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Abstract

The impact of biogenic trace gases on tropospheric chemistry, air quality, and the formation of secondary products affecting
our climate on a regional and global scale are far from being understood. A considerable lack of knowledge exists concerning a
typical forest stand as a net source of reactive trace compounds into the troposphere. The concept of this study was to combine
field experiments, laboratory experiments investigating emiission and uptake of trace compounds by the plants, and modelling
experiments simulating the chemistry of biogenic trace gases and the dynamics of a forest stand under well-defined conditions.
The chosen site was the forest area surrounding the Forschungszentrum Juelich (Juelich Research Centre, Germany). In order to
simulate the dynamical properties, the forest area was modelled to a scale of 1:300 and studied in the large boundary layer wind
tunnel at the Meteorological Institute of Hamburg University. An area 3150 m long and 1200 m wide was replicated, including
the upwind edges of the forest. The model of the forest must reproduce the resistance to the wind generated by this porous
environment. Rings of metallic mesh were used to represent the trees following preliminary tests to find an arrangement of these
rings that provided the appropriate acrodynamic characteristics for a forest. The turbulence properties of the flow were measured
in the wind tunnel within and above the canopy. Subsequently, they were compared with field data obtained at the Juelich
Research Centre, in order to test the quality of the modelling concept. The comparison showed a good agreement and results
were consistent with previous studies. Tracer-gas experiments were carried out in the field within the canopy, which were then
replicated in the wind tunnel. The order of magnitude of the dimensionless concentration downwind of the point source was in
agreement.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Forests are complex sources of biogenic volatile
organic compounds (VOC) in the planetary boundary
layer. Previous studies estimate that global emissions
of biogenic VOC are in the range of 490-1150 Tg C/
year and thus a factor of 5-10 higher than anthro-
pogenic emissions. Therefore, biogenic VOC con-
tribute significantly to the formation of photo-oxidants
in the troposphere. Due to fast vertical transport
processes, they may even have an impact on the
chemistry of the upper troposphere. However, the
impact of biogenic VOC on tropospheric photochem-
istry, air quality, and the formation of secondary
products affecting our climate on a regional and global
scale are far from being understood. A considerable
lack of knowledge exists concerning a typical forest
stand as a net source of reactive trace compounds, the
amount of primary emitted VOC, which are trans-
ported directly into the PBL, and the amount of VOC,
which are chemically processed within the canopy, the
products of which are transported into the PBL. The
gas phase chemistry above the canopy, which is driven
by high concentrations of reactive precursor com-
pounds and high UV radiation, is also not yet
understood.

The ECHO project (emission and chemical
transformation of biogenic volatile organic com-
pounds) was designed to investigate the atmosphere in
and above a mixed forest stand as a complex dynamic
system. The goal of the project is to investigate these
questions to improve our understanding of biosphere—
atmosphere interactions and effects on the planetary
boundary layer.

In order to achieve this goal it is necessary to
investigate the chemical processes of trace compounds
emitted by the soil and the trees and the formation of
secondary products formed by photochemical pro-
cesses (secondary volatile organic compounds, photo-
oxidants, organic aerosols) inside the forest stand, as
well as the complex dynamic processes, which
determine the exchange between the forest and the
atmospheric boundary layer above the canopy. The
complex forest area surrounding the Forschungszen-
trum Juelich (Juelich Research Centre, Germany) was
chosen as field experiment site (called ECHO site).

Field experiments combining meteorological and
chemical measurements are generally limited in time

and space due to the usual limited resources and so,
represent only a few situations. Owing to the high
variability of the meteorological boundary conditions
(variation in wind speed, wind direction, temperature
and radiation during experiments) field data of
chemical parameters (such as mixing ratios of
biogenically emitted trace gases) are subject to
significant variations. The turbulence properties of
the flow in and above the forest canopy and thus the
range of variation cannot be estimated from the field
data alone. However, this range of variation is an
essential parameter for a reasonable interpretation of
field data, especially with respect to the representa-
tiveness of local measurements for an upscaling to the
total net emission of the forest area.

