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has a characteristic S-shape. This paper presents a simplified, empirical model of such an S-shaped
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wind profile within a stem layer of an Istebna spruce stand. Measurements of the wind speed were
taken at four levels in 9 homogeneous, even-aged stands of different age-class: from a 10-year-old
natural seeding to a 121-year-old mature stand. Recorded data unambiguously confirmed the exist-
ence of the secondary maximum inside the stem layer. The main aim of this paper was to make all
Forest stem layer o . . .
Forest canopy model parameters conditional on biometrics features of tree stand as well as the geographical loca-
Spruce stand tion of research sites on the slopes in a mountain valley. All parameters describing the simplified,
Complex topography empirical model of S-shaped wind profile within the stem layer strictly depend on the well-known
total basal area TBA [m? h~']. TBA is determined by only an average number of trees per hectare and
a mean diameter at a breast height, i.e. 130 cm above ground, which are easy to be measured with high
accuracy ‘from ground’. Presented data analysis shows that the estimated wind speed at the secondary
maximum and a mean wind speed within a stem layer are contingent upon a biomass density in the
crown layer and its elevation above ground. A biomass density can be equated with the leaf area index
(LAI).

The presented simplified, empirical model of the vertical wind speed profile for a spruce stand and
its parameterization scheme, which is to be measured in an effortless way, should be easily adapt-
able to stands composed of other tree species, taking into consideration specific differences between
spaces. The necessary improvements of the presented empirical model would be possible after some
series of measurements taken within various types of tree stands. A thorough understanding of the
biological factors creating the observed S-shaped wind profile ought to considerably expand the knowl-
edge of the forest ‘ventilation’ process, which determines vaporization from the soil as well as the CO,
advection.
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1. Introduction a forest community is well known as a physical process, there
are still no formulae combining the variability of its components

The wind velocity in a forest, besides solar energy reaching the with the biometric features of the tree stand. Due to technical and
surface of the soil and the soil humidity, is the main factor, deciding  organizational conditions of field research within tree stands the

upon the amount of water evaporating from inter-particle spaces wind velocity could be measured at a few strictly chosen points
of the soil. In turn, the vaporization from the soil has a basic sig-  at different heights. The development of measurement methods
nificance for the components of water exchange balance between  and the automated registering of results create greater opportu-
the atmOSphere, tree Stand, and the soil in different forests. The nities of gathering and processing a huge amount of data. Stlll,
silvicultural practices, which affect the amount of biomass located the problem of proper choice of measurement points, especially
in various layers of tree stand, may influence the quantity of wind inside a dense forest complex, essential for identification of the-

momentum reaching forest floor level. If an energy balance within  gretjcal models, and improving the methods of extrapolation of
results remain to be solved on a large spatial scale. Although various

algorithms have been developed to obtain an accurate spatial dis-
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Fig. 1. DUPNIANSKI STREAM catchment (49°35'N, 18°50'E, total area: 1.68 km?, average altitude: 690 m AMSL, valley prominence: 404.4 m, forested by Norway spruce,
ecotype the Istebna spruce stand in 95%) and positions of research sites: 14 within homogeneous, even-aged stands of different age-class: from a 10-year-old natural seeding
to a 121-year-old mature stand (indicated by capital letters, see also Table 2 and Table 3), 3 in open fields at inter-forest meadows (s5, m1, m2) and a triangle-shaped overflow

weir for measuring the total run-off from the catchment (P).

Marcolla et al., 2005; Yi et al., 2005), there is still the lack of an
appropriate method to transfer the parameters of the approaches
to other sites.

In general, under thermally neutral conditions, a vertical wind
speed profile over any rough surface can be described by a well-
known logarithmic law:

u(h):%.zn(h‘hd> (1)

hz,

where U(h) is the wind speed at height h [m/s]; U’ is the friction
velocity [m/s], defined as v/ 7o/ p, 7o is the shear stress at the sur-
face [kgm~! s72], pis the air density [kg m—3]; « is the von Karman’s
constant (~0.40, dimensionless); h is the height of measurement
from the reference plane [m]; hy is the zero-plane displacement
[m]; hg, is the roughness length [m] (von Karmén, 1930; Prandtl,
1925). The roughness length is equivalent to the height at which
the wind speed theoretically becomes zero. As an approximation,
the roughness length is about one-tenth of the height of the sur-
face roughness elements. This classic theory does not work within
and under a forest canopy because the vertical wind distribution
is not logarithmic (Fons, 1940; Lemon et al., 1970; Bergen, 1971;
Landsberg and James, 1971; Oliver, 1971; Shaw, 1977; Meyers and
Paw, 1986; Massman, 1987, 1997; Baldocchi and Meyers, 1988;
Fischenich, 1996; Massman and Weil, 1999; Lee, 2000; Lalic and
Mihailovic, 2002; Turnipseed et al., 2003; Yi et al., 2005; Yi, 2008).
In such asituation it is essential to also take under consideration the
biometric features of tree stands and not only the heights. Massman
(1997) parameterized the canopy horizontal wind speed as expo-
nential function of cumulative leaf drag area per unit planform area.
Yi (2008) found that for canopies with uniform vertical distribu-
tion of the leaf area index (LAI) the momentum transfer through a
canopy can be expressed by the following formula:

h

U(h):UH-exp{—%lAI (1 —H—C)}, (2)

where U(h) is the wind speed at the height h within the canopy
[m/s]; Uy is the wind speed at the top of the canopy; H is the height
of the canopy [m]. These both wind speed profiles are monotonic
functions of height, h, and, therefore, do not produce a secondary
maximum within the stem layer.

