








Reynolds-Averaged Navier-Stokes and
Large-Eddy Simulation Over and Inside
Inhomogeneous Forests
by

Louis-Etienne Boudreault

SUBMITTED TO THE DEPARTMENT OF WIND ENERGY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE

PHD DEGREE
AT THE

TECHNICAL UNIVERSITY OF DENMARK

¢ Louis-Etienne Boudreault, 2015. All rights reserved.

Committee:

Jakob Mann

DTU Wind Energy, DK
Professor
Andrew N. Ross
University of Leeds, UK
Lecturer

Edward G. Patton
NCAR, USA

Project Scientist Il



CONTENTS
Acknowledgements . . . . ... L 8
List of Figures . . . . . . . . 9
List of Tables . . . . . . . . . 10
List of publications . . . . . . . .. . ... ..o 11
1 Introduction . . . . . . 12
1.1 Thewind energy context . . .. .. .. ... .. ... .. ..... 12
1.2 Motivations of thethesis . . . . ... .. ... ... ... ...... 13
1.3 Choice of parameterization . .. ... ... ... ... ....... 14
1.4 Acquiring the canopy structure . . . . . ... .. ... ... .... 16
1.5 Simulating the wind at micro-scale . . ... ... .......... a
1.6 Simulating the edge ow in inhomogeneous canopy . . ... .... 18
1.7 Novelty ofthethesis . .. .. ... ... ... ... . ........ 19
1.8 Outline ofthethesis .. ... ... ... ... .. .......... 19
2 Background ... ... 21
2.1 Governing equations . . . . .. ... 21
2.1.1 Navier-Stokes equations . . . . . ... .. .. ... ... 21
2.1.2 Averaging and ltering operators . . . . ... .. .. .... 22
2.1.3 NS-equations in the canopy airspace . . ... ... ... .. 23
2.2 Reynolds-averaged Navier-Stokes model . . . . ... ... . ... 25
221 RANSequations . .. ... .. .. ... ... 25
2.2.2 Standardk model . ... .. ... 26
2.2.3 RANS forestmodel . .. .. .... .. ... ..., 27
2.24 EllipSys3Dcode . ... .. ... ... 27
2.3 Large-eddy simulation model . . .. ... ... ........... 28
23.1 LESequations .......... ... .. ... .. ..., 28
2.3.2 Sub-gridscalemodel . ... ...... ... ........ 28
233 LESforestmodel . ... ... ... ... ... ... ... 29
234 ARPScode . ... ... .. ... 29
2.4 Canopy structure theory . . . . . . . .. . 30
24.1 Treeheight . ... ... . . . .. . ... 31
2.4.2 Frontalareadensity . ... .................. 31

2.4.3 Plantareaindex . .. ... . . . . ... ... 31












ABSTRACT

Numerical modeling is a useful tool for estimating the local wahresource 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 tuldnce in-
tensity, which may compromise the performance of wind turbiree The wind ow
over forests therefore needs to be predicted with a high degref accuracy. Forests
are however inhomogeneous in nature causing complex ow dynis di cult to
capture in numerical models. An accurate description of the capy structure is
necessary to properly evaluate the performance of wind modaétssuch environ-
ment.

A systematic method to acquire gridded input of canopy structwe from aircraft-
based LiDAR scans of heterogeneous forests is de ned. An extensvadidation
against ground-based measurements of the vertically summedrftal area density
(or plant area index) and tree height is performed. The methbis optimized both
in terms of plant area index magnitude and spatial variabily. A forest grid is
generated from the LIDAR method using airplane scans of a 55 km? forested
site in Sweden. The grid serves as the basis for Reynolds-avethavier-Stokes
(RANS) simulations. Wind observations from an instrumented mast & used for
validation where a good correlation is found for the mean wihspeed 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 representatishow an important
in uence of the smaller heterogeneities on the ow when the @tis complex. A
second helicopter-based LiDAR scan of high resolution is used teeate a highly
detailed forest grid at the site of a previous forest edge expeent on the island of
Falster in Denmark. This input is used in a large-eddy simulatio (LES) study us-
ing the Advanced Regional Prediction System. The results show partant 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 repsentation
of the ow over and inside inhomogeneous forests can be acquiresing the LiDAR-
based forest parameterization. This opens up for a new way ofwedoping and
evaluating wind models adapted to complex forested terrains.



DANSK RESUME

Numerisk modellering er et nyttigt redskab, nar vindressourcerof vindmgller
skal vurderes. Pa land kan skove forarsage forhgjet turbulens aghear i vinden,
hvilket generelt mindsker vindmgllers produktivitet. Der & derfor brug for hgj
praecision, nar vinden over skove skal vurderes. Skove er imidiérheterogene
og forarsager komplekse stramningsdynamikker, der er svaere atda i numeriske
modeller. For at kunne forbedre modellerne er det vigtig meeh praecis beskrivelse
af den heterogene skovstruktur.