The possibility to keep constant boundary condi-
tions in a wind tunnel and to reproduce the geometric
complexities of a site make physical modelling a very
powerful tool to complement field data. The con-
tribution of the University of Hamburg was to design
and build a model of the forest ECHO site to supply an
extensive data set concerning the turbulent flow
structure and the transport of biogenic emissions in the
presence of the canopy. The modelling concept of the
forest canopy, used in this study, has been already
tested for a uniform forest area (Aubrun and Leitl,
2004). This concept is based on the replication of the
mean and turbulent velocity profiles within and above
the canopy as measured at the ECHO site. The present
study focuses on the physical modelling of the
complex field site, composed of forest areas of
different tree heights, clearings and buildings of the
Juelich Research Centre. In order to check the quality
of the physical modelling, velocity profiles measured
at two different locations in the field and in the wind
tunnel were compared. Furthermore, field tracer
experiments were replicated in the wind tunnel under
neutral stability conditions and the results about the
dispersion process compared.

2. The field site (ECHO site)
2.1. Site description
The Juelich Research Centre is located in the

Hambacher Forest, which covers an area of about
350 ha (Fig. 1). The geographic coordinates of the
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Fig. 1. Aerial view of the Juelich Research Centre and the surrounding forest.

meteorological tower, which is located in the ECHO
site are 50°54'41"'N and 6°24"37"E. It is composed of
about 120 office buildings with one to three floors and
predominantly flat roofs. The buildings are concen-
trated in the middle of the forest area. The terrain has a
mean elevation of 90 m above sea level, which is
almost flat. Mean annual precipitation is about
685 mm and the average annual temperature is 9.7 °C.

The inhomogeneity in the distribution of tree
species, tree age and tree height is significant. As a
consequence, a detailed tree inventory was carried out,
The species composition of the Hambacher Forest is
dominated by Oak (Quercus sp.), Beech (Fagus
sylvatica), Birch (Betula sp.), Hommbeam (Carpinus
betulus), Linden (Tilia cordata) and Alder (Alnus sp.)
trees. There are few coniferous species and these are
spread throughout the overall deciduous forest. The
Beech trees are up to 180 years old and reach a
maximum height of 38 m and the Oak trees of the
same age a height of 32 m. The forest canopy is mostly

closed but within the stand, inhomogeneities in the
canopy structure occur due to species composition and
different age classes.

The old forest soil is classified as a luvic stagnosoil.
Analysis of the soil material showed characteristic
features, which indicate optimal site qualities for
growth of deciduous trees.

The area has been a deciduous forest for more than
300 years and is surrounded by cultivated land. The
ECHO site is equipped with a meteorological tower,
where the meteorological conditions are permanently
recorded at seven heights, from 10 to 120 m above
ground. The clearing around the meteorological tower
is about 50 m in diameter and is surrounded in the east
by a mixed Qak-Birch stand of about 25 m in height
and in the west by Oak and Beech trees of 23 m.

In the framework of the research project ECHO,
three special locations were chosen for investigation
inside the field site. Measurement towers were built-up
at these locations (Fig. 1) in order to measure the
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meteorological conditions as well as the trace gas
concentrations inside and right above the forest canopy:

The main sub-site of the ECHO field measurements
is located in a small clearing of about 10 m diameter and
is surrounded by 160 years old mature Beech and Oak
trees. In the vicinity, trees are up to 30 m in height and
the lower crown level is about 15 m high. The forest
fetch of the main sub-site for a westerly wind direction is
1400 m with the last 370 m covered with trees of 25—
30 m in height. Before the main tower was built, a small
mast of 17 m high (called the *“17-m mast™) close to this
position was used to provide meteorological parameters
inside the canopy. From these data, the reference
velocity profiles inside the canopy were selected.

