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Abstract Applications of flow models to tall plant can-
opies are limited, amongst other factors, by the lack of
detailed information on vegetation structure. A method is
presented to record 3D vegetation structure and make this
information applicable to the derivation of turbulence
parameters suitable for flow models. The relationship
between wind speed, drag coefficient (Cp) and plant area
density (PAD) was experimentally investigated in a mixed
conifer forest in the lower part of the Eastern Ore Moun-
tains. Essential information was gathered by collecting
multi-level high-frequency wind velocity measurements
and a dense 3D representation of the forest was obtained
from terrestrial laser scanner data. Wind speed dependence
or streamlining was observed for most of the wind direc-
tions. Edge effects, i.e. the influence of the here not
regarded pressure gradient and the advective terms of the
momentum equation, are assumed to cause this heteroge-
neity. Contrary to the hypothetic shelter effect, which
would reduce the drag on sheltered plant parts, the calcu-
lated profiles of drag coefficients revealed an increasing Cp,
with PAD (i.e. a dependence on canopy and plant
structure).

This article belongs to the special issue “Wind Effects on Trees’.
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Introduction

Detailed knowledge of momentum transfer between forest
stands and the atmosphere is essential not only for
assessing storm damage risks but also for understanding
exchange processes of energy and greenhouse gases. The
momentum absorption is dominated by inhomogeneities
such as step changes in stand height and forest clearings
(Hasager and Jensen 1999). Wind fields and turbulence
structure within canopies are highly variable and depend on
the distribution and shape of roughness elements (Raupach
and Thom 1981; de Langre 2008).

Intensive experiments to assess the complete mass bal-
ance of several forest stands have revealed that measure-
ments at discrete points unsatisfactorily represent the
heterogeneity of energy and mass exchanges (Aubinet et al.
2010), and a complementary flow modelling is needed. The
application of turbulence closure models that describe wind
fields in tall canopies is, however, limited by the parame-
terisation of plant architecture (Cescatti and Marcolla
2004). The implementation of a realistic 3D plant surface
model is a prerequisite for the adequate simulation of wind
fields and for making comparisons of measurements and
model simulations.

Terrestrial laser scanning, as a technology for close
range applications, has proven to produce reliable repre-
sentations of forest stand structure (Aschoff and Spiecker
2004; Gorte and Pfeifer 2004; Pfeifer and Winterhalder
2004; Henning and Radtke 2006; Maas et al. 2008). A plant
area density can be estimated from laser scanning data by
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aggregation of the laser scanner data into a 3D voxel space
(Henning and Radtke 2006) or by identifying stem sections
(Lefsky and McHale 2008). The first method is to prefer for
the use in numerical flow models, which run mostly on 3D
grid structures.

The drag force Fp experienced by vegetation due to
atmospheric motion represents the strongest influence of
vegetation on simulated wind fields. Following the concept
of Rayleigh, it is usually calculated from the projected area
(here PAD), the kinetic energy of the moving air mass and
a drag coefficient, Cp (e.g. Shaw and Schumann 1992;
Kaimal and Finnigan 1994). The term Cp is an object-
specific coefficient that accounts for the drag reduction by
the streamline form of the object, the influence of surface
texture and, to some extent, the effects of viscous drag
forces (see also Mahrt et al. 2001).

It has been reported that the product of Cp x PAD
decreases within closed canopies due to sheltering (e.g.
Thom 1971) and that Cp, depends on wind speed due to the
streamlining of elastic roughness elements (Raupach and
Thom 1981; Brunet et al. 1994; Finnigan 2000), but it has
also been stated that the importance of viscous boundary
layers increases at low Reynolds numbers (Mahrt et al.
2001). Furthermore, a dependence of Cp on wind direction
is caused by variations in object shape and object size
exposed perpendicular to the streamlines (Monteith and
Unsworth 2008).

Despite the complexity of the drag coefficient, it is
common to apply a constant Cp in numerical flow models
(e.g. Shaw and Schumann 1992; Grofl 1993; Yang et al.
2006; Frank and Ruck 2008; Dupont et al. 2011). However,
Sogachev and Panferov (2006) emphasise the sensitivity of
the turbulence parameterisation in regards to the drag

Fig. 1 Aerial photo with towers
(courtesy of W. Junkermann,
31.07.2008) and the outlined
model domain: HM indicates
the permanent scaffolding tower
(height 42 m), GM1 and GM2
are temporary scaffolding
towers (40 m) and CM is a
telescoping tower (30 m). The
small photo in the upper right
corner shows the southwest
view from HM at a height

of 8 m
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coefficient. Arya (2001) designates Cp as the most uncer-
tain parameter in making estimates of momentum fluxes.
Typical values used for coniferous forest stands range from
0.1 to 0.4, and for models, a constant value of Cp = 0.2 is
often used.