En systematisk metode til at opna en preecis beskrivelse af den hetgene
skovstruktur ud fra luftbaserede LIDAR scanninger er de neret. Mtoden bliver
grundigt valideret med jordbaserede malinger af treehgjdery@f skovens frontareal
densitet, og metoden bliver optimeret med hensyn til bade staisen og vari-
abiliteten af frontareal densiteten. | et hvert punkt af et ntmasket net, deekkende
et 5 5 km? skov omrdde i Sverige, bliver skovstrukturen bestemt med LiDAR
metoden samt ybaserede scanninger. Nettet danner grundlag f6#ANS simu-
leringer (Reynolds-averaged Navier-Stokes), og vind malingiga en mast anven-
des til validering. De to beregnede vindretninger er pavigt forskelligt af skoven;
men for begge retninger er der god overensstemmelse mellem deregnede og
malte vindhastighed. Gradvise forenklinger af skovbeskrivelseviser den store
ind ydelse, som skovens sma heterogeniteter har pa stramningsadynikken. En
anden hgjoplgst helikopter-baseret LIDAR scanning bruges tiheyderst detaljeret
beskrivelse af en skovkant pa Falster (Danmark), hvor der tidlgre har veeret en
malekampagne. Denne skovbeskrivelse anvendes i en LES simutg(large-eddy
simulation) ved hjeelp af systemet. Advanced Regional Prediabn System. Re-
sultaterne viser vigtig rumlig variabilitet i stramningen i tag korrelation med den
heterogene skovstruktur.

Bade RANS og LES undersggelserne viser, at en detaljeret beskrivetfe
stremningen over og i heterogene skove kan opnas ved hjeelp ddAR-baserede
parametriseringer. | jagten pa hgjere preecision er der derfabnet op for nye
mader 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 anrdugrowth rate
of 10% over the last 13 years (EWEA, 2013). Onshore wind power cabuted
to a large extent to the increase, where a total of 110.7 GW cagty has now
been installed (94% of the total wind power). The rapid expansh of wind energy
steered the new wind farm developments towards sites where @ioonditions are
more di cult. Among them, forested sites became, and are becomy increasingly
inevitable.

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

The use of existing electrical grid infrastructure. Comparedat o shore wind
farms, costs can be avoided by making use of the already existimgtalla-
tions.

Easy accessibility. The inland transport system makes it conveniefor main-
tenance and installation, and also contributes to lower the sts.

Low externalities. Problems such as noise, shadow e ects and visuapacts
are lesser in forests, since they are generally located far frorsickential areas.

Decentralised electricity production. The regional commuties near forested
lands can benet from the positive economic impacts of new wihfarm
developments.

However, the following disadvantages are encountered:

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

High turbulence and wind shear. The turbulence level and vati@ns of
velocity are more important over forests. The wind turbines tarefore need
to sustain higher loads.
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forests (seee.g Lee, 2000).

The wind is a ected by forest heterogeneities at various scalgamong which
two can be de ned: (1) the tree- or plant-scale (1-10 m) and, j2he stand-scale
(10 m). Over large areas of several kilometers, it is uncommon tod ho-
mogeneous forests with uniform properties. The landscape ighar fragmented
and consists of a variety of stand-scale heterogeneities. For eygde, man-made
activities often shaped the landscape into sharp forest edgesdariearings. More-
over, within forest stands, the trees have di erent morphologis and they often are
randomly distributed in non-plantation forests (tree-scale aterogeneity).

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

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

A rst objective  is to achieve higher-accuracy predictions by de ning a bett
representation of forest heterogeneities in numerical model

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 gdctives (Section 1.3,
1.5 and 1.6). Each hypothesis are tested in Chapters 3 5 and arensmarized 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 héigand the
drag parameterization.

The roughness height approach is derived from scaling approations of the
shear stress in the surface layer of the neutral atmosphere (Kaih@nd Finnigan,
1998). The well-known logarithmic wind pro le is derived fom these approxima-

tions: 4 ,
u= —In — ; (1.2)
20

where u is the mean streamwise velocity componenty the friction velocity,

the von Karman constant, z the vertical direction above the surface andg, a
parameter named the roughness height, which represents theu@nce of the sur-
face under neutral conditions. In numerical models, boundargonditions can be
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temporally- and spatially-averaged Navier-Stokes equatisrs:

D hu;i
Dt

= Pressure + Viscosity + Other volume forces lCdajl‘Hijhui'i; (1.2)

Drag

whereu; is the mean velocity vector anduj its magnitude, C4 the drag coe cient,
and a the frontal area density. The drag force parameterizes the he ect of the
form and viscous drag produced by canopy elements. Although stlpproximative,
the drag force allows more exibility than the roughness helg parameterization
as the properties of the forest (represented witla) are treated separately from
the dynamical e ect of the forest (represented withCy). Drag parameterization is
however more complex as the canopy structure, or the distribiain of a, needs to
be speci ed for every point of the computational grid.

Over heterogeneous forests, the wind eld is variable and theamentum trans-
fer show di erences compared to homogeneous forests and irefgr atmosphere.
The ow prediction accuracy could therefore be diminished whout a ne descrip-
tion the local variations in canopy stucture. Finding a system& 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 hyothesis:

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

1.4 Acquiring the canopy structure

Forest canopies are very di erent from one site to another andheir properties are
highly variable in space. The only way to ensure a precise descigm of their prop-
erties is by performing actual measurements. Di erent methazlcan 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 athods consist of
destructive sampling of trees, whereas indirect methods appimate the forest
density using the light absorption properties of canopies (Medorf et al., 2006).
The direct methods involve labor-intensive, ground-basedéde height and density
distribution measurements. For extended areas, this task is teaitally impracti-
cable and local measurements of the canopy structure are oftapproximated to
a larger scale. Approximating the trees and stand characteriss over such large
scales can severely degrade the overall accuracy of the winddations. Thus,
indirect methods represent a potentially useful approach fodetermining stand
structure for applications requiring high accuracy descripbn over extended areas.
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2
BACKGROUND

To describe the air ow motion above and within forest canopiegjoverning equa-
tions and statistical operators are introduced in Section 2.1In Sections 2.2 and
2.3, respectively, the RANS and LES models used to perform the wlirsimula-

tions are detailed. Aspects of canopy structure theory are nbf introduced in

Section 2.4.