In a mountainous terrain the shape of the surrounding peaks,
passes and valleys is an additional factor that has an influence on
observed and measured wind speed. Gauged wind speed can be
determined by the orientation of the measuring site (i.e. tilt and
azimuth angles, an angle of wind incidence) and by the topogra-
phy of its closest neighbourhood. The purpose of the present study
is to find and test a simple empirical model of the observed S-
shaped vertical wind speed profile within the stem layer of the
Istebna spruce stand. Additionally, all parameters, used in the
model, should be expressed by the biometrical characteristics of
the tree stand and locations of the research sites. Such models are
essential for forest practice to predict and to describe the effects of
silvicultural measures.

2. Sites and measurements

The specificity of wind speed measurement inside the tree stand
is related to a layered distribution of biomass. The biomass is
characterized by changes of quantity and density over time, both
in scale of one vegetation cycle as well as over long periods of
time.

2.1. Research sites

The research sites were located inside the area of the exper-
imental catchment DUPNIANSKI STREAM (49°35'N, 18°50'E) in the
Silesian Beskid Mountain Range (Poland). The experimental catch-
ment was organized by the Department of Forest Engineering
from the University of Agriculture in Krakow. This was a small,
mountain catchment (average altitude 690 m AMSL, total area of
1.68 km?2, maximum length 2.09 km, maximum width 1.47 km, cir-
cuit 5.39 km), forested by a Norway spruce stand (Picea abies (L)
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Table 1

Selected characteristics of the sites and Dupnianski stream valley.
Site z zr zrl H; H, Hs Ha DY
U 766.5 289.0 206.5° 1.2 - - 0.4 222-226
S1 717.0 239.5 157.0% 8.4 - 22 0.4 203-209
M 550.5 73.0 12.1 19.0 8.2 22 0.4 233-238
S2 698.0 2205 138.0° 16.6 7.4 2.1 0.3 215-222
H 669.7 192.2 109.72 18.0 7.1 22 04 227-233
0 7232 245.7 133.52 34.7 13.8 22 0.4 250-255
L 542.8 65.3 15.1 43.6 25.0 2.2 0.4 245-250
F 556.8 79.3 4.6 429 249 23 04 238-245
S4 703.4 2259 143.42 38.2 233 22 0.3 209-215
Valley top vt 881.9
Valley floor Zvf 477.5
Valley prominence dzv 404.4

Z, altitude [m]; Zr, relative altitude to the lowest point in the catchment area [m]; Zrl, relative elevation to the local valley floor [m], H;, measurement heights [m] (1 - just
above the tree crown, 2 - just under the tree crown, 3 - at the height of about 2.4 m above ground, 4 - at the height of about 0.4 m above ground); DY, days of the investigated

year [2004].

2 Calculated with the reference to the altitude of the recession point of the valley bottom gradient (~560 m AMSL).

Karst., ecotype - the Istebna spruce) in 95%. The Istebna spruce
was distinguished by a very quick growth up to 50m tall, an
extraordinary stem quality, high resistance to different disasters,
and productivity up to 1500 m?3/ha. Spruce stands in this region
of the Silesian Beskid Mountains were rated among the best seed
forest stands in Europe (Giertych, 1996; Janson, 1996; Pacalaj et al.,
2002; Matek and Gaweda, 2005; Liesebach et al., 2010). 18 research
sites were deliberately chosen inside the area of the experimental
catchment: 14 within homogeneous, even-aged stands of different
age-class, 3 in open fields at inter-forest meadows (s5, m1, m2)
and a triangle-shaped overflow weir for measuring the total run-
off from the catchment (P). The spatial arrangement of all research
sites inside the DUPNIANSKI STREAM catchment is presented in Fig. 1.
All data presented in this paper were gauged at nine research sites:
starting form 10-year-old natural seeding (site U), through a thicket
(site S1) and maturing stands (sites S2, M and H) to mature forests
(sites O, F, S4 and L). The selected characteristics of the research
sites and Dupniafski Stream Valley are presented in Table 1. The
value of a local elevation above the valley floor (Zrl) for high-
situated research sites (U, S1, S2, H, and S4) were calculated with
reference to the altitude of the recession point of the valley bottom
gradient (~560 m AMSL).

The homogeneous, even-aged spruce stands at the research site
consisted only of the canopy and the stem layer; there was no forest
vegetal cover in vicinity of the selected measurement points. This
fulfils the requirements of the spatial averaging scheme (Wilson
and Shaw, 1977; Raupach and Shaw, 1982; Finnigan, 1985; Raupach
etal., 1986), which maintains the fundamental vertical heterogene-
ity of the stand but emphasizes its horizontal uniformity. Hence,
each layer within the stands at the research sites, i.e. the stems and
the crowns, is an endless slab of the specific thickness. In turn, it
is possible to assume, in a simplified way, that the distribution of
biomass density is uniform in each layer. Even though a biomass
distribution is extremely heterogeneous, such an assumption is
nearly fulfilled within the stem layer (stems, dry state resulted from
self-pruning of dry branches, and air), but inside the canopy (stems,
branches, cones, conifer needles, dry state, air) the spatial arrange-
ment of biomass mainly depends on the height (Green et al., 1995)
and ought to be understood as a generalization.