The aim of this study is to improve the representation of
the vegetation in numerical models, as this is a major
handicap for the calculation of realistic wind fields close to
and within tall forests. The study uses data from two
experiments called WinCanop and TurbEFA, and focuses
on two questions: (1) How can we obtain a realistic veg-
etation model? (2) How can we parameterise the drag force
acting on the vegetation?

Materials and methods
Study area

The Anchor Station Tharandter Wald (ASTW) has partic-
ipated in various European projects to assess the carbon
balance and is part of FLUXNET (www.fluxdata.org). It is
located in the eastern part of a large forested area (60 km?),
about 25 km southwest of Dresden, Germany (50°57'49”
N, 13°34°01” E, 380 m a.s.l.) and comprises a forest stand
that was seeded in 1887 and a clearing of 50 m x 90 m,
called ‘Wildacker’ (see Fig. 1). Since 15 years, direct flux
measurements are carried out at a 42 m scaffolding tower
(HM) approximately 100 m east of the Wildacker. For this
study, the investigated domain was aligned west to east
according to the predominant wind direction and included
the Wildacker. Most of the common features of the site
were described by Feigenwinter et al. (2004) and Griinwald
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and Bernhofer (2007); therefore, we have confined our
description to stand features.

The main canopy is composed of 87% coniferous
evergreen (72% Picea abies and 15% Pinus sylvestris) and
13% deciduous (10% Larix decidua, 1% Betula spps. and
2% others). The stand around HM is characterised by a
dense canopy and an open trunk space with a sparse
understory. In 2008, the mean canopy height (k) around
tower HM was estimated to be 31 m and the mean diameter
at breast height as 36 cm. The determination of the single-
sided plant area index (PAI) is based on a forest assessment
from 1999 (including the harvest and analysis of 6 Norway
spruces). Using continuous in-canopy radiation measure-
ments (since 1996), the PAI was estimated to be 7.1 m>/m?>
in 2008.

Terrestrial laser scanning (TLS)
General method of TLS

A laser scanner consists of a range finder and a deflection
unit. The range finder emits a pulsed or continuous laser
signal and measures the distance to a surface. A deflecting
unit is used to scan an object surface sequentially by laser
pulses deflected by a rotating mirror (Vosselman and Maas
2010).

To ensure a complete scan of a large object, different
laser scanner positions are necessary. The scans are merged
into a single 3D representation of the object by using
artificial tie points. The tie points are reflective objects
(spheres and cylinders) placed on exposed positions at the
site. By virtue of having at least 3 homologue tie points in
each scan, the different scans can be referenced to one local
coordinate system.

Laser scanner measurements are unorganised point
clouds with several million points with x, y and z coordi-
nates. Digital terrain models (DTM) and digital surface
models (DSM) of the above ground structures are gener-
ated (Kraus and Pfeifer 2001) using filtering and thinning
techniques. Information about porous media-like forest
canopies become feasible by aggregating the vast amount
of measured points into 3D grid structures, so called voxel
spaces. Each voxel holds statistical attributes (e.g. point
density or point distribution parameters) of the enclosed
volume (Bienert et al. 2010).

TLS measurements

In 2008, the forest stand around the clearing was scanned
by TLS from 13 ground positions and additionally from the
tops of towers HM and GM1 (at respective heights of 42
and 40 m). We applied two laser scanners with different
specifications. First, a Riegl LMS-Z 420i laser scanner

(Riegl Laser Measurement Systems, Austria) with a dis-
tance accuracy of 10 mm and second, a Faro LSHE880
laser scanner (Faro Europe GmbH & Co. KG, Germany)
with a distance accuracy of £3 mm. The ‘Riegl’ was
adjusted to an angular resolution of 0.1° and the ‘Faro’ to
0.036°.

Plant area density

Defining 3D grid structure in a rectangular system with the
coordinates x, y, z, the measured 3D point cloud can be
transformed into a 3D voxel space as described in the
following. On its way through the voxel space, a laser pulse
penetrates different voxels before being reflected from the
surface in a particular voxel. Some of the laser pulses,
which go potentially in direction of a certain voxel, are
being reflected by the vegetation in preceding voxels and
do not reach the voxel.