2.1 Governing equations

2.1.1 Navier-Stokes equations

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

@Qu, @u_ l@p, @y c

il P = [ — f fl: 2.1
t+ Uj X ?(+ X ?(+ it (2.1)

@u

— =0 2.2

@x 2.2)

wherepis the pressure, the kinematic viscosity,f  the Coriolis force,f; are other
body forces acting on the uid andu; u f ug;up;uzg f ux;uy;u,g f u;v;wg
the velocity components in the Cartesian coordinate systery x f X1;X2;X30
fX;y;zg. By convention, z is taken as the vertical direction, andx is aligned with
the mean wind vector. Egs. 2.1 and 2.2 are known as the momentumdkecontinuity
equations, respectively.

Coriolis force

In the atmospheric boundary-layer, the Coriolis forcé  is an external body force
acting on the air due to the Earth's rotation,

fC= 24 juc feiauj; (2.3)

where j is the Earth's angular velocity vector,fc =2! sin 10 4inrads tis
the Coriolis frequency, =7:27 10 ®inrads ! 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 coxitef the study. In
the last approximation of Eqg. 2.3, the Coriolis force is negleed 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;, denoted by an overbar, and
the departure from the time-average, denoted by a prime, ade ned as

14T

(x)= = t ix;tdt; 2= where 0=0; (2.4)
and whereT is the averaging time-period. This operator is used to calate time-
averaged wind statistics from LES outputs, and to simplify the istantaneous
ow in the NS-equations into a mean and a uctuating componentthe so-called
Reynolds decompositiorfSection 2.2). Here, the ow is averaged over a nite time-
scaleT much longer than the turbulent uctuations, but small enough © retain
the mean time-variations greater thanl (@ j=@#®6 0). For wind observations, T is
typically taken as 10-30 minutes between averaging samplesdaabout 30 minutes
for a large-eddy simulation run.

Spatial-averaging

The spatial-averaging operator, denoted by angled bracketand the departure
from the spatial-average, denoted by a double prime, are deed as,

1ZZZ
hieGoi= o ix+y;tddy; %%  h ;i where h®=0; (2.5)
V

and V is an averaging volume. This operator is used for grid-volumeveraging
the NS-equations in the canopy airspace (Section 2.1.3), tleafter used for con-
structing the RANS model (Section 2.2), or at larger scales, to pierm a spatially-

averaged statistical analysis of the time-averaged ow eld. &t this latter purpose,

the volume-averaging is de ned as an horizontal-averagingperator over a region
R, where the dimensionxs is ignored (see Chapter 5).

For averaging the NS-equations, the surfaces occupied by plgmarts are ex-
cluded fromV. In the x3 direction, the extension ofV is small enough to resolve
the vertical variability in tree density. In x1 and x», it extends over a length-scale
much smaller than the large-scale honrandom inhomogeneity aanopy structure
(Raupach et al., 1996a), but is extensive enough to eliminasanall-scale hetero-
geneity (see Finnigan, 1985, for a discussion of the mathematigaplications of
the latter approximation). In reality, the separation of scaés can be considered to
occur at the plant-scale, as a canopy usually consists of treestloé same species
showing similar (homogeneous) structural characteristics.
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Spatial- ltering

The spatial- ltering operator, denoted by an overtilde, andthe residual sub- Iter
scale eld, denoted by as upper indice, are de ned as (Leonard, 1974),
z
S(ty= G(xoy) ilystdy;  §= i i where §60; (2.6)
D

whereD is the entire domain of the ow eld and G, a box-type lter given by
8
< 1 . . . .
v P X vl 55
G(x y)=. SR 2.7)
- 0; otherwise
and VR = 1 2 3 is the box-volume with side lengths ; used to perform the
ow ltering. The grid- Itered NS-equations describes the large-eddy simulation
mathematical model (Section 2.3). Compared to spatial-avaging, spatial- Itering
describes a cut-o scale where the uctuations smaller thav are removed.

2.1.3 NS-equations in the canopy airspace

Canopies are characterized by randomly distributed canopyesnents obstructing
the air ow, such as branches, leaves and stems. A detailed repretsion of the

ow around each individual canopy elements is too complex ana statistical de-
scription is required. First-order moment equations in the g#opy airspace can
be obtained from the NS-equations (Eq. 2.1) by performing, 1 imne-averaging
(Eq. 2.4) and 2 spatial-averaging (Eq. 2.5). Let us suppose thathe averaging
time-period is long enough, that the averaging-volume isfige and thin enough
to neglect the Leonard stresses (see Leonard, 1974; Finnigan83,92000), and
that the time-derivative terms do not vanish knowing that in reality, a true en-
semble average is experimentally unattainable (Finnigan,0R0). The momentum
equations using this procedure read (Wilson and Shaw, 1977;Rach and Shaw,
1982; Finnigan, 1985, 2000)

@ui, Oui _ 1@p @ ,
@t @x @x @k

@é@”;(' =0; (2.9)

ik j hugi + hFp;i; (2.8)
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where
i = huldi o hulBP o+ @; (2.10)
[ CER S 2 @x
Turbulent Dispersive | —1Z2—}
Viscous
N XN 22 @y
tFpii = Vo pnedS v o @'ndS; (2.11)
=1g =1g
| {z } o {z }
Form drag Viscous drag

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

hFpii = Cgajhuijhuii; (2.12)