The biometric features of the investigated tree stands were mea-
sured at circular surfaces around the gauging profiles: areaof 3 ain
the natural seeding and the thicket (sites U and S1, respectively)
and 10 a in other sites. The diameters at the breast height (i.e.
130 cm above ground, DBH) were recorded by using a precision
callipers. The heights of trees (H) and the elevation of the crown
layer (the height of the stem layer, Hs) in experimental tree stands
were determined in trigonometric way by using the Zeiss Dahlta

010B tacheometer. The elevation of the crown layer was defined as
the height of the lowest green branches. The obtained data were
used to calculate the mean diameter at the breast height and the
mean tree height by applying Lorey’s formula, which is often used in
dendrometry (Bruchwald, 1995). Lorey’s equation gives a bit higher
values than traditional arithmetic average because of a correction
to basal area. The height (thickness) of the crown layer was evaluate
as the difference between the tree stand mean height and the mean
elevation of the crown layer. Thereafter, biomass of leafs (needles)
and volume of trunk and small-sized branch wood were estimated
for the model mean tree by the method proposed by Sulifiski (1993,
2007). The empirical equations used in this procedure were identi-
fied on data included in the yields tables (Schwappach, 1943) and
in the volumetric tables (Czuraj et al., 1966). The total biomass of
fresh timber (stem and branches, [tonne/ha]) was approximated
by multiplying the model mean tree volume by spruce green wood
density (0.75 tonne/m3 after Sulifski (1993, 2007)) and the total
number of trees per hectare (N). The total biomass of tree stand was
the sum of the total biomass of fresh timber and the total biomass
of leafs. The biomass of the canopy was calculated as the difference
between the total biomass of tree stand and the total biomass of
wood within the stem layer. The calculations of total biomass of
stem layer were based on the diameter of trunk at the stem mid-
height and the mean trunk taperness. The results (standardized for
1 ha) are shown in Table 2. The detailed equations used to estimate
the biometric features of tree stand are included in Appendix.

The total basal area TBA [m2 ha—1] was calculated as a multi-
plication of the number of trees per hectare (N) and the area of
vertical projection of a stem profile — approximated circle with the
diameter equal to mean diameter at the breast height (DBH [cm]):

N -7 - (DBH/100)?
o 3)

Biomass density in both a stem layer and crown layer was cal-
culated as a ratio of an estimated biomass in a given layer to the
height of this layer R; = M;/H; [tonne of fresh mass per 1 ha per 1 m].

TBA =

2.2. Measurements

Extensive research on the water exchange balance between the
atmosphere, tree stand, and the soil of Istebna spruce stands was
carried out in 2004 during the summer period (from 22-07-2004 to
12-09-2004). All measurements were gauged at 4 levels (Table 1):
just above the treetops (Hq), just under the tree canopy (H,), at
the heights of about 2.2m and (Hs) and 0.40m (H4) above the
ground. The wind speed, solar radiation intensity, air tempera-
ture and humidity were measured at every level. Air pressure was
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Fig. 2. Scheme of gauging section (left) and examples of mean wind velocity waveforms measured in investigated sites (right). Three-cup anemometers were used to gauged
wind speeds at 4 levels: just above the treetops (U;), just under the canopy (U,), at the heights of about 2.2 m (Us) and 0.4 m (U,) above the ground. Recorded data show
characteristic changeability: for light wind above the crown layer wind velocity plots in the stem layer are very similar (see plots on the 31st of July 2004), but when the
wind speed over treetops (U; ) is sufficiently high (U; > 1.5 m/s) then the wind velocity waveforms in the stem layer become disjointed (see plots on the 2nd of August 2004).
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Fig. 3. Gauged wind speed profiles normalized with the wind speed over tree tops (U;) in investigated stands: a thicket (site S1, age: 16, no stem layer), maturing stands
(sites S2, M and H, age: 26-41) and old forests (sites O, L, F and S4, age: 96-121). The characteristic S-shaped pattern can be distinguished in all research sites except for the
site O. It may result from the location of this research site just near border of the catchment area (see Fig. 1), which followed the Ridge of Bukowiec Mountain (750 m AMSL).
In such a case this site could have been over-exposed to a wind force considerably stronger than to other sites (not only from the ‘heart’ of Dupnianski stream valley).
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Table 2

Empirical data and calculated biometric features of the stands at the investigated sites (Sulifiski, 1993, 1997).
Site A N D TBA H Hs Hc Ms Mc Rs Rc
U 10 26,800 14 4.1 0.8 - 0.8 - 37.0 - 46.25
S1 16 13,758 3.6 14.0 5.0 - 5.0 - 89.9 - 17.98
M 26 2038 16.9 45.7 18.6 8.4 10.2 239.9 205.2 24.43 23.52
S2 29 2070 14.7 35.1 16.2 7.6 8.6 174.2 143.2 18.84 20.26
H 41 2134 171 49.0 17.6 7.3 103 201.1 258.9 27.55 25.14
(0] 96 318 41.7 434 343 14.0 203 257.8 317.9 22.71 12.70
L 96 287 47.8 51.5 43.2 25.2 18.0 254.9 537.6 21.33 14.16
F 116 255 50.1 50.3 425 25.1 17.4 2353 511.6 20.38 13.52
sS4 121 330 45.5 53.7 37.8 235 143 250.2 495.1 21.07 17.50

A, age [year]; N, number of trees per 1 ha; D, average diameter at the breast height (DBH) [cm]; TBA, the total basal area [m? ha~!]; H, average stand height [m]; Hs, the height
of the layer of stems [m]; Hc, the height of the layer of tree crowns [m]; Ms, mass of the layer of stems [t of fresh massha~']; Mc, mass of the layer of the tree crowns [t of
fresh massha~']; Rs, biomass density of the layer of stems [tha~! m~']; Rc, biomass density of the layer of crowns [tha-! m~1].