The east sub-site is in the middle of a 34-m high old
Beech stand about 150 m east of the main tower. The
west sub-site is about 200 m west of the main sub-site
and surrounded by 40-60 year old Oak and Birch
trees. Due to the different species composition as well
as the younger age, the structure of this stand is
characterized by more branching along the trunks and
elongated crowns.

The leaf area index (LAL m? foliage area/m>
ground area) is considered by a large scientific
community as a reasonable parameter to express the
density of vegetation. Furthermore, Katul and
Albertson (1998), Massman and Weil (1999) and
Teuchert (2002) showed that the LAI or LAD (leaf
area density) is a useful tool to characterise the
inhomogeneity of the vertical tree profile within a
forest. LAI profile measurements at the ECHO forest
site were carried out at the three sub-sites, and at a
position inside the closed canopy at 50 m in the west
direction from the main sub-site with an LAI-2000
plant canopy analyser (LI-COR, Lincoln, USA). The
measurement results are presented on Fig. 2. Theore-
tically, the LAI decreases continuously from the
surface up to the top of the canopy but the various error
sources due to the measurement technique produces a
great scatter of the LAI (see Appendix A).

According to the properties of the environment at
the east sub-site, the LAT profile measured there could
be regarded as a representative profile within a Beech
stand. The LAI index reaches a value of 4.7 at the
surface. Due to the small clearing around the main
sub-site, the LAI profile is characterised by values
around 3.6, which is lower than the LAI measured at
50 m west of that position, where the canopy is closed
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Fig. 2. Vertical leaf area index distribution at the three ECHO sub-
sites and at 50 m from the main sub-site in the west direction.

(LAI =5.7). The low LAI values obtained at the west
sub-site (LAI = 3.2), as well as their vertical distribu-
tions, reflects the local structure of the canopy, with
more branching on the trunks and elongated crowns.

2.2, Site instrumentation

2.2.1. Set-up of meteorological measurements

Meteorological field data were measured: at the
meteorological tower and the 17-m mast. At the
meteorological tower, the 10-min-average velocity is
continuously acquired with cup anemometers (Sig-
gelkow) at 10, 20, 30, 50, 80 and 120 m above ground.
Additionally, time series of velocity were recorded
using ultra sonic anemometers thermometers (USAT
METEK) from July to September 1998 with a
sampling frequency of 10 Hz at 20 and 30 m above
ground. Ten-minutes-average data (horizontal velo-
city and its S.D.) were acquired at the 17-m mast, at 5,
10 and 17 m, inside the canopy with USAT’s during
the tracer experiments on the 13th of September 2000
and at the meteorological tower at 30 m under near-
neutral stability conditions (see Section 2.3).

2.2.2. Set-up of the field tracer experiments

In September 2000 and June 2001, several tracer
experiments were carried out at the ECHO site. The
aim was lo provide basic information about the
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dispersion process inside the forest and to supply a
data set, to help design and validate the wind tunnel
model of the ECHO site. Westerly winds correspond
to one of the most frequent situations at the field site.
As a consequence, the experiments were focused on
these wind directions.

Sulphur hexafluoride (SF4) was used as tracer. The
advantages of SFg are numerous in that it is inert, non-
toxic, has a very low atmospheric background
concentration (~5 ppt), and can be easily detected
by an online gas chromatography technique. Further-
more, SFg is a man-made gas, which is not released
through natural processes.

SF is released directly from gas cylinders provided
by the manufacturer. The cylinders contain SFg in liquid
phase. The vapour pressure above the liquid phase keeps
constant at about 13 bars until the cylinder is empty.
Constant release rates (~0.2 gs ') are adjusted by a
pressure reduction valve combined with a flow resistor.
The achieved accuracy of the source flow rate is better
than 5%. Air samples were taken by filling sampling
bags (aluminium-coated plastic bags, Linde Plastigas™)
and were analysed off-line using a gas chromatograph
(Siemens Sichromat 3) equipped with an ECD. Details
of the tracer technique are described in Mollmann-Coers
et al. (2002).