Thus, the total of laser pulses in the direction of a voxel
(Nmax) 1s given by the laser pulses which are occluded
before they reach the voxel (Nocclusion), hit a surface within
the voxel (Nyj,) or penetrate the voxel without interaction
(Nmiss) (see Fig. 2).

Nmax = NOcclusion + NHil + NMiss (1)

Using these values, the likelihood of reflection (P) is
calculated for each voxel, yielding values between 0 and 1.

(2)

Nt (xyz)
Nt (xyz) + Nuiss (xy2)

P(xyz) =

A similar method was also applied by Aschoff et al.
(2000).

Within the single scans, shadows occur and objects
behind other objects are not detected. The relative number
of beams reaching a voxel can be used as a weighting
parameter (w;) for the confidence of P.

Using different scan positions, a voxel can include laser
measurements of different view directions. The combina-
tion of view directions reduces the number of hidden
objects. The total reflection probability Py, combines the
data from all of the scans using the confidence of the dif-
ferent P.

Miss Hit Occlusion

laser beam
B

z
Y
X ¥

Fig. 2 Schematic ray tracing with a laser beam and an object point in
a voxel space
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=it
D1 Wi
where [ is the index of the scan position and n the total

number of scan positions. The term Py, is a measure for
the surface density of each voxel and represents the PAD.

Nyt + Nuiss,i

with w; =
Nmax !

P total —

(3)

Meteorological data processing
Wind measurements

The WinCanop experiment was carried out from June 2007
to November 2007. The setup of WinCanop was docu-
mented in Queck and Bernhofer (2010), thus we list only
main features of the wind measurements here. The wind
vector was measured by 13 ultrasonic anemometers/ther-
mometers (‘sonics’) at tower HM (at heights of 0.2, 0.5,
2.0, 7.7, 13.3, 16.8, 21.6, 25.4, 27.8, 30.0, 33.0, 37.0 and
42.0 m).

During the TurbEFA experiment, intensive turbulence
measurements were made along a transect over the clear-
ing-forest interface from May 2008 to May 2009. The setup
included four towers (up to 42 m) and five ground level
positions (at 2 m). The wind vector was recorded at 32
positions in total. The presented work concentrates on the
measured profiles at the tower HM, where seven sonics of
type USA-1 (Metek GmbH, Germany) were mounted at the
heights of 2, 10, 20, 30, 33, 37 and 42 m.

The wind vector was synchronously sampled at 20 Hz in
both of the experiments. The sonics were mounted verti-
cally on booms at a distance of 2-3 m from the tower.

In post-processing, all raw data were rotated in one
coordinate system and combined to half-hourly statistics.
Several quality tests, including tests of spikes, stationarity
and data gaps, were included in the routine and times with
precipitation were excluded to avoid artefacts. In addition
to the constraints with relation to data quality, we restricted
the investigated dataset to near neutral cases (stability
index between —0.1 and 0.1, based on measurements on
HM at 42 m).

Momentum balance

In the following sections, the variables u, v and w indicate
the instantaneous values of the streamlined, lateral and
vertical wind components, respectively; over bars denote
time averages and a prime represents departures from time
averages. The indices i and j indicate the three directions in
space (i.e. u; = u, u, = v, u3 = w), t symbolises the time,
the x;;, represent the spatial distances, p is the air density,
p stands for air pressure and angle brackets denote spatial
averages (see Raupach and Shaw 1982).
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Within the forest canopy, under steady state conditions,
neglecting the Coriolis force and buoyancy effect, the
momentum equation is written as follows:

o) ., \dw) T) 10(p) Fp
T Ul iy et I &

The terms on the right-hand side of Eq. 4 represent
(from left to right) the advective transport, the kinematic
flux tensor, the pressure gradient force and the drag force.
Here, 7; is composed of the turbulent and molecular
stresses as well as the dispersive flux (Wilson and Shaw
1977; Brunet et al. 1994), and Fp comprises the effects of
the form drag and of the viscous drag. Like mentioned in
the introduction, the concept of Rayleigh is commonly used
to parameterise Fp in numerical models.

Cp-PAD p - U?

i ®)

where U is a measure for wind speed (in the following
generalised as velocity scale).

The shelter factor (P,,) was termed by Thom (1971) and
is defined as the ratio of the drag force on a solitaire plant
part to the drag force on the same plant part placed in a
plant community when applying an equivalent uniform
wind.