measured at the height of Hs. Furthermore, the measurements of
the rainfall under the canopy as well as soil temperature (at 16
depths every 5 cm starting from the ground level) and soil humidity
(4levels at the depths from 5 cm to 90 cm, depending on a site) were
also conducted. All data were logged simultaneously at all levels
every 6 min (averaging time) for up to 8 days, but separately for each
site. The measuring equipment was mounted directly to a stem with
no any damage to the canopy structure. The scheme of the gauging
section inside mature seed forest is shown in Fig. 2 (left). Three-
cup anemometers, with the cup diameter of 60 mm, were used to
gauge wind speed. The sampling instruments were calibrated in an
open circuit aerodynamic tunnel at 8 points within the speed range
of 0.1-20 m/s. The initial velocity was 0.35 m/s and the end speed
was 0.28 m/s. The calibration procedure showed the linear char-
acteristic of the anemometer with the determination coefficient
of 100-R2 =99.986%, standard deviation of o =0.08 and an average
error of estimation equal to p=1.06%. Measurements were auto-
matically taken every 6 min with a resolution of 0.1 m/s. Example
data of the wind speed, obtained at site S4 (mature stand) at differ-
ent heights, are shown in Fig. 2 (right). The average values of mea-
sured wind velocity are presented in Table 3. Due to the very small
tallness of the tree stand at the site U (0.8 m, natural seeding) there
were no measurements at the heights of H, (just under the tree
canopy) and Hs (about 2.2 m above the ground). Inside the thicket
(site S1) it was impossible to distinguish a stem layer, hence wind
speed data U; and U4 were de facto obtained within the crown layer.

A characteristic variation is well noticeable on presented wave-
forms of wind velocity - when the wind speed over treetops
(Uy) is sufficiently high (U;>1.5m/s) then the wind velocity
plots in the stem layer become disjointed (Fig. 2, see plots
on the 2nd of August 2004). For light wind above the crown
layer wind velocity plots in the stem layer are very similar
(Fig. 2, see plots on the 31st of July 2004). In addition, it is
possible to distinguish an increase of wind speed during a day,
which may be caused by thermal movement of air on valley slopes
(high temperature differences with the reference to the valley floor,

see plots on the 2nd of August 2004). Under the assumption that
the roughness length hz; = 0 in Eq. (1), it is possible to plot char-
acteristic S-shaped distributions of relative wind speed within tree
stands (Fig. 3). One may suppose that observed changeability of
wind speeds at different levels is the result of the uneven layered-
oriented vertical distribution of the biomass inside the tree stands
as well as determined by the position and the orientation of the ana-
lyzed surfaces located on valley slopes (i.e. tilt and azimuth angles,
altitude, etc.). The wind velocity is strongly attenuated within the
crown layer by the huge amount of biomass collected in the crown
layer. At the sites U (natural seeding) and S1 (thicket) the wind
speed was completely suppressed inside the crown layer. Inside
maturing stands the values of the wind speed within stem layer
were equal to about 30% of the wind speeds over the stands, but
inside mature forests it grew to about 55%. ‘Roughness’ at the edges
of the stem layer - the canopy bottom surface from the top and the
forest litter from the bottom - also diminished the wind velocity.
That is why the secondary maximum can be expected at the height
of up to several metres. The number of trees per hectare can be an
additional factor, which attenuates wind speed inside a forest com-
munity - at the height of 2.4 m the wind velocity within maturing
stands (sites M and S2) is smaller than within mature forests (sites
L,Fand S4),40-45% and 55% of a wind speed over the stands respec-
tively. At the site O (mature forest), the observed waveform of the
vertical wind velocity distribution did not unambiguously reveal
the existence of the secondary maximum. This situation could have
resulted from the lack of the dry state under the canopy as a con-
sequence of the already finished dead branch self-pruning process,
or on the other hand, of the location of this research site just near
border of the catchment area (Fig. 1), which followed the Ridge
of Bukowiec Mountain (750 m AMSL). In such a case this site could
have been over-exposed to a wind force considerably stronger than
to other sites (not only from the ‘heart’ of the valley). At site H (the
oldest maturing stand) the wind velocity attenuation under canopy
was considerably bigger than at other maturing stands (sites M and
S2)and was very similar to the attenuation observed in seed stands

Table 3

Wind speed gauged at the investigated sites.
Site U, Range U, Range Us Range Uy Range
u 0.52 0.04-1.10 - - - - 0.00 0.00-0.00
S1 0.58 0.00-0.95 - - 0.00 0.00-0.04 0.00 0.00-0.00
M 0.97 0.44-1.39 0.27 0.00-0.56 0.37 0.09-0.64 0.18 0.00-0.48
S2 0.63 0.20-1.21 0.08 0.00-0.51 0.28 0.04-0.58 0.11 0.00-0.61
H 0.76 0.34-1.31 0.30 0.00-0.52 0.47 0.18-0.55 0.49 0.13-0.61
0] 0.88 0.22-1.90 0.48 0.00-0.74 0.45 0.04-0.82 0.35 0.00-0.71
L 1.02 0.18-1.54 0.44 0.00-0.60 0.56 0.09-0.82 0.39 0.04-0.57
F 0.93 0.32-1.88 0.34 0.00-0.59 0.50 0.05-1.04 0.28 0.00-0.67
S4 1.29 0.47-2.63 0.58 0.00-0.95 0.72 0.17-1.50 0.55 0.04-1.14

U; is an average wind speed at the height H; (Table 1) [m/s].
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Fig. 4. Vertical wind speed profiles for conditionally sampled data at sites F and S4 (mature stands). The S-shaped wind speed profile may be observed in all considered
cases: different ranges of the average wind speed above the tree tops (U; ) as well as during day (08:00-20:00) and at night (20:00-08:00).