2.3. The meteorological conditions during the tracer
experiments

The pre conditions for the experiments were a
uniform moderate wind speed (~3 ms™'), constant
wind direction, and neutral thermal stratification,

These conditions are necessary to achieve results
that are comparable with wind tunnel studies. Two

tracer experiments were carried out using the tracer
release position E2 (Fig. 3), which is located exactly
on the west side of the ECHO site. The release height
is 4 m above ground. In the first experiment (13/09/
2000) the tracer release started at 11:30 CEST (Central
European Summer Time (UTC + 2 h)) and stopped at
13:30 CEST. From 12:00 to 13:30 CEST, nine 10-min
samples were taken consecutively at each position
shown in Fig. 3, about 1 m above ground. The mean
SF; concentrations ¢ were obtained by averaging the
concentrations sampled from 12:10 to 13:30 CEST.
The wind data measured at the 30 m platform of the
meteorological tower during the tracer experiments
are given in Fig. 4a. The mean wind speed during the
sampling period was 4.3 ms ' and the mean wind
direction was 280.2°. At the meteorological tower, the
mean temperature gradient was determined between
20 and 120 m as —1.58 "C/100 m. The diffusion class
during this experiment was ‘C’ in terms of Pasquill’s
classification scheme (Pasquill, 1974), denoted as
‘neutral’. Simultaneously, 10-min-average horizontal
wind speeds and the corresponding S.D.s were
measured at the 17-m mast with ultra-sonic anem-
ometers—thermometers (USAT METEK, USA-I)
during the 2-h experiments at 5, 10 and 17 m.
During the second experiment (12/06/2001), the
tracer release, as well as the air sampling, started at
11:00 CEST and stopped at 12:15 CEST. Three 5-min
samples were taken followed by six 10-min samples.
The mean SFg concentrations ¢ were obtained by
averaging the concentrations sampled from 11:10 to
12:15 CEST. The meteorological situation is shown in
Fig. 4b. The mean wind speed was 3.1 ms~' and the
mean wind direction was 274.6". The wind direction
was around 290° during the first 50 min and shifted

Fig. 3. Experimental site of the tracer-gas experiments. E2 is the SF, point source location, W shows the location of the west sub-site, M the
main sub-site, E the east sub-site and Me the meteorological tower. Black diamonds numbered from | to 21 show the sampling locations.
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Fig. 4. Wind direction and horizontal wind speed measured at 30 m
above ground at the meteorological tower during the tracer-gas
experiments on (a) 13.09.2000 and (b) 12.06.2001.

back to 255° at the end of the sampling period.
Consequently, the dispersion process and the plume axis
were controlled by the 290° period. The mean
temperature gradient was —1.67 °C/100 m. The diffu-
sion class during this experiment was ‘B’ in terms of
Pasquill’s classification scheme (Pasquill, 1974),
denoted as ‘unstable’. Recent papers based on field
experiments showed that no strong relationship could be
found between unstable conditions and the turbulence
structure inside a canopy (Brunet and Irvine, 2000,
Villana et al., 2003; Rannik et al., 2003) confirmed this
result since they showed that the dispersion process
inside the canopy was only slightly influenced by
unstable conditions. Consequently, the second field
experiment is maintained for the comparison with the
wind tunnel data, obtained under neutral conditions.

3. The wind tunnel experiments

3.1. The physical modelling of atmospheric flows

The modelling of atmospheric flows in wind
tunnels is a powerful tool, which has already been

used for several decades in environmental research
(Snyder, 1981; Plate, 1982; VDI-guideline, 2000).
Furthermore, the physical modelling of forest cano-
pies have already been performed, generally in order
to study the dispersion process of anthropogenic or
biogenic emissions, or the constraints applied to the
trees due to wind forces (Marshall et al., 2002; Novak
et al., 2000; Finnigan and Shaw, 2000).