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

In addition to turbulent and viscous uxes, the total uxes j (Eq. 2.10) con-
tain so-called dispersive uxes, or spatial correlation in timeveraged velocities.
In the following RANS and LES equations, where the grid-volumevaraging and
Itering of the NS-equations are applied at the scale d¥ , the small-scale dispersive
and viscous uxes below the grid size are ignored, and the hebtgreneities smaller
than the computational grid volumes are removed using the dggparameterization.
The possible dispersive uxes arising above the grid size are kegtsplved in the
simulations when an heterogeneous canopy is considered. Aeske larger scales,
the contribution of dispersive uxes were traditionally consilered small compared
to turbulent uxes (Kaimal and Finnigan, 1998) and the homogneity of the ow
was often assumed. The validity of this hypothesis is evaluatad 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@.12) presented
in Section 2.1.3. The dispersive and viscous uxes are assumed dnsalmpared
to turbulent uxes and are henceforth ignored from the equabns. The remaining
turbulent uxes hT,Ujol are non-linear terms requiring modeling in order to close the
system of equations. This can be accomplished by using the Boussinegopothesis:

. 2
ij = h Jiﬁjol 2 (Sjj ék ij (2.13)

where ¢ is the eddy viscosityk = $ru’u the turbulent kinetic energy (TKE), and
ij the Kronecker delta. The mean strain rate of deformation tensds;; writes

|
g =1 @ui @ui
"2 @x @x

The Boussinesq hypothesis is assuming the turbulent uxes to be grortional to
the mean velocity gradient. The second term on the right-handide of Eq. 2.13 is
needed to obtain the proper trace ofj;, so that contraction on the index yields
i = 2k sinceS; =0 for an incompressible ow (Wilcox, 2006). Using the Boussi-
nesq hypothesis and the Coriolis force approximation (Eq. 2,3lhe RANS equa-
tions become

(2.14)

" I#
L Quii _ 1@pi+5k) @  @ui  Qui
! @x E—igfn—z} @x @x ' @x ex
@uii . fcijshuji Cqajhuijhuii; gig
@x '
where the forcing term:
1@P
F = jo——, 2.17
RANS = 12 5 (2.17)

is a constant pressure gradient added in the momentum equatioa trive the ow.
The magnitude of the forcing is determined from the (geostrdyc) balance with
the Coriolis force above the boundary layer height as (see Bacann, 2006):

Q@P_

@x
where G is the desiredx-oriented geostrophic wind at the top boundary of the
computational domain. This forcing setup is used in Chapter 3 kereas it is
omitted in Chapter 4, along with the Coriolis force.

f ¢G; (2.18)
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2.2.2 Standard k model

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

t=C —; (2.19)
where C is a calibrated constant,k is the turbulent kinetic energy and is the

turbulent dissipation rate. Solutions fork and are found by solving the two
following transport equations:

. "
. @k @u;i @ @k
i = — - = : 2.2
huji < i @x +@?( @?("'Sk (2.20)
and
@ @u;i 2 @" @#
huii —=C 1 jj —— +— 1= +5; (2.21)

i —— Coa—
@x k' @x Tk @x @

where the constants are@ ; ; «; ;C 1;C2)=(0:060:4;1:0;2:1;1:521:83). The
set of constants presented here diers from the standard set of iants origi-
nally proposed by Jones and Launder (1972). TheC(1;C 2) constants are rather
set following Kantha (2004), the von Karman constant to the widly used value
of = 0:4, and the Schmidt number, to the constant-stress relationship =

2=(' C (C» C1)) (Wilcox, 2006). The constant C is optimized from nu-
merical simulations in the work presented in Chapter 3Sy and S are sink terms
expressing the energy loss caused by drag (see Sanz, 2003; Katal.e2004). 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-laye A correction can
be applied, as suggested by Apsley and Castro (1997), where thestant C 1 in
Eq. 2.21 is replaced by the new constar®€ ; as

I )
max

C1=C1+(C2 Cy)

(2.22)

where the mixing-lengthl of the model is given by

3
3kz2

|=C*—: (2.23)
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The maximum length-scalelnax is prescribed using a relationship proposed by
Blackadar (1962):

0:0002G
max = A ; (2.24)
c

where G is the geostrophic wind above the boundary-layer height, antl; the
Coriolis frequency (see Section 2.1.1). The length-scale iier 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 @20the following
source termsSy and S are added in Eq. 2.20 and 2.21 to model the e ect of the
canopy

S =0; (2.25)
S =12(C, C1)C*¥?Cqajhuij : (2.26)

Retaining only the term S, the model is reproducing the enhanced dissipation
caused by wake eddies behind the canopy elements. The model whassen for

its simplicity as only one term in addition to drag is needed, rad because no

new constants other than the constants already de ned in thé& equations are

required.

2.2.4 EllipSys3D code

The EllipSys3D code (Michelsen, 1992, 1994; Sgrensen, 1995) e®mputer pro-
gram developed at the wind energy department of the Technic@niversity of

Denmark, to simulate the wind around terrains, airfoils and wid turbines. The

code is based on a curvilinear nite-volume formulation of ta discretized incom-
pressible NS-equations on structured unstaggered grids. A multieck decompo-
sition approach of the domain is used to perform fast parallel nguting using

the message passing interface (MPI). The numerical procedure usadhis work

to solve the discretized equations is based on the semi-implicitethod for pres-
sure linked equations (SIMPLE) algorithm (Patankar, 1980), ad the tri-diagonal

matrix (TDMA) algorithm. The coupling between pressure and veicity is han-

dled using the Rhie/Chow interpolation technique (Rhie, 198). The solution is
accelerated using a multigrid methodj.e. coarse solutions are rst obtained on
coarse grid levels, and interpolated onto the next ner grid kels as initial so-
lutions. Volume forces such as canopy drag could create nunoati oscillations,
where steady-state solutions are dicult to obtain. The approah 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 g explicitly resolved
whereas the motion of the smaller-scale eddies are modeled.eTtES equations
for canopy ows (Shaw and Schumann, 1992; Lien et al., 2005)eaobtained from
the Iter or grid volume-averaging operator described in Seion 2.1.2. Using the
drag parameterization to characterize the form and viscousraly resulting from
the spatial- Itering operation (similarly obtained as in Setion 2.1.3), the LES
momentum equations read