(sites L, F and S4). Inside mature forests all S-shaped wind speed
profiles were very similar to each other, except for the site O. At
all research site gauged wind velocity distributions significantly
differed from the classical logarithmic shape, defined by Eq. (1).

3. Wind profile model

The standard mixing length theory, which assumes downward
momentum transfer and negative wind gradient dii/dh, works
only in young stands (sites U and S1). There was no stem layer
thus the mean wind speed was totally suppressed inside the
canopy. In older stands when the stem layer was distinguishable
it has been observed that all gradient-diffusion schemes fail com-
pletely (Denmead and Bradley, 1985; Yi, 2008). The formation of
a stem layer within spruce stands is a very complicated process
(Czarnowski, 1978). Simplifying, a stem layer is formed in a dense
coniferous forest complex by withering and self-falling of the low-
est branches. Next, as the result of this multiannual dead branch
self-pruning process, a ‘clear’ trunk space appears between the
ground and ‘green’ branches in the crown layer. Nevertheless, dry
branches are present inside the stem layer of maturing stand for
long time (sites M, S2 and H). The amount and spatial density of
this dry state depends mainly on the age of tree stand and also
on the site index. Such dry branches are often cut off by foresters
to improve the stem quality. In mature stands (sites L, F and S4)
the dry state can be practically omitted. The secondary maximum
may be observed regardless of conditionally data sampling: differ-
ent ranges of the average wind speed above the tree tops as well
as for day and night (Fig. 4). Analogous patterns are detected in
the one-dimensional laminar steady flow inside a homogeneous
environment between parallel surfaces whose size is assumed to
be very large compared with their separation distance. The shape
of the mean speed is parabolic and the maximum velocity occurs at
the centreline between two plates (Currie, 2003). The recorded S-
shaped profile in real forests is asymmetric (Queck and Bernhofer,
2010; Yi, 2008) because of the dry state in the upper part of the
trunk space (there were neither shrub layer nor forest vegetal
cover at the investigated stands). The existence of the secondary
maximum leads to a conclusion that, except for downward momen-
tum transfer, there might be an additional air flow within the
stem layer just over the soil surface. This flux might be driven
by an input flow across a forest edge. It is known that the wind
speed in the stem layer is expressed by an exponential decay func-
tion with distance from the forest edge and a rapid adjustment,

which is essentially complete by about x = 10H from the forest edge
(Lee, 2000 after Shinn, 1971 and McNaughton, 1989). Although
the basin was densely afforested, there were some forest clear-
ings and felling sites (about of 5% of the catchment area) and forest
roads (width: from 2m to 4.5m). The total length of roads was
7 km and the total road surface in the drainage area was 22,548 m?
(road density index 41.7mha~1). It is necessary to notice that an
even-aged homogenous tree stands were only within the particular
precincts of site locality class, which area varied between several
and 20 ha.

3.1. Vertical wind profile under canopy

By analogy of data analyses in meteorology, average values of
wind velocity within the period of 1h were calculated based on
gauged data. In this way, the number of cases essential to identify
empirical models was increased. A wind speed has a random char-
acter and it is independent of the time of the day, like for instance
the intensity of solar radiation or air temperature. Nevertheless,
one ought to keep in mind that air mass movement over valley
slopes may be driven by high temperature differences between
the valley top and the valley bottom. It can be expected that the
model equation should be based on the solution function of a dif-
ferential equation of at least the second order. The differential
equations describing the momentum transfer can be solved only
under various simplifications, e.g. steady state, one dimensional
flow or uniform vertical distribution of leaf area (biomass) and drag
coefficient (Inoue, 1963; Zeng and Takahashi, 2000; Yi, 2008). Fur-
thermore, such models would be defined, in general case by 4 or
even more parameters and could not be verified based on limited
measurements, such as in this research. The observed wind speed
pattern is asymmetrical and the secondary maximum is located
in the lower part of the stem layer (Queck and Bernhofer, 2010,
their Fig. 3 (left), Yi, 2008, his Fig. 1 (left)) and it can be defined by
the following empirical formula, which is often used in technical
modelling:

Uh)=«a hP.evh (4)