Snyder (1981) and the German Engineering Asso-
ciation VDI (3783/12, 2000) provide extensive guide-
lines on modelling of atmospheric flows in wind tunnels.
The major requirements are the following: The classical
strategy is to reduce all the geometric lengths (buildings
and vegetation dimensions, boundary layer thick-
ness...) to a smaller scale and to have similar
dimensionless parameters describing the fluid, flow
and thermal properties, i.e. the Prandtl (Pr), Eckert (Ec),
Reynolds (Re), Rossby (Re), Richardson (Ri) numbers,
between the full scale and the wind tunnel situations.
Since the fluid in both cases is air and the flow velocity is
low (>10m s~ 1), the Prandt] and Eckert numbers are
similar, The Rossby criterion, which represents the
influence of the Coriolis forces on the flow, does not
need to be respected, if the longest dimension of the
modelled area is smaller than approximately 5 km. No
thermal effects are taken into account in the current
model (Ri = 0). This corresponds to neutral stability
conditions in full scale. It is not necessary to respect the
Reynolds number similarity (Rej, = Uy, hiv = O (10% in
full scale, with h the tree height), il the modelling
concept enables the Reynolds number independence to
be reached (very turbulent approach flows, rough
surfaces, geometric scale larger than 1:1000). This very
fortunate property enables reference velocities to be
similar to the full scale ones, e.g. <10 ms™'. Never-
theless, the Reynolds number independence was
systematically checked, repeating measurements of
flow and passive tracer-gas dispersion properties over
the range of velocities available in the wind tunnel
(4800 < Re;, < 13,000 in the model scale).

3.2, The modelling of the forest area

A model of the Juelich Research Centre and the
surrounding forest was set up at a scale of 1:300 and
for a wind direction of 270°. The complete model was
10.5 m long and 4 m wide (corresponding to 3150 and
1200 m, respectively, at full scale). With a geometric
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scale of 1:300, the upwind edges of the forest area are
included in the model. Consequently, the modelled
forest fetch is equivalent to that in full scale. Buildings
were made out of rough Styrofoam. Geometric details
of buildings bigger than 0.5 m are reproduced in the
model. By processing aerial views of the ECHO site
taken in 1998, the cartography of the tree height
distribution was determined and six different ranges of
tree height i were defined (Elbers et al., 2000): range
1, h<10m; range 2, 10m < h < 15 m; range 3,
15m < h <20 m; range 4, 20 m< h < 25 m; range 5,
25m<h<30m; and range 6, 30m < h. This
distribution was reproduced in the model. The areas
of range | (h < 10 m) are homogeneously covered in
the model by tangled plastic swarf. This tangled
material had a thickness less than 33 mm (correspond-
ing to 10 m at full scale). For the other ranges, a
specific arrangement of metallic mesh rings was used
to simulate the trees. The metallic mesh was made
from steel wires (diameter 0.4 mm) with a mesh size
of 2.8 mm. The height of the rings was directly related
to the middle height of the modelled range (i.e. for
range 5, the average ring height of 92 mm in the model
corresponds to the average tree height of 27.5 mat full
scale). The mesh was bent twice on the uppermost
third of the ring in order to decrease the local porosity
and simulate the influence of the canopy. The aspect
ratio and the arrangement of rings as shown on Fig. 5,
were identical for all ring categories. It is well known
that the vertical wind profile, with its strong gradient
located at the top of the canopy, is very similar to a
mixing layer profile (Finnigan, 2000). The coherent
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Fig. 5. Arrangement of metallic rings representing the roughness
caused by the trees in the forest area model (h is the tree height).

large eddies generated in the shear region are
responsible for strong wind gusts and sweeps, which
play an important role in the momentum, temperature
and mass exchange between the canopy and the
atmosphere and in aerodynamic loads sustained by
trees, Since the ultimate goal of the ECHO project is to
study the vertical transport of emissions released from
the canopy, properly reproducing the mean and
turbulent velocity profiles through the canopy is of
great importance. The strategy used here to find the
appropriate arrangement of rings was to obtain by
iterative preliminary testing (Aubrun and Leitl, 2004)
the same aerodynamic properties of the flow, inside
and above the canopy, as measured in the field.

