Meteorology, 114:245�285.

Lindroth, A. (1993). Aerodynamic and canopy resistance of short-rotation forest in relation to
leaf area index and climate.Boundary-Layer Meteorology, 66:265�279.

Lopes Da Costa, J., Castro, F., Palma, J., and Stuart, P. (2006). Computer simulation of
atmospheric �ows over real forests for wind energy resource evaluation.Journal of Wind
Engineering and Industrial Aerodynamics, 94:603�620.

Mann, J. and Dellwik, E. (2014). Sudden distortion of turbulence at a forest edge. InJournal
of Physics: Conference Series, volume 524 01210. IOP Publishing.

Mcinerney, D., Suarez-Minguez, J., Valbuena, R., and Nieuwenhuis, M. (2010). Forest canopy
height retrieval using LiDAR data, medium-resolution satellite imagery and kNN estimation
in Aberfoyle, Scotland. Forestry, 83:195�206.

Michelsen, J. (1992). Basis3d - a platform for development of multiblock PDE solvers. Technical
Report Technical report AFM 92-05, Technical University of Denmark.

Michelsen, J. (1994). Block structured multigrid solution of 2D and 3D elliptic PDE's. Technical
Report Technical report AFM 94-06, Technical University of Denmark.

Mittal, R. and Iccarino, G. (2005). Immersed boundary methods. Annual Review of Fluid
Mechanics, 37:239�261.

Moeng, C. H. (1984). A large-eddy-simulation model for the study of planetary boundary-layer
turbulence. Journal of the Atmospheric Sciences, 41(13):2052�2062.

Monsi, M. and Saeki, T. (2005). On the factor light in plant communities and its importance for
matter production. Annals of Botany, 95:549�567.

Morsdorf, F., Kötz, B., Meier, E., Itten, K., and Allgöwer, B. (2006). E stimation of LAI and
fractionnal cover from small footprint airborne laser scanning data based ongap fraction.
Remote sensing of Environment, 104:50�61.

Morse, A., Gardiner, B., and Marshall, B. (2002). Mechanisms controlling turbulence develop-
ment across a forest edge.Boundary-Layer Meteorology, 103:227�251.

Nichiporovich, A. (1962). Properties plant of crops as an optical system. Soviet Plant Physiology,
8:428�435.

Orlanski, I. (1975). A rational subdivision of scales for atmospheric processes.Bulletin of the
American Meteorological Society, 56:527�530.

Panferov, O. and Sogachev, A. (2008). In�uence of gap size on wind damage variables in a forest.
Agricultural and Forest Meteorology, 148:1869�1881.

Patankar, S. (1980). Numerical heat transfer and �uid �ow . McGraw Hill Book Company, New
York.



BIBLIOGRAPHY 113

Peduzzi, A., Wynne, R., Thomas, V., Nelson, R., Reis, J., and Sanford, M. (2012). Combined
use of airborne lidar and DBInSAR data to estimate LAI in temperate mixed forests. Remote
Sensing, 4:1758�1780.

Pimont, F., Dupuy, J.-L., Linn, R., and Dupont, S. (2011). Impacts of tree canopy structure on
wind �ows and �re propagation simulated with �retec . Annals of Forest Science, 68:523�530.

Pinard, J.-P. and Wilson, J. (2001). First- and second-order closure models forwind in a plant
canopy. Journal of Applied Meteorology, 40:1762�1768.

Poggi, D., Katul, G., and Albertson, J. (2004). A note on the contributio n of dispersive �uxes
to momentum transfer within canopies. Boundary-Layer Meteorology, 111:615�621.

Popescu, S. and Wynne, R. (2004). Seeing the trees in the forest: using lidar and multispectral
data fusion with local �ltering and variable window size for estimating tree height. Photogram-
metric Engineering And Remote Sensing, 70:589�604.