where U(h) is the wind velocity [m/s] at the height of h [m], «, 8
and y are the coefficients to be calculated during the identification
of the model equation (4). The « parameter is the gain coefficient,
parameters 8 and y are responsible for the increase of the wind
speed near the ground and for the decline of the wind velocity in the
trunk space. The function Eq. (4) can be used in forest practice only
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Table 4
Average regression statistics for Eq. (4) with calculated values of Egs. (5) and (6).
Site o B y Un Hpn Hp[Hs R 100-R2 o w Q Q3
M 0.321 0.708 0.203 0.38 3.48 0.41 1.000 100.00 0.004 1.63 0.58 —2.38
S2 0.336 1.233 0.521 0.28 2.37 0.31 1.000 100.00 0.002 1.52 -0.14 -3.37
H 0.576 0.146 0.133 0.50 1.10 0.15 1.000 99.98 0.002 0.50 0.55 -0.29
(0] 0.421 0.158 0.020 0.50 7.86 0.56 0.999 99.90 0.004 0.83 0.94 —0.45
L 0.480 0.316 0.044 0.65 7.14 0.28 1.000 100.00 0.004 0.94 0.87 —0.46
F 0.386 0.485 0.068 0.62 7.12 0.28 1.000 99.99 0.002 0.52 0.66 -0.20
S4 0.651 0.219 0.035 0.78 6.32 0.27 1.000 100.00 0.001 0.16 0.15 —0.09
R, correlation coefficient; o, standard deviation of estimation; i, average error of estimation; Qs, upper quartile; Q;, lower quartile.
Site M Site S2 Site H
Crown layer Crown layer Crown layer
1 ; = \ ; ; ; i ]
Hancon FEEE NN E| oo NN e NN
Of--eddeeaed : - : : : iodeeed : -
0. 1 ER model
I ] | ] |Odata
07¢ H ElS El3 1 [ (Um,Hm/Hs)
0 0.6 : 1F 1 i E
T | | : ]
~ E H JF JF H E
£ 05F i 1E 1F H 1
0.4 -----i--X | el ]
o H E I 8 ]I ]-C)-] E
02t [ o f
N it it X ]
Rira i =2 Ny a N
o) il IPIPS PPN IPIIPE I | S IS PP I . [P I B
0 025 05 075 1 0 025 05 075 1 0 025 05 075 1
Site O Site L Site S4
Crown layer Crown layer Crown layer
1E i N 3 .—"-“-.i--()q--l--": ------- qF e
LI : ] A ¢ : E E
Ot R | S e e S S
8 l: l: i ]
07f l: l: il ]
® 0.6f l: l: . 1 - ]
S X i | Ik R E
£ 0.5F HE ¥ 1F E
0.4f el l: ]
'3: 1k E * 1E * ]
0.2 - 1E E ; 1E : ]
E O_. 1E E iSOy 1E | E
0'1: R : v AE i ‘b i 1k L ) ]
R e == I | A oct, IR | R oo == R It
0 025 05 075 1 0 025 05 075 1 0O 025 05 075 1 0 025 05 075 1

Mean wind speed within stem layer [m/s]

Fig. 5. Vertical wind speed profiles within stem layer obtained by presented model in investigated stands. The vertical axis is normalized height with reference the height of
the stem layer (H;). Cross markers indicate calculated values of the maximal wind speed within the stem layer (Uy, at the height H,,, see Table 4). For mature forests (sites L,
F and S4) and for one maturing stand (site S2) the maximal wind velocity under the canopy occurred at the height of about 28% of the height of the stem layer. It is possible
to formulate a hypothesis that the value of H,, is constant and it is characteristic to the particular species (there was no distinguishable relation to neither measured or
calculated biometric features of tree stands nor their combinations).

Table 5

Regression statistics for p=Uy,/U;.
Site K p 95% CI R 100-R? o N Q3 Q
M 36 0.396 0.361-0.431 0.64 40.85 0.11 26.58 16.52 -11.61
S2 54 0.447 0.412-0.482 047 22.55 0.13 43.62 3141 —40.24
H 20 0.668 0.609-0.727 0.72 51.67 0.13 25.33 23.98 -11.46
0] 12 0.564 0.478-0.649 0.87 76.15 0.15 29.76 26.16 -22.38
L 41 0.640 0.593-0.688 0.63 39.93 0.15 23.40 21.94 -18.99
F 36 0.663 0.620-0.706 0.90 80.27 0.13 20.80 14.23 -11.88
S4 87 0.606 0.577-0.634 0.87 76.43 0.14 17.28 10.13 -9.54

K, number of cases; p=Up, /U, regression coefficient; CI, confidence intervals; R, correlation coefficient; o, standard deviation of estimation; (, average error of estimation;
Qs, upper quartile; Qq, lower quartile.
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Fig. 6. Relationships between wind speed over tree tops (U; ) and calculated values of the maximal wind speed within the stem layer (Up,). K indicates the number of cases.
The different values of the linear regression coefficient p = U, /U; denote different attenuation of wind speed within the crown layer at different investigated sites. The highest
suppression is observed in the young maturing stand (site M), the lowest reduction of the wind speed is in mature stands (sites L, F and S4). It may be explained, in comparison
to mature stands, by a considerably higher number of trees per hectare and biomass density in the crown layer (see Table 2).

when all parameters ¢, 8 and y will be expressed by the biometric
features of tree stands. The results of identification of the formula
Eq. (4) are presented in Table 4. However, the results of the test of
goodness of fit are very high, one should take into consideration
that the coefficients «, f and y were estimated using only three
values of the wind velocity. The regression statistics confirm that
the form of Eq. (4) was correctly matched and, according to values of
the correlation coefficient R or 100-R?, the variability of U(h) may
be explained with high accuracy. Only in these cases, where the
correlation coefficients higher than 99% (Table 4) and the calculated
values of Hy, (defined in Section 3.2, Eq. (5)) inside the stem layer,
were taken into future consideration. The vertical distribution of
the wind velocity inside the stem layer with the normalized height
to the elevation of the crown layer, according to the Eq. (4), is shown
in Fig. 5. In all estimated curves, the secondary maximum of wind
speed is well noticeable and is denoted by a cross marker.