Neglecting the advective transport, the pressure gradi-
ent, the molecular effects and the dispersive flux and
assuming spatial representativeness, the stream-wise form
of Eq. 4 reduces to the equilibrium between the kinematic
stress gradient (du'w’/0z) and the drag force (see Arya
2001, p. 376). Applying these assumptions and using Eq. 5
as a closure for Fp, the local drag area per unit volume (J)
can be defined on the basis of the momentum equation (e.g.
Massman 1997; Cescatti and Marcolla 2004).

ou'w'
0z

1
U(z)?

(o) = CD(;)mPé)D(Z) _

(6)

According to meteorological conventions, the factor 2
on the right-hand side of Eq. 5 is included in the drag
coefficient. An advantage of using the local drag area is
the separation of parameters that describe vegetation struc-
ture from variables derived from wind measurements.
Equation 6 is frequently used to calculate Cp from 3D
wind measurements based on knowledge of PAD and
estimations for P,, (Amiro 1990; Kerzenmacher and
Gardiner 1998; Mahrt et al. 2001; Pinard and Wilson
2001; Cescatti and Marcolla 2004). In a first pragmatic
approach, we used the mean values of PAD calculated from
a volume of 30 m x 30 m x 1 m extending 30 m upwind
from the sensor as a horizontal layer.
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Velocity scale U Under consideration of the scan positions, the point
cloud was transformed into a voxel space with a voxel size
The drag force experienced by vegetation is calculated  of 1 m. Due to non-visible vegetation in very dense parts of
from the loss of kinetic energy, which is represented by the = the canopy, optical measurements tend to underestimate
squared wind speed U? in Eq. 5. Common approaches use  the PAD. Taking into account this uncertainty, we scaled
the squared arithmetic mean of the streamlined wind speed  the whole voxel space to match the known PAI around
(i®) for U?. This has the consequence that, deep in the  tower HM (PAI = 7.1 m*/m?).
canopy where the mean velocity is low but turbulence Subtracting the DTM from the truncated voxel space
levels remain high, the loss of kinetic energy is underes-  and averaging in the y-direction over 60 m resulted in the
timated (Ayotte et al. 1999). An alternative averaging 2D PAD distribution shown in Fig. 4.
scheme replaces U? with the averaged product of the

absolute instantaneous wind intensity |U| and instanta-  Wind speed dependence of the local drag area

neous longitudinal wind component u (see Cescatti and

Marcolla 2004). The following investigations were focused on winds from
- the west (wind sector: 255°-285°), as it is the most
|Ulu = V2 +v +w?-u (7) prominent wind direction. Using Eq. 6, the local drag area

was calculated directly from the wind measurements.

This approach emphasises the influence of wind speed e
These values are expected to show a superposition of three

fluctuations. i e=E i X
effects. A decreasing local drag area with increasing wind
speed is attributed to (i) a streamlined alignment of the
canopy elements and (ii) a decreasing viscous boundar

Results by (i) g Y

layers (as discussed in Mahrt et al. 2001). Furthermore, the
drag force on plants depends on the square of the wind
speed, i.e. the calculation of the arithmetic mean underes-
timates Fp, that are caused by high wind speeds more than
it overestimates Fp calculated at low wind speeds, which
leads to (iii) an overestimation of local drag area at low

Vegetation model

From 15 different scan positions, a combined point cloud
of approximately 50 million surface points was created as a
basis for analyses. The point cloud comprised the clearing
and the neighbouring stands and had a dimension of
approximately 120 m x 250 m x 44 m. For the outlined

mean wind speeds. The use of |Ulu (Eq. 7) as a velocity
scale should circumvent at least the last problem.

) —0.5 7 .
model domain, a DTM with a grid resolution of 0.5 m was Figure 5 compares |Ulu =~ and & derived from mea-
generated from the lowest points of each grid cell (Fig. 3). surements at HM in the canopy space (at 22 m). For
- 50

-240 -220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0
Fig. 3 Side view of the point cloud (points, thinned for presentation) and DTM (grey band, extracted on the basis of a raster size of 0.5 m),
distances on the axes are given in m from the basis of tower HM

Fig. 4 Two-dimensional voxel 50 - H
. —RBR
space (of length x and.helgzht R <04 . - ™ — ”]
zin m) of mean PAD in m*/m>, —ReX
. . . . ; - 0.8
df:rlvejd by averaging the y 30 L] o , ; o ‘EJ’- -
direction (depth) of the 3D i . % 3 ; | -
voxel space. Small squares 20+ : . & o » | B = 8?
indicate anemometer positions 104 ) ; 0 l_:' b - — 0:3
- - - ¥ - .
0 ! - SR— éé
—-180 160 140 -120 -100 -8a —&0 -40 =20 0
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[Ulu” inm/s
n

winm/s

Fig. 5 Comparison of velocity scales WO'S and i used for the
calculation of J and Cp calculated from data measured at the
permanent tower at heights of 25 m (black symbols) and 30 m (grey
symbols); 1:1 relationship (black line)

constant laminar flow, Eq. 7 results in a 1:1 relation of the
two velocity scales, however, any turbulence causes a
higher WO‘S.