Queck, R., Bienert, A., Maas, H.-G., Harmansa, S., Goldberg, V., and Bernhofer, C. (2012).
Wind �elds in heterogeneous conifer canopies: parametrisation of momentum absoption using
high-resolution 3D vegetation scans.European Journal of Forest Research, 131:165�176.

Raupach, M. (1994). Simpli�ed expressions for vegetation roughness length and zero-plane dis-
placement as functions of canopy height and area index.Boundary-Layer Meteorology, 71:211�
216.

Raupach, M. (1995). Corrigenda. Boundary-Layer Meteorology, 76:303�304.

Raupach, M., Bradley, E., and Ghadiri, H. (1987). A wind tunnel investigatio n into aerodynamic
e�ect of forest clearings on the nesting of abbott's Boody on Christmas Island. Technical
report, CSIRO Centre for environmental Mechanics, Canberra, Australia.

Raupach, M., Coppin, P., and Legg, B. (1996a). Experiments on scalr dispersion within a model
plant canopy. Part I: The turbulence structure. Boundary-Layer Meteorology, 35:21�52.

Raupach, M., Finnigan, J., and Brunet, Y. (1996b). Coherent eddies and turbulence in vegetation
canopies: the mixing-layer analogy.Boundary-Layer Meteorology, 78:351�382.

Raupach, M. and Shaw, R. (1982). Averaging procedures for �ow within vegetation canopies.
Boundary-Layer Meteorology, 22:79�90.

Rhétoré, P.-E. (2009). Wind turbine wake in atmospheric turbulence. PhD thesis, Alborg Uni-
versity, Aalborg, Denmark.

Rhie, C. (1981). A numerical study of the �ow past an isolated airfoil with separation. PhD
thesis, University of Illinois.

Richardson, J., Moskal, L., and Kim, S.-H. (2009). Modeling approaches to estimate e�ective leaf
area index from aerial discrete-return LIDAR. Agricultural and Forest Meteorology, 149:1152�
1160.

Ross, J. (1981). The radiation regime and architecture of plant stands. Springer Netherlands,
Dordrecht.



BIBLIOGRAPHY 114

Sanz, C. (2003). A note on k-epsilon modelling of vegetation canopy air-�ows.Boundary-Layer
Meteorology, 108:191�197.

Schlegel, J. (2012). Large-eddy simulation of inhomogeneous canopy �ows using high-resolution
terrestrial laser scanning data. Boundary-Layer Meteorology, 142:223�243.

Shaw, R. and Schumann, U. (1992). Large-eddy simulation of turbulent �ow above andwithin
a forest. Boundary-Layer Meteorology, 61:41�64.

Shendryk, I., Hellström, M., Klemedtsson, L., and Kljun, N. (2014). Low-density L iDAR and
optical imagery for biomass estimation over boreal forest in Sweden.Forests, 5:992�1010.

Sogachev, A. (2009). A note on two-equation closure modelling of canopy �ow.Boundary-Layer
Meteorology, 130:423�435.

Sogachev, A. and Panferov, O. (2006). Modi�cation of two-equation models to account for plant
drag. Boundary-Layer Meteorology, 121:229�266.

Solberg, S., Brunner, A., Hanssen, K., Lange, H., Naesset, E., Rautiainen, M., and Stenberg,
P. (2009). Mapping LAI in a Norway spruce forest using airborne laser scanning. Remote
Sensing of Environment, 113:2317�2327.

Solberg, S., Naesset, E., Hanssen, K., and Christiansen, E. (2006). Mapping defoliation dur-
ing a severe insect attack on Scots pine using airborne laser scanning.Remote Sensing of
Environment, 102:364�376.

Sørensen, N. (1995). General purpose �ow solver applied to �ow over hills. Technical Report
Risø-R-827(EN), Ph.D. thesis., Risø DTU.

Sørensen, N. (1998). Hygrid2D - a 2D mesh generator. Technical Report Technical report
Risø-R-827(EN), Risø DTU.