@ @ 1@ @) 9— .
ot Yex S Tox ex O° waw  @2)

Forcing

where ijs = LE,?uJ-S: Wu; iy is the residual sub- Iter scale stress tensor (Leonard,
1974). The forcing termF_gs will be detailed in Chapter 5. Henceforth, ijs will
be designated as the sub-grid scale (SGS) stress tensor as the cdatmnal grid
is used as an implicit Iter of the turbulent motions. if' needs to be modeled using
a closed system of equations. One such model is described in the redtion and
is used in the present work.

The LES equations introduced above are formulated slightly d@rent in the
ARPS code. The di erences found are summarized in Section 2.34d detailed
in Chapter 5.

2.3.2 Sub-grid scale model

A transport equation of SGS-turbulent kinetic energye and horizontal and vertical
length-scaledy, and |, (1.5-equation closure model) is used in Eq. 2.27 for closure.
The SGS-stress tensorijS in Eg. 2.27 is approximated using the eddy-viscosity
hypothesis:

]5 = =+ = (2.28)
where  is given by

=@ 3)eht 3 tv (2.29)

and where ., and ., are respectively the horizontal and vertical eddy-viscositse
Using relationships for the product of a velocity scale e and a horizontal and
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vertical length scales],, and |y, respectively, +, and , can be approximated as

th = 0 le élh; (230)
tv=0 1P ely: (2.31)
The length scales are obtained from the grid spacing as
q
lh= Xy, (2.32)
lv= z; (2.33)

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

|
@e @e. @ k6K @ , @ _ &2 _
@t+ Hj @x i @?(+ @x 2 t@?( C B + S, (2.34)
whereC is 3.9 at the lowest model level and 0.93 above, according to dddor
(1980) and Moeng (1984). The terms on the right-hand side of EG-34 repre-
sent respectively the dynamic shear production, the turbulentransport and the
dissipation; the last term Sg is discussed in the next section. Following Deardor
(1980), the pressure transport term from the prognostic SGS-TKEquation 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 (Eg. 2.34) is accountewith the fol-
lowing source termSe (Shaw and Schumann, 1992; Watanabe, 2004):

Se= 2Cqa tjje: (2.35)

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

2.3.4 ARPS code

The Advanced Regional Prediction System (ARPS, version 5.1.5)Iger is used
to implicitely solve the LES equations. The ARPS code is designddr weather
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ingly linked to the Beer-Lambert law following the observatins of Monsi and Saeki
(2005). This relationship proved useful, as it can relate thaght attenuation to
the structural property of the forest media. The forest propefes descriptors, the
G-function and the Beer-Lambert law used in the LIDAR method (se€hapter 3)
are introduced in this section.

2.4.1 Tree height

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

2.4.2 Frontal area density

The frontal area density* a(x;y;z)

. . —_— 1 >@ .
i=1

is de ned as the sum of alln frontal areasA; of eachith 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(xy;z;; )=axy;2)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 inde»or P Al , is de ned as

hZ1ax
PAI(xy;z;; )= a (x;y;z;; )dz; (2.38)

z

and represents the projected frontal area of canopy elemerds(x;y;z; ; ) from
the top of the canopy, per unit horizontal surface area at a hgit z. Followingly,
the PAI (x;y; ; ) is the total projected frontal area per unit ground area ovethe
whole canopy height ¢ = 0).
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z
2~

Figure 2.1: Geometry of the projection of a canopy element area (here onto the horizontal
plane x ).

2.4.4 G-function

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

z

Ne). .
6t )= Fjcosn najd o (239)
H
where
Cosfl ng) =COS COS ¢+Sin sin gcos( e); (2.40)

with  and , the zenith and azimuth angles, respectively, and where
d e=sin ¢d d ¢ (2.41)

is the solid angle containing the canopy elements' surface nafe ne = ( ¢; o)
within the upper unit hemisphere . The distribution function of the canopy
elements' surface normalg(ne)=2 sastis es

z

g(ne) .
5 de L (2.42)

H

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 poif of the for-
est media kyz independent). Mathematically, theG-function sums the projections
of the canopy elements surface normals falling within the sdliangle d ¢ onto a
plane perpendicular to the normal directiom. Several approximations foiG( ; )
could be assumed from ideal distributions aj(n¢) (seee.g.Chen and Black, 1992).
Here, a uniform or spherical distribution of the canopy elemerntdrientations with
g(ne) =1 is assumed for simplicity (Nichiporovich, 1962). This assumpan is
tested in Chapter 3. Projecting the average frontal areas in thdirectionn normal
to the horizontal planex vy (see Fig. 2.1), and integrating the canopy elements
normals ne over the upper unit hemisphere , G(; ) becomes

2 z 1
d e COSeSIN de=cos G=cos —; (2.43)

G( )=cos >
0 0

1
2
where the dependence on the azimuth angle is removed by théegration.