The dependence of J on wind speed at tower HM is shown
in Figs. 6, 7 and 8 for the WinCanop and TurbEFA experi-
ment. Thereby, J was calculated using gradients of differ-

ent heights and with both velocity scales, @ and |Ulu.
Figure 6 clearly shows J as a function of wind speed,
especially, in the upper part of the canopy. The different
gradients show also the height dependence of J which cor-
responds to PAD, and is discussed in the next subsection.
The kinematic stress gradients measured in the dense canopy
(around z = 20 m) show large scatter and sometimes a
change in the sign, which corresponds to a momentum
transfer from the trunk space into the denser crown space. In
general, the scatter of J is higher at lower wind speeds.

We also plotted J against the normalised velocity scales
(Fig. 7). It is to mention that despite the restriction to
neutral data, the normalised wind at one height covers a
remarkable range of the x-axis, especially at the higher

measurement levels. The plots in Figs. 6 and 7 show
similar forms, though, the scatter of the points is reduced.
This reveals that J is more a function of the vertical gra-
dient of wind speed (i.e. the wind profile) than of the wind
speed itself. Comparing the plots of the WinCanop and
TurbEFA experiment confirms that, despite the different
periods in time and changes in sensor positions, the point
clouds have a similar shape. This indicates repeatable
results. The data from TurbEFA show less scatter, which is
attributed to the larger gradients examined.

Using |U|u as a velocity scale eliminates the dependence
on wind speed almost completely and reduces the scatter in
J remarkably, which was also reported by Cescatti and

Marcolla (2004). Apparently, U—|u takes into account the
increase of form and viscous drags in intermittent
sequences with higher wind speeds during periods with
weak winds on average. The remaining slight dependence
of J on wind speed in the upper part of the canopy, between
30 and 25 m, is probably caused by streamlining due to
bending of branches in the downwind direction. At the
lower levels, no significant streamlining effect was
observed. This may have been caused by the general lower
wind speeds but also by the higher stiffness of older
branches.

However, whilst a wind speed dependence of J is
observable in all wind sectors from northeast over north to
west, it seems to vanish completely under wind from the
south and east (see Fig. 8). This inconsistence is considered
in the discussion section.

Figure 9 provides a survey of the measured profiles and
the results obtained at tower HM. The scatter plots of J in
Fig. 9a show the slight dependence on wind speed dis-
cussed above and the median of J traces the PAD profile.
The coefficient of variation is highest at the top of the
canopy and in regions with a low PAD. The vertical pro-
files in Fig. 9b, ¢ show a relative smooth course of the
statistical means of the turbulent flow and no systematic
instrument error or local influence of the vegetation is
expected.

Fig. 6 Local drag area J,
calculated using the two
different velocity scales, plotted
versus the horizontal wind
speed at tower HM for the west
wind sector (255°-285°); plot a
is calculated using #* and b
using |Ulu; the heights of the
sensors are indicated within the
charts (symbols with increasing
height are: open squares, stars,
crosses); measurements were
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Fig. 7 Local drag area J (on the a - b
y-axis) versus normalised @ o4 E (®) 05
horizontal wind speed at tower _ e
HM for the west wind sector ‘e 02f c 0.2
(255°-285°), similar to Fig. 6. £ : =
Plots a and b show = ‘S
measurements from 2007 taken ﬁ 0.1 % 0.1
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For the two normalised velocity scales # and W'S
in Fig. 9b, a maximum difference of about 10% was
obtained at the heights between 25 and 30 m. The devia-
tion between their profiles let expect that the linear rela-
tionship, shown in Fig. 5, is also a function of PAD and the
turbulence intensity (Fig. 9c shows the kinematic shear
stress as a measure of it). Both of them have a maximum
within this region, too.

The derived local drag area (Fig. 9d) reaches its maxi-
mum value slightly below the densest part of the canopy.
This causes a small irregularity in the profile of Cp/P,,
(Fig. 9e). Considering the small gradients in trunk space,
the derived drag coefficients should carry significant
uncertainty (Pinard and Wilson 2001). However, besides a

0.5

[UTu"/[Uu(42 m)

small irregularity in the upper canopy, the profile of the
calculated drag coefficients appears to be surprisingly
smooth.