Sørensen, N., Bechmann, A., Boudreault, L.-E., Koblitz, T., and Sogachev, A. (2013). CFD
applications in wind energy using RANS. InCFD for atmospheric �ows and wind engineering.
von Karman Institute for Fluid Dynamics, Rhode-St-Genèse.

Sun, R., Krueger, S., Jenkins, M., Zulauf, M., and Charney, J. (2009). The importance of �re-
atmosphere coupling and boundary-layer turbulence to wild�re spread. International Journal
of Wildland Fire , 18:50�60.

Thom, A. (1968). The exchange of momentum, mass and heat between an arti�cial leaf and
air�ow in a wind tunnel. Quaterly journal of the royal meteorological society, 94:44�55.

Thom, A. (1971). Momentum absorption by vegetation. Quaterly journal of the royal meteoro-
logical society, 97:414�428.

TPWind (2014). Strategic Research Agenda / Market Deployment Strategy (SRA/MDS). Tech-
nical report, European Wind Energy Technology Platform.

van Leeuwen, M. and Nieuwenhuis, M. (2010). Retrieval of forest structural parameters using
lidar remote sensing.European Journal of Forest Research, 129:749�770.



BIBLIOGRAPHY 115

Verhoef, A., McNaughton, K., and Jacobs, A. (1997). A parameterization of momentum rough-
ness length and displacement height for a wide range of canopy densities.Hydrology and Earth
System Sciences, 1:81�91.

Vertex IV (2007). Vertex IV and Transponder T3 manual. Haglöf Sweden AB, Box 28, 88221
Långsele, Sweden.

Watanabe, T. (2004). Large-eddy simulation of coherent turbulence structures associated with
scalar ramps over plant canopies.Boundary-Layer Meteorology, 112:307�341.

Weiss, M., Baret, F., Smith, G., Jonckheere, I., and Coppin, P. (2004). Reviewof methods
for in situ leaf area index determination Part II. Estimation of LAI, err ors and sampling.
Agricultural and Forest Meteorology, 121:37�53.

Wilcox, D. C. (2006). Turbulence Modeling for CFD. DCW Industries, Inc., La Canada.

Wilson, J., Ward, D., Thurtell, G., and Kidd, G. (1982). Statistics of at mospheric turbulence
within and above a corn canopy. Boundary-Layer Meterology, 24:495�519.

Wilson, N. and Shaw, R. (1977). A higher order closure model for canopy �ow. Journal of
Applied Meterology, 16:1198�1205.

Xue, M., Droegemeier, K., and Wong, V. (2000). The Advanced Regional Prediction System
(ARPS) � A multi-scale nonhydrostatic atmospheric simulation and prediction model. Part I.
Model dynamics and veri�cation. Meteorology and Atmospheric Physics, 75:161�193.

Xue, M., Droegemeier, K., Wong, V., Shapiro, A., and Bewster, K. (1995). ARPS Version 4.0
User's Guide. Technical report, Center for Analysis and Prediction of Storms, University of
Oklahoma, Norman, OK.

Xue, M., Droegemeier, K., Wong, V., Shapiro, A., Brewster, K., Carr, F., Weber, D., Liu,
Y., and Wang, D. (2001). The Advanced Regional Prediction System (ARPS) � A mult i-
scale nonhydrostatic atmospheric simulation and prediction tool. Part II. Model physics and
applications. Meteorology and Atmospheric Physics, 76:143�165.

Yang, B., Morse, A., Shaw, R., and Paw U, K. (2006). Large-eddy simulation of turbulent �ow
across a forest edge. Part II: momentum and turbulent kinetic energy budgets.Boundary-
Layer Meteorology, 121:433�457.

Zilitinkevich, S. (2008). The e�ect of strati�cation on the aerodynamic roug hness length and
displacement height. Boundary-Layer Meteorology, 129:179�190.




	Acknowledgements