2.45 Beer-Lambert law

The Beer-Lambert law applied to canopies (Monsi and Saeki, @B) reads
[ (z)= lgexp( PAI); (2.44)

and relates the decay of ux density of lightl (z) at a height z inside the canopy,
to the incoming intensity | ¢ at the top of the canopy. The extinction coe cient of
light is de ned as the ratio between the averaged projected areatime horizontal
planex vy, to the averaged canopy element area (Campbell and Norman,9B).
For a light beam radiation coming from the zenith angle, it follows from Eq. 2.43
that

_a(xy;z) _ G().
a(x;y;z) cos

(2.45)
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3
LIDAR METHOD

Abstract

The di culty of obtaining accurate information about the canopy structure is a
current limitation towards higher accuracy in numerical pedictions of the wind
eld in forested terrain. The canopy structure in computatioral uid dynamics
is speci ed through the frontal area density, and this inform#on is required for
each grid point in the three-dimensional computational doma. By using raw data
from aerial LIDAR scans, together with the Beer-Lambert law, w@ropose and test
a method to calculate and grid highly variable and realisticrbntal area density
input. An extensive comparison with ground-based measurementstbe vertically
summed frontal area density (or plant area index) and tree hdij was used to
optimize the method, both in terms of plant area index magnitde and spatial
variability. The resolution of the scans was in general low<(2:5 re ectionsm ?2).
A decrease of the resolution produced an increasing systematicdenestimation
of the spatially averaged tree height, whereas the mean plaatea index remained
insensitive. The gridded frontal area density and terrain elation were used at
the lower boundary of wind simulations in a 5 5 km? area of a forested site.
The results of the ow simulations were compared to wind measureents using a
vertical array of sonic anemometers. A good correlation wasuiad for the mean
wind speed of two contrasting wind directions with di erent inuences from the
upstream forest. The results also predicted a high variability ro the horizontal
and vertical mean wind speed, in close correlation with the capy structure. The
method is a promising tool for several computational uid dynanics applications
requiring accurate predictions of the near-surface wind dl

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 LIiDAR method of canopy
structure retrieval for wind modeling of heterogeneous forestsAgricultural and Forest Meteorol-
ogy. Accepted.
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3.1 Introduction

In computational uid dynamics (CFD) simulations of complex forested terrain,
imposing the correct canopy structure at all spatial scales iswrial to reduce the
modeling uncertainty (Lopes Da Costa et al., 2006). In the vigity of the trees,
the ow is a ected by the canopy elements and the horizontal ad vertical vari-
ability in forest density. At larger scales, natural and man-mae heterogeneities
cause the ow to be in constant adaptation to the surface. It has éen shown
that the ow in and over the heterogeneities is closely corrated with the den-
sity of the forest (Schlegel, 2012; Dellwik et al., 2014). Sewk CFD applications
require high accuracy numerical predictions of forest ows. Aese include wind
energy assessments (Lopes Da Costa et al., 2006; Ayotte, 2008)ps@ dispersion
(Katul and Poggi, 2010), wild re propagation (Coen, 2005; 8n et al., 2009), car-
bon dioxide exchange between forests and atmosphere (Belckeal., 2012), and
wind damage on trees (Dupont and Brunet, 2006). In this studya method to ob-
tain the forest canopy structure using aerial light detection ad ranging (LiDAR)
scans (ALS) for CFD is presented and evaluated.

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

Sa= Cgajujui; (3.1)
S =12C*¥Cq4ajujk; (3.2)

where u (in ms 1) is the mean velocity vector,k (in m?s 2) is the turbulent
kinetic energy (TKE), Cq is the drag coe cient and a (in m?m 3), the frontal area
density. The frontal area density represents the area of leafsiamches and stems
opposing the wind ow per unit volume. Two parametersCq and a, are required

as input. Cq is often assigned using approximations based on measurements (see
e.g.Pinard and Wilson, 2001; Queck et al., 2012). The canopy struate enters as

an input through a.

Dierent methods can be considered for the determination ofa
(Jonckheere et al., 2004; Weiss et al., 2004). They can be classias direct and
indirect (Bréda, 2003). The direct methods consist of destruee sampling of
trees, whereas indirect methods relate the forest density to e¢hlight absorption
and the optical properties of canopies (Morsdorf et al., 20R6 In wind model-
ing, performing labor-intensive, ground-based tree heighhd 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, simgr forest pa-
rameters such as the tree heightmax (in m) and PAI (in m?m 2) were used for
comparison. The tree height was de ned here as the height drence between
highest vegetation point above the ground and the lowest poirdn the ground
within a given area. ThePAl was a reduced two-dimensional variable of the
three-dimensional distribution ofa(x;y;z) de ned as:

z
PAI (x;y) = Ohmax a(x;y;z)dz (3.3)

and represents the projected canopy element area per unit gral 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 ectig havingx,y and
z spatial coordinates (Fig. 3.1d). The Beer-Lambert law as a fiction of P Al was
rst introduced by Monsi and Saeki (2005%. Extending its de nition to a(x;y;z)
we get:

2 3
hhax

1(xy;2)= loexpd ()  a(xy;z)dz4 (3.4)

4

where the incoming light of intensityl a the top of the canopy decays exponen-
tially to a | value within the canopy. Assuming a spherical distribution of the
canopy element surface angles, the extinction coe cient( ) was given by:
0:5
()= ——— (3.5)

COS JLipar

wherej jpar IS the mean zenith angle of the LIDAR (Richardson et al., 2009).
Using so-called voxels of a vertically discretized volume (orri(e.g. Fig. 3.2a), a