Is there a shelter effect?

Turbulence within the crown space is a composite of the
wake production behind a multitude of object sizes (Cava
and Katul 2008). The effect of turbulence generation (and
momentum absorption) is not comparable to the sum of
wakes behind single objects. The local drag area within
closed canopies, the product of Cp and PAD, is therefore
often related to a sheltering factor P,, (e.g. Massman 1987;
Marcolla et al. 2003). Landsberg and Thom (1971) derived
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Fig. 9 Profiles at the permanent
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a dependence on shoot density raised to a power of 0.43;
Stewart and Thom (1973) found a P,, of 3.6 for a pine
forest, and Massman (1987) estimated a value of 5.6 from
the data of Li et al. (1985). Finally, Wood (1995) reports
that trees sheltered by many others endure only 6-8% of
the drag force of trees fully exposed to the same wind
speed, which corresponds to a P,, between 12 and 16.

Contrary to these results, Fig. 10 shows positive corre-
lations between J/PAD = Cp/P,, and PAD, indicating that
drag force increases with PAD, which results in a P,, of
less than one. Obviously, we are here facing another
mechanism, and no shelter effect was observed in our
experiments. Therefore, we neglect the P,, and set J/
PAD = Cp. A regression of Cp on PAD in the wind sector
255°-285° gives Cp = 0.32 PAD + 0.047 (Pearson’s
correlation coefficient is 0.797). Whereby, the values in the
upper part of the canopy always occur above the regression
line, which likely indicates an influence of the vertical
advection. A positive regression is observed for all wind
directions, whereas, the values of the parameter depend on
wind direction. Figure 10b shows the results from wind
sector 195°-225° again, which has a fetch of more than
10 h.

However, introducing a linear function in the closure for
the drag force does not solve the problem, because it would
also amplify the profile of Cp in Fig. 9e. To enhance the
dependency on PAD, we plotted the data with logarithmic
axes.
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A linear regression yields an exponent a = 1.57 for the
PAD and a drag coefficient Cp, of 0.327 for the wind
sector 255°-285°. As this result is certainly specific to the
vegetation structure of the investigated site, it needs to be
verified by the analysis of further data before its application
in a numerical flow model.

Integrated canopy drag coefficient

Drag coefficients that are derived from measurements
within the canopy show large scatter and are still rarely
reported, thus, we calculated averaged values and com-
pared them with estimations for the whole canopy. Firstly,
the derived Cp(z), shown in Fig. 9e, were weighted with
the distances between the measurements.
C_D= EAZZCD(Z) (9)

Secondly, an estimation of the height-averaged drag
coefficient Cp, was calculated from the Reynolds stress
above the canopy and the wind profile, after Pinard and
Wilson (2001).
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Both of the methods give plausible results (for the west
wind sector: Cp = 0.130 and Cp, = 0.132) and they are
very close to the values found in literature (e.g. Amiro
1990; Kerzenmacher and Gardiner 1998; Pinard and
Wilson 2001). However, the magnitude of Cp depends
strongly on wind directions (Fig. 11), and a range of
0.1-0.4 was covered by all measurements from tower HM.

Discussion
Reliability of the results

Applying an inverse approach to derive a vegetation pa-
rameterisation for numerical flow models from measure-
ments, three questions must be addressed: (i) What is the
influence of the not considered terms of the momentum
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Fig. 11 Spatial distribution of drag coefficients shown by the
dependency of integrated drag coefficients on wind direction

equation? (ii) Are the wind measurements and laser mea-
surements representative? (iii) Which volume of vegetation
influences the turbulence measured at a specific sensor
position? Beside other considerations, these items are the
main sources of uncertainty and cause a large part of the
scatter and perhaps bias in the derived results.

(i) Neglected terms of the momentum equation

Equating the drag force with the vertical turbulent transport
in the momentum equation neglects mainly the advective
transport, the pressure gradient, the molecular effects and
the dispersive transport.

The dispersive momentum transport arises from the
spatial correlation of quantities averaged in time but
varying with position (Raupach and Shaw 1982) and has
been confirmed to be only about 1% of the Reynolds stress
(Coppin et al. 1986). Molecular effects are also small and
usually included in the drag coefficient. However, results
of numerical models have revealed that advective trans-
ports and pressure gradients can yield a significant contri-
bution to the momentum equation, especially in the vicinity
of forest edges, where the flow is in the process of
adjustment (Yang et al. 2006).