3.3. The experimental set-up

The model was placed in the large boundary layer
wind tunnel of the Meteorological Institute of the
University of Hamburg (Fig. 6). Only neutral
stability conditions can be replicated in this facility.
The wind tunnel is characterised by a test section
18 m long, 4 m wide, and 2.5 m high. The boundary
layer was initialised by the presence of 10 turbulence
spires at the entrance of the wind tunnel and of
roughness elements covering the first 7.5 m of the
test section floor. The roughness elements were L-
shaped metallic bluff obstacles of height z; = 50 mm,
width of 30 mm and thickness of 2.5 mm, and were
arranged in diamond arrays. This set-up determined
the properties of the flow approaching the edge of the
forest area.

The adjustable ceiling in the wind tunnel allowed
for the compensation of the acceleration of the fluid
due to the presence of the model in the test section and
the growth of the boundary layer.

The horizontal static pressure distribution in the
wind tunnel was measured with a pressure transducer
(SETRA™ 2671) through 11 flush-mounted pressure
taps of 1 mm diameter, equally distributed along the
test section at a height of 1.5 m above ground. The
pressure transducer was previously calibrated with a
pressure balance. The guideline VDI 3783/12 (2000)
recommends a tolerance threshold of 0.05 for the static
pressure distribution criteria:

1/2pu3
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Fig. 6. The model of the ECHO site at a scale of 1:300 in the large boundary layer wind tunnel of the Meteorological Institute of University of

Hamburg.

where d p/ox is the longitudinal pressure gradient, é the
boundary layer thickness, p the density of air and u;
the flow velocity at the top edge of the modelled
boundary layer. A maximum value of 0.015 was
measured over the entire model.

Flow measurements were performed with a 2D fibre-
optic laser-Doppler-anemometer (FVA-LDA, Dan-
tec™) with 800 mm focal distance. The beam separation
out of the beam expander was 75 mm, leading to a
measuring volume of 0.12 mm X 0.12 mm X 2.55 mm
(0.036 m x 0.036 m x 0.765 m in full scale). The flow
was seeded with micro-particles of 2 pm diameter.
Zero- and first-order moments of the velocities were
processed with at least 10,000 samples and a minimum
averaging time of 120s (10h in full scale with an
identical reference velocity). In order to reproduce, in
the wind tunnel, the tracer experiments performed in the
field, a point source was set up in the model at the
location of the source E2 from the field site (Fig. 3). The
source design ensured a release of gas in the horizontal
plane with an impulse velocity lower than the local wind
velocity. The height of the release was 13 £ 3 mm
above ground (4 + 1 m in full scale) for the source
E2. The tracer gas used in the wind tunnel experiments
was ethane. Measurements of instantaneous concentra-

tion were performed with a fast flame-ionisation-
detector (FID, Cambustion™). The sampling head
consisted of a combustion chamber and a samp-
ling needle (232 mm long, 0.3 mm inner diameter). The
frequency resolution, for this case, was 60 Hz (0.2 Hz
in full scale). The background concentration level of
the flow was recorded with a slow FID and was re-
moved from instantaneous measurements of the fast
FID.

Both FID devices had a linear response in the range
of the applied ethane concentrations. Nevertheless,
they were calibrated before each measurement series
with synthetic air and three certified calibration gases
of different concentrations.

The flow rate of ethane released from the source E2
was controlled by a Brooks® mass flow controller
(5851 S-series). The mass flow controller was
calibrated with a specified volume meter Brooks
Vol-U-meter™.