2 Article from the same authors translated from a German version originaly published in 1953.
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relationship for a, values into ak™ layer of thickness z can be directly obtained
from EqQ. 3.4. Assuming that the incoming and outgoing intensitiekp = I, 1 and
| = I could be obtained from the count of the intercepted LIDAR pulseR; inside
the k™ layer, a, reduces to:

ay = ( ; ZIn Ilk - where i_l (3.6)
K
. i=1 CR=R

i=1

! % R. Ro
3

and Rg 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 procedufgeee.g.
El-Sheimy et al., 2005). A uniform grid of x = y spacing in the horizontal
was de ned where cylindrical bins of variable radiug were created around each
grid point (the blue shaded area in Fig. 3.2b illustrates the gd arrangement).
Each of the individual bins was discretized in the vertical by @ ning layers of z
thickness. Ground and vegetation re ections were separatediintwo distinct data
sets according to a method de ned in Evans and Hudak (2007). Using E§ 2, the
number of vegetation re ectionsR; 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 onlyoosidered 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 gound re ection.
Last ground re ections could have been used to specify the termalevel but no
signi cant di erence were found on the tree height estimatesor the considered
point cloud. For the grid positionsij inthe x y plane, the e ectivePAl (PAI off )

was de ned as the cumulative sum of eacialk voxels contained inside a given bin,
given as:

Yh o
PAIeff = a z; where np=jjhl= zj: (3.7)
k=1

The P Al denotes the rawP Al 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 km? area, centered
around the Skogaryd Research Catchmeh{(58 21%50.5"N, 12 8%594"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 contexif the Swedish
national digital elevation model project. The scans were pirmed from 3 to 4
June 2011 and had a mean scanning resolution of 1.42 re ectioms? for the whole
area. The area is predominantly covered by coniferous forg$tut also contains
areas of low-crop agriculture. Two tall installations were gsent 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 nsawas equipped
with six sonic anemometers (Metek USA-1 Basic), which were mountat 1.2, 6.5,
12.5, 18.5, 31.0 and 38.4 m above the local ground level. Faoetlevels below the
canopy top, the instruments were not closer thah 1 m from the nearest branch.
The measurement campaign lasted from 19 August 2010 to 25 Octol2€11. The
forest immediately surrounding the mast was an 50-year-old forest dominated
by Norway spruce Picea abie3. The local forest heighth. was estimated to
be 24 to 28 m near the mast. Data were sampled at 20 Hz and averageero
30 min. The Metek sonic anemometer data were corrected for odistortion and
treated the same way as described in Bechmann et al. (2009). Thietion velocity
and Monin-Obukhov lengthsL were calculated as in Dellwik et al. (2014). The
selection for near-neutral data was based on two criteriaz&s  d)5Lyes j < 0:05
and uzgm > 45 ms 1, wherez,s =38 m denotes a reference height above terrain,
Lref the Monin-Obukhov length at the reference heightzes , d=0:75"¢ 20 m
was the assumed displacement height angsg, 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 upgam vegetation
density and terrain. A total of 222 samples centered around th270 sector and
58 samples around the 90sector were taken on a 30wide angle.

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

3.4 CFD model

3.4.1 Model detalils

The CFD model was based on a neutrally stratied RANS analysis usinthe
standard k model (Jones and Launder, 1972). The source ternsig and S in
Egs. (3.1) and (3.2) were added to thd equations to model the e ect of the
canopy (Sogachev and Panferov, 2006; Sogachev, 2009). Thagdcoe cient in
the source terms was set t&€y=0:2. Thek  equations in the form used can be
found in Wilcox (2006) where the constants of the model were s&t C =0:06,

=04, (=10, =21, C;:=1:52andC,=1:83. The Coriolis force was
added to the momentum equations and a length-scale limiter waadded to limit
the growth of the modeled mixing length following Apsley and Gsro (1997). The
maximum length scalelnhax in the limiter was prescribed using the relationship of
Blackadar (1962):

Imax = 0:0002G=f (3.8)

where G is the geostrophic wind and.=1:2 10 “ is the Coriolis frequency.

3.4.2 Domain and grid speci cations

The domain speci cation in the following description is illustated in Fig. 3.3. A
box-type computational grid having a 50 km length and 20 km with centred on
the mast location was used. The computational grid had an equsdant x y
resolution of 10 m near the domain centre. The grid cells wererstched towards
the exterior boundaries. A hyperbolic mesh generator (Sgremsel998) was used
to make a three-dimensional volume grid. The domain height waset to 4 km
with a vertical near-wall resolution of 003 m, from where it was expanded to a
resolution of about 1 m at a 30 m height above the ground. Simulan 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 % km? forest
grid was generated from the ALS, as described in Section 3.2,ngsia bin radius
ofr =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 CFyrid. Inside the
forested area, a roughness height af = 0:1 m was used at the ground boundary
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A
SITE INVESTIGATION

Abstract

We investigated the e ect of the canopy description in a Reyndk-averaged Navier-
Stokes (RANS) method based on key ow results from a complex forestsite. The
canopy structure in RANS is represented trough the frontal ared canopy elements
per unit volume, a variable required as input in canopy mods! Previously di cult
to estimate, this variable can now be easily recovered using e@ILiDAR scans. In
this study, three approaches were tested which were all based @movel method
to extract the forest properties from the scans. A rst approach sed the fully
spatial varying frontal area density. In a second approach, theertical frontal
area density variations were ignored, but the horizontally arying forest heights
were kept represented. The third approach ignored any varians: the frontal
area density was de ned as a constant up to a xed tree height ovehe whole
domain. The results showed signi cant di erences among the case The large-
scale horizontal heterogeneities produced the largest e eon the variability of
wind elds. Close to the surface, specifying more details abouhé canopy resulted
in an increase ok Yy area-averaged elds of velocity and turbulent kinetic eneyy.