Dupont et al. (2011) described results from large eddy
simulations (LES) for a pine stand with a clear trunk space
(which is also the case for our site). For a fetch larger than
10 h, no significant contribution of the here neglected
terms were calculated. However, for smaller fetches
(4 h and 9 h), edge effects may occur. Then, the simulated
local pressure gradient always adds a positive contribution
to the momentum budget, which is compensated for by
vertical advection in the upper crown space. However, the
contribution of the vertical advection decreases with depth
in the crown space and, in the case of a secondary wind
maximum in trunk space, changes its sign in the lower
crown space. Within the trunk space, the moment absorp-
tion should be mainly compensated for by the horizontal
turbulent transport, the horizontal advection and the pres-
sure gradient, which are not regarded in our calculations.
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Based on the results of Dupont et al. (2011), the error in
the derived Cp made by the truncation of the momentum
equation is estimated to be 10% in the upper ranges of the
canopy but increases with the depth in the canopy. The
results within the trunk space between 2 m and 17 m are
not reliable.

(ii) Representativeness of measurements

Besides instrument errors, we face methodical measure-
ment problems in the spatial representativeness of wind
measurements and penetrability of vegetation by a laser
beam.

Equation 4 represents an area average over a horizontal
plain intersecting numerous plants (Raupach and Shaw
1982). In distinction thereto, wind sensors are point mea-
surements and are always subject to the flow through or
around tree crowns; thus, a spatial mean is not achievable
from direct measurements. The problem is depicted in the
large vertical variability in wind direction shown in
Fig. 12. At the top of the canopy (30 m), the half-hourly
mean of the wind direction is in line with the measurements
made at 42 m. Five metres below, at 25 m, the wind
direction is clearly influenced by the trees around the
sensor but at 20 m we observe another pattern again.

However, as most trees are vertically aligned, the
problem seems far less pronounced for the vertical profiles
of the mean wind and kinematic stress. The relative smooth
course of the profiles in Fig. 9 indicates that the vertical
transport is more homogenous than is the horizontal, which
justifies the derivation of vertical gradients from point
measurements.

Optical measurements of leaf area index (LAI) and PAD
have a long tradition, and it is known that these measure-
ments underestimate the impact of the clumping of
vegetation elements on LAI. Commonly the concept of
Beer—Lambert—Bouguer is used to describe the probability
that light penetrates a volume or that it is absorbed by
substances within the volume. However, this concept is
only valid for media with low optical thicknesses such as
gases. Dense canopies do not fulfil this restriction. The
slightly different approach applied here was tested on a
numeric canopy model with a given PAD and has shown a

Fig. 12 Half-hourly means of
the wind direction at three
different heights (30, 25 and
20 m) within the canopy space
compared with measurements
made at 12 m above the canopy
(42 m), y-axes: sensors at
different levels in the canopy,
x-axes: sensor at the reference

Wind direction(30.0 m)

better performance, but a validation with classical harvest
methods is still needed. Nevertheless, we must take in
account the increasing uncertainty that occurs with
increasing PAD. The future application of morphological
operations (dilatation and erosion) will give more infor-
mation about shaded voxel and increase the reliability of
the vegetation model (Bienert et al. 2010).

(iii) Volume of influence

Finally, the mean angle of attack and the size of the volume
for the spatial mean is to determine. It is possible to cal-
culate the mean angle of attack during sweep events (see
Cescatti and Marcolla 2004) or to use the tilt angle of half-
hourly mean winds; however, these angles depend on wind
speed, wind direction and measurement height. Further, it
is to consider that vegetation elements close to the sensor
probably have a stronger influence on the turbulent flow
than do more distant ones. A further clarification of these
problems is anticipated by detailed analysis of results from
LES and Lagrange models. Having no general solution, we
decided to use horizontal means of PAD.

A variable drag coefficient?

The results of the experiments reveal a slight dependence
of the local drag area on wind speed, i.e. a streamlining, as
well as a non-linear dependence on PAD.