3.2. Secondary wind speed maximum within stem layer

The model function Eq. (4) at the height of:

Hn=5 (5)
14
reaches its maximal value:
B B
Un=0o-( = e P, (6)
Y
Table 6
Regression statistics for Eq. (7).
B 95% Cl R 100R2 o P Q3 Qo
0.0754 0.0742-0.0766 0.999 99.73 0.008 1417 0.61 -0.27

Cl, confidence intervals; R, correlation coefficient; o, standard deviation of estima-
tion; u, average error of estimation; Qs, upper quartile; Q;, lower quartile.
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Fig.7. Relationships between maximal wind speed within stem layer (U, ) and wind
speed over tree tops (U ) as a function of biometric features of tree stand: biomass
density in the crown layer (R., fresh mass only, see Table 2), an elevation of the
crown layer (the height of the trunk space, H;) and the height of the tree stand (H).

where «, B, y are defined like in Eq. (4). According to the hypoth-
esis that the vertical wind profile is mainly shaped by the tree
stands forested in the research sites, the calculated parameters
Hpn and Uy (Table 4; Fig. 5) by using Egs. (5) and (6), should
depend on their biometric features. Fig. 6 presents the relation-
ship between the maximal wind velocity within stem layer Up
and the wind speed above the crown layer U;. The changeability
of computed data may suggest that there is the linear dependence
between these wind velocities Uy, = p-U;. The results of such iden-
tification are presented in Table 5. It can be noticed that different
values of the linear regression coefficient p = U, /Uy denote different
attenuation of wind speed within the crown layer at different inves-
tigated sites. The highest suppression can be observed in the young
maturing stand (site M), the lowest reduction of the wind speed is
in mature stands (sites L, F and S4). It may be explained, in com-
parison to mature stands, by a considerably higher number of trees
per hectare and biomass density in the crown layer (Table 2). It
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Table 7

Regression statistics for identification of linear relationship between gain coefficient () and total basal area (see Fig. 8).
A 3 Root R 100-R? o o Q3 Q
0.0176 —0.3029 17.2 0.980 96.04 0.029 5.75 4.19 —-4.41 Sites S2, H, O, S4
0.0238 —-0.7770 326 0.910 82.85 0.033 8.36 5.06 —6.45 Sites M, F, L

R, correlation coefficient; o, standard deviation of estimation; y, average error of estimation; Qs, upper quartile; Q, lower quartile.

should be noticed that all measurements were running for only
a few days at each site (see Table 1, column DY), therefore the
diversity of the wind speed over treetops U; was rather small. In
this case, the relationships presented in Fig. 6 may be only approx-
imated by a linear function in a limited domain. Inside the mature
forest, in the presence of higher changeability of wind velocities U;
and Up, the interpolation errors are considerably lower.

The wind speed within the canopy is usually modelled as an
exponential function of cumulative leaf drag area per unit planform
area (Massman, 1997) or LAI (Inoue, 1963; Yi, 2008). Due to the
observation that the value of the coefficient p (Table 5) is inversely
proportional to the biomass density in the crown layer (Table 2, R;),
it could be expected that the biomass density may be equivalent
to the leaf area density. Furthermore, it can be supposed that an
elevation of the crown layer (the height of the trunk space) may
have an influence on the wind speed attenuation (Fig. 3). Based
on such hypotheses and assuming that Uy =U; for R.=0 (no tree
stand) the following formula was empirically derived:

Um:U1-exp{—8-Rc-(1—%)}, (7)

where U, is the wind speed over treetops [m/s]; Uy, is the maximal
wind speed within the stem layer [m/s]; Us is the height of the stem
layer [m]; H is the height of the tree stand [m]; R. is the biomass
density within the crown layer [tha~! m~1] (Table 2); § is the coef-
ficient to be estimated during the identification of Eq. (7). The form
of the above formulais very similar to Eq. (2), proposed by Yi (2008).
The regression statistics of identification of Eq. (7) are presented in
Table 6 and in Fig. 7. The site H differed from the others thus was
excluded from the calculations. This exception of the rule may have
been caused by wrongly estimating biomass density in the canopy.
It also should be taken into consideration that due to the age of the
tree stand (41 years old) at this site, the dead branch self-pruning
process may have been nearly finished inside the trunk space. That
is why Uy, at this site is similar to the values calculated in mature
forests than in other maturing stands.

The analysis of the changeability of the height of the occurrence
of the maximum wind speed within the stem layer (Hp, in Table 4)
did not reveal any relation to neither measured or calculated bio-
metric features of tree stands nor their combinations. According
to the results presented in Fig. 5 and in Table 4 it is possible to
formulate a hypothesis that the value of Hy, is constant and it is
characteristic to the particular species. For mature forests (sites L,
F and S4) and for one maturing stand (site S2) the maximal wind
velocity under the canopy occurred at the height of about 28% of
the height of the stem layer. The differences for the sites M and H
may be explained by the incorrect (overstated) measurements of
U, or Uy respectively. Yet the mean value for these two sites is still
equal to 28%. The divergence for the site O can be clarified by the
localization of this site (just under the Ridge of Bukowiec Moun-
tain, Fig. 1) and its exposure to possibly stronger winds compared
to other experimental sites.

3.3. Gain coefficient (parameter o)

The gain coefficient « in Eq. (4) demonstrates a linear relation-
ship to the total basal area («=A-TBA+&), presented in Fig. 8. The
sites located just over the valley floor (sites M, L and F) have a
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Fig. 8. Relationship between gain coefficient « of the presented model and total
basal area (TBA) of the investigated tree stands. The sites located just over the valley
floor (dashed line, sites M, L and F, see Table 1) have a different (higher) value of the
slope coefficient (see Table 7) than sites with high relative elevations (dotted line,
sites S2,H, O and S4, see Table 1). The ratio of the empirically estimated roots of these
linear regressions (32.6/1.72 = 1.89), is approximately the same as the ratio of the
altitudes of the highest and the lowest points in the valley, where the catchment was
located (Zvt/Zvf = 881.9/477.5 = 1.85). The wind speed was totally attenuated in
the natural seeding (site U) and the thicket (site S1), thus it was assumed that «=0
(see Table 3 and Fig. 3).

different (higher) value of the slope coefficient A (Table 7) than sites
with high relative elevations (sites S2, H, O and S4). There was no
stem layer at the research site U and S1; therefore it is impossible
to define the value of the parameter « correctly. It may be postu-
lated that the parameter o ought to be equal to zero for these two
sites, because the wind speed was completely attenuated within
the canopy (Table 3; Fig. 3).