4.1 Introduction

The mean wind speed, turbulence and scalar uxes are modi ed e hetero-
geneities present in forests (Bohrer et al., 2009; Dellwik et.a2014). The more
clearings, forest edges and density variations a canopy comisj the more likely
the ow within and above the canopy will be subject to gradiens 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 simations in those
circumstances becomes a technically di cult task and can haveonsequences for
di erent applications and several areas of research. For exgfe, the installation

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

Abstract

Most of our knowledge on forest edge ows comes from numericaldawind-tunnel
experiments where canopies were horizontally homogeneoius. 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 isastigated using
large-eddy simulation. The three-dimensional forest structeris prescribed in the
model using high resolution helicopter-based LIiDAR scans. The t@-eddy simula-
tion model is evaluated against eld measurements, where theatacteristics of the
turbulent air ow upwind and downwind of the forest leading edje are compared.
Several di erences are identi ed in the mean two-dimension@dge ow compared
to an equivalent homogeneous forest. The most important one rslated to a
further ow penetration found inside the canopy. Key properies to describe the
edge include the density and vertical foliage distribution, tth 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 absece of a de ned
enhanced gust zone at canopy top. Forest heterogeneities icdisigni cant spatial
standard deviations of ow statistics, increasing with high-orér moments. The
spatial standard deviation of velocity can reach 30% of the meaat half-canopy
height for a forest with plant area index and tree height spatiastandard devia-
tions of about 60% and 20%, respectively. Spatial-averagimmyer calculated ow
statistics from the simulation using the heterogeneous canopysktription yielded
non-negligible dispersive uxes at and near the edge. The spaltivariability is
found important in edge ow.

5.1 Introduction

The fragmented nature of forested landscapes leads to comptaree-dimensional
wind dynamics, and thus complex momentum, energy and mass eaodges be-
tween vegetated canopies and the atmosphere. An improved umnstanding 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 tang, but they are
often associated with high levels of wind shear and turbulencaténsity, which
increase the loads on wind turbines. Computational uid dynants (CFD) is a
useful tool to quantify the wind characteristics, but the inteaction between the
forest and the atmosphere is challenging to simulate with a higkegree of accuracy.

The motivation of the thesis was to improve the numerical pradtions for ows
over and inside forests for wind (energy) assesments. A great paftloe prediction
uncertainty is currently related to canopy heterogeneitie Heterogeneities are due
to the fragmented nature of the landscape, often shaped by mamade 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 aheir 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 degtian to study
the ow over and inside tree- to stand-scale heterogeneities.

To account for the canopy structure, the drag parameterizatin using a three-
dimensional representation of the forest using the frontal are#ensity as input was
well suited. This approach required the speci cation of the desity of the forest
in all points of the three-dimensional computational domainFor such small-scale
canopy structure description, the acquisition of the density @r large domains
would be challenging using traditional inventory methods. Atraft-based light
detection and ranging (LIDAR) scanning was identi ed as the mst promising
technology to meet these requirements. The re ection pointsfaerial LIDAR
scans (ALS), however, do not directly provide the informatiorabout the forest
density. The scans must be priorly transformed into a format suitale for numerical
wind models. The development of such a LIDAR method for vegetamm density
description and its validation constituted a major part of thethesis.

To improve wind predictions over and inside heterogeneities, rst question
that arose was whether a detailed description was important faccuracy, 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 & 5 km?
forested site in Sweden and Reynolds-averaged Navier-Stoke&\[F5) simulations
were performed. Secondly, edges are a common type of heteraities encountered
in forests. The wind ow around homogeneous forest edges has\poeisly been
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The LIiDAR method should be applied at other forested sites to vdyi if a global
decrease of modeling uncertainties is gained comparativetythe use of standard
methods .9. applying a high-roughness value of forest). Raw data of LIiDAR
scans are becoming increasingly accessible in several countisd the uncertainty
reduction could be veried for many di erent sites. If improvements are con-
rmed, the LIDAR method could become a standard of practice to prform wind
assessments.

Wind farms at forested sites are generally located far from relgintial areas, but
individual buildings may be located nearby. Buildings areuwrrently not accounted
for in the proposed LIDAR method, but a detection algorithm cold be developed.
Sharp objects such as buildings are not easily treated in CFDubthey could be
used in connection with advanced methods for treating complegeometries €.g.
immersed boundaries, see Mittal and Iccarino, 2005). Eventuglla mapping of
CFD inputs could be produced at country-scales, which could tihately lead to
a large-scale mapping of micro-scale e ects.

Hypothesis 2

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

Conclusion For a1l 1 km area, RANS simulations showed that higher wind
velocities and tke were found with more complex canopy struates. The tke was
more sensitively responding to the small variations of canopy sicture compared

to the velocity. When the site is complex, the small-scale hetegeneities are
therefore important to consider as simplifying the canopy desption can degrade

the accuracy of the simulations near the surface. In wind engtgthis can be

especially important when small wind turbines located at a coptex forested site
are considered.

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

The ALS gives temporal snapshot of the canopy structure for a specday of the
year. It is currently unknown how the mean wind eld is varyirg with the sea-

For example, databases such as Danmarks hgjdemodel and Landmaéteriet in Sweden are now
publicly available.
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Appendix A

EVALUATION OF METHODS FOR FOREST
PROPERTIES ACQUISITION
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