The velocity scale W seems to explain a major pro-
portion of scatter in J and the wind speed dependency.
However, for the application in a RANS model, no instan-
taneous wind speed is available, and a parameterisation of
the effect of using W is necessary. Figure 6 indicates a
reciprocal relationship of J to wind speed. Indeed, Wood
(1995) discusses empirical formulas that lead to an increase
of the drag force approximately in proportion to #'® rather
than to i#*. Koizumi et al. (2010) derived Cj, using stem
deflection measurements and obtained patterns of the Cp—
wind speed relationship that are similar to the results shown
in Fig. 6. Fitting the power functions Cp, = au” to the data,
they found exponents () of wind speed in the range of —0.71
to —0.91. This confirms our results for winds from the north

Wind direction(25.0 m)
Wind direction(20.0 m)

height (42 m) N OE s w N NCOE S W N
Wind direction(42 m) Wind direction(42 m)

Wind direction(42 m)
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and west (having a fetch of 3.5 k), for which a value of
b = —0.8 would fit best. However, we could not observe a
dependence of J on winds from south (having a fetch of more
than 10 £). This leads to the suggestion that edge effects are
important for wind dependence of J. The measured vertical
wind speed and the results of Dupont et al. (2011) indicate a
serious influence of vertical advection (vertical advection
would increase with the wind speed, i.e. the drag force, but
not the gradient in kinematic stress).

The large variation of the Cp at low wind speeds (see
Fig. 6) was also observed in the results of Koizumi et al.
(2010), using a completely different approach to derive the
Cp. However, to date no explanation of this behaviour
could be found. Concerning these uncertainties, we rec-
ommend using W, or, if this term is not available,
neglecting the wind speed dependence of Cp, and using i
for the present.

The results for the dependence of the Cp on PAD, or,
rather, vegetation structure, seem more certain. Although
shelter coefficients observed in other studies refer to the
average drag coefficients of whole trees, one could expect the
same tendency for the upper and lower layers of a canopy.
This is also indicative of the results of Kerzenmacher and
Gardiner (1998), who applied an inversion method on data
from a spruce forest and obtained a Cp, = 0.2 for the stem
region (below 8 m) and a Cp = 0.1 for the crown region
(above 8 m), i.e. a P,, of 2. Reasons for the absence of the
shelter effect in our study could be: (i) a different relationship
between the mean wind speed and Reynolds stress in the
upper layer and the lower layer of the canopy; (ii) the fact that
the roughness of the vegetation elements is much higher in
the crown space and dominates the absorption of momen-
tum; and (iii) the circumstance that the shelter effect is
already included in the laser derived PAD values (i.e. the
PAD in the dense crown space is underestimated by the laser
scanning measurements). The latter assumption is supported
by a remaining dependence of the C, on PAD. However, the
PAD profile of this study is comparable to those of other
studies (Halldin and Lindroth 1986), and an increasing PAD
of the crown space decreases the derived Cp, which is
already small. Therefore, we tend to assume that the second
reason is the most important.

As the dependence of Cp on PAD for almost all wind
sectors shows a similar behaviour, we do recommend
parameterising the local drag coefficient Cp in the form of
Cp; = Cp - PAD".

Summary and conclusions

Terrestrial laser scanning is an efficient tool to obtain
vegetation models with high spatial resolution. The

application of the Beer—Lambert—Bouguer law is designed
for media with low molar absorptivity and is not neces-
sarily applicable in dense forest canopies. A method was
suggested that produced more robust results in a numerical
test performed on an artificial stand.

Using the derived PAD distribution and multi-level
high-frequency wind velocity measurements, the momen-
tum absorption of the forest stand was investigated. Two
different experiments were carried out in 2007 and 2008.
Despite the different periods in time and changes in sensor
positions, the calculated local drag areas reveal conforming
patterns and affirm repeatability.

Analysing the wind speed dependence of the local drag
area, using different velocity scales, the findings of Cescatti
and Marcolla (2004) could be affirmed. Using W instead
of #® as a velocity scale, remarkably reduces the depen-
dence of J on wind speed and its scatter. These results
emphasise the importance of gusts. However, wind speed
dependences or streamlining could not be observed for all
wind directions. Thus, edge effects, i.e. influences of a
local pressure gradients and advective terms on the
momentum balance, have to be considered.

A shelter effect was not observed. Instead, the calculated
profiles of drag coefficients revealed an increasing trend of
Cp with PAD. The strength of this dependence changes
with wind direction, but shows the same pattern for
directions with a fetch of 4 & as for those with a fetch of
more than 10 A. Thus, the observed dependence on PAD
could most likely be attributed to specific plant structures.
Consequently, height-averaged drag coefficients also show
a strong dependence on wind direction. Values for the
vegetation around tower HM range from 0.1 to 0.4.

We conclude that the derived Cp reveal high spatial
variability, which is partly explained by the laser derived
vegetation model. Iterative investigations combining
results from measurements and models will probably
explain more of the uncertainty in the results.
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