4. Results and comparisons

To make the understanding easier, all wind tunnel
results are provided from this point in full-scale units.
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4.1, The approach flow

No field data of the approach flow of the Juelich
forest are available. Nevertheless, the area surround-
ing the forest stand comprises farmlands and grass-
lands, which belong to moderately rough surfaces.
Based on a compilation of field data, the German
guideline VDI 3783/12 (2000) provides requirements
to properly replicate the neutral atmospheric boundary
layer up to a height of 100 m. According to this
guideline, for a moderately rough surface, the power
law exponent should be between 0.12 < o < 0.18, the
roughness length between 5 mm< z5 <100 mm and
the displacement height dyy = 0. The parameters o« and
zg then determine the range of the turbulence intensity
profiles.

The modelled boundary layer was measured at
0.5 m (150 m in full scale) upstream of the edge of the
forest area. Its mean and turbulent properties are
compiled in Table 1. Fig. 7a presents the mean velocity
profile U(z). The best fit to the measured wind profile
with an exponential function is obtained in the portion
dy < z <105 m (dy = 0 for moderately rough terrain)
with a power law exponent & of 0.19. Fig. 7b shows
that the wind profile fits to a logarithmic function from
1.5z, < z <90 m full scale. The extrapolation of the
logarithmic law towards the zero-value of velocity
gives the associated roughness length, zo = 0.2 m. The
power law exponent and the roughness length are
slightly higher than the recommended ranges but are
consistent with each other. Knowing z,, one can
estimate the depth of the atmospheric boundary layer
to & ~ 600 m with the help of the ESDU documents
(Engineering Sciences Data Unit, 1985). It is
commonly assumed that the depth of the surface
layer is 15% of the total atmospheric boundary layer
(8, = 90 m). Fig. 7c shows that the vertical distribution
of the shear stresses u/w’ is constant within the surface
layer (constant shear layer). The friction velocity is
estimated to u-=033ms ' (ie. u/Us=0.04) by
averaging the shear stresses measured in the range
z < z < 8. Fig. 8 shows that the turbulence intensity
profiles are enclosed within the ranges advised by VDI
3783/12 (2000) for a height up to 90 m.

The spectra of turbulent fluctuations measured in
the wind tunnel corresponding to 25 and 50 m full
scale above ground are presented on Fig. 9a—. They
are compared to the empirical laws based on field

Table |

Parameters of the exponential function and of the logarithmic law
providing the best fit to the boundary layers measured in the wind
tunnel

Approach flow  17-m mast  Meteo tower
z (m) 9.0 275 225
o 0.19 0.40 0.30
Zp (m) 0.20 273 0.79
/% 0.0222 0.0993 0.0351
dgy (m) 0 26.0 272
do/z; 0 0.945 1.209
U(13z) (ms™") 419 2.65 2.24
s (ms™h) 0.33 0.55 0.49
ou(1.32,)us 24 2.0 1.9
o 1.3z ) u. 1.9 1.6 1.6
o, (1.3z, ) ue 1.5 1.2 1.3

2, is the roughness height (equal to the tree height & in forest), « the
power law exponent, zo the roughness length, dy the displacement
height, U the mean longitudinal velocity, u. the friction velocity and
Gy O Oy, the S.D.s of the longitudinal, lateral and vertical velo-
cities.

measurements over a flat uniform terrain under neutral
stability conditions and published in Kaimal and
Finnigan (1994):
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where n = f(z — dy)/U, with f the frequency (Hz), S,
Syw Sww the longitudinal, lateral and vertical velocity
spectra, respectively (m* s™> Hz ') and U (m s~ 1) the
mean velocity measured at z (m). The vertical fluctua-
tions in the wind tunnel are slightly larger than those
expected from the empirical laws.

The longitudinal integral length scale L, was
calculated applying the autocorrelation method on the
time series of velocity fluctuations at different heights
above ground. In Fig. 9d, the vertical distribution of L,
is compared to the empirical law proposed by
Counthan (1975):

Ly(2) = C(z0)z"/"®) (5)

with C =40 and 1/n = 0.3 for a roughness length of
zo = 0.2 m. The agreement is satisfying.





