The relationships presented in Fig. 8 and Table 7 suggest that the
gain coefficient also depends on the elevation to the valley floor.
Furthermore, it may be noticed that the ratio of the empirically
estimated roots of this linear regression (Fig. 8),32.6/1.72 = 1.89,
is approximately the same as the ratio of the altitudes of the high-
est and the lowest points in the catchment area (valley) Zvt/Zvf =
881.9/477.5 = 1.85. The collision point of these two straight lines
is for the TBA=76.22 and the parameter « is equal to 1.04~1.
Hence, the parameter « in Eq. (4) can be calculated taking into
consideration the total basal area with the adjustment to the rel-
ative elevation of the sites above the local valley bottom with the
reference to the valley prominence (Tables 1 and 2):

TBA
" (Zvt/2Zvf) = (Zrl]dZv)

where TBA is the total basal area [m2 ha~1]; Zvt is the altitude of
the highest point inside the catchment area (valley) [m]; Zvfis the
altitude of the lowest point inside the catchment area (valley) [m];
dZv is the valley prominence [m]; Zrl is the relative elevation to
the local valley floor or to the altitude of the recession point of the

a=A

+& (8)

Table 8

Regression statistics for Eq. (8).

A & Root R 100RZ2 o m Q3 Q
0.0287 -0.3670 12.8 0.955 91.10 0.037 8.14 8.14 -844

R, correlation coefficient; o, standard deviation of estimation; (., average error of
estimation; Qs, upper quartile; Q;, lower quartile.
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Table 9

Regression statistics for Eq. (9).
A & Root R 100-R? o w Q3 Q
—0.0544 3.1629 58.1 0.994 98.89 0.043 7.17 6.29 -12.10 Slope coeff. ()
—-0.0276 1.4792 53.6 0.993 98.57 0.022 13.16 438 -31.33 Attenuation coeff. (y)

R, correlation coefficient; o, standard deviation of estimation; u, average error of estimation; Qs, upper quartile; and Q;, lower quartile.
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Fig. 9. Relationship between gain coefficient « of the presented model and total
basal area (TBA) with the empirical correction for the relative elevation of the sites
above the local valley bottom with respect to the valley prominence (see Table 1):
Zvt is the altitude of the valley top, Zvf is the altitude of the valley floor, Zrl is the
relative elevation of the investigated site with the reference to the local valley floor
or to the altitude of the recession point of the valley bottom gradient, and dZv is the
valley prominence. The wind speed was totally attenuated in the natural seeding
(site U) and the thicket (site S1), thus it was assumed that =0 (see Table 3 and
Fig. 3). The estimated root may suggest that the trunk space can be distinguished
within a spruce tree stand when TBA is greater than ~12.8.

valley bottom gradient [m] (Table 1); A, £ are the coefficients to be
estimated during identification of Eq. (8). The empirical correction
coefficient, the denominator in Eq. (8), makes the allowance for the
real elevation of the research sites over the local valley bottom rela-
tively to the valley height. The regression statistics for identification
of Eq. (8) are presented in Table 8 and in Fig. 9.

3.4. Slope and attenuation coefficients (parameters 8 and y)

The parameters 8 and y occurring in the model Eq. (4) are
responsible for the wind speed increase just over the ground and
the wind speed attenuation under the crown layer. According to
conditions occurring in the research sites the wind speed pattern
should depend on biometric characteristics of stems only. These
both parameters, similarly to the parameter «, also reveal a linear
relation to the total basal area (TBA), presented in Fig. 10:

Table 10

Regression statistics for Eq. (11).

& 95% CI R 100-R*> o % Qs Q
0.0972 0.0648-0.1294 0.978 95.56 0.044 1093 859 -16.97

CI, confidence intervals; R, correlation coefficient; o, standard deviation of estima-
tion; w, average error of estimation; Qs, upper quartile; Q;, lower quartile.

where TBA is the total basal area [m? ha—1]; A, £ are the coefficients
to be estimated during identification of Eq. (9). The high values
of the parameters 8 and y at the site S2 may be explained by
a great amount of withered branches in the trunk space, which
hampers the air flow in this layer (Fig. 5). In contrast, at the sites
located in mature stands the low values of the parameter y describe
slight wind speed attenuation under the crown layer. It can be also
observed that the wind speed increase near the ground at the sites
H and O is violent (Fig. 5), thus the values of the parameter 8 are
very small. Furthermore, at the site O there was practically no wind
velocity attenuation connected with the change of the height. That
is why these two sites were excluded from the analysis. The regres-
sion statistics for identification of Eq. (9) are presented in Table 9
as well as in Fig. 10.

3.5. Average wind speed within stem layer

Empirical equations describing the water budget in the atmo-
sphere - tree stand - soil system usually consider the wind velocity
above and within tree stand (Sulifiski and Starzak, 2009). The mean
wind speed within the stem layer, formally based on the integrating
of Eq. (4), can be calculated by the following formula:

1 [
U= O{-hﬁ‘e—)/-hdh
Hg o
a —_
=gy B H e
WhittakerM { g’ ﬂzj, Y- Hs} o

where: H; is the height of the stem layer [m]; «, B, y are the
coefficients defined like in Eq. (4); WhittakerM is the function

{B,v}=A-TBA+§ (9)  which satisfies Whittaker's differential equation (Slater, 1972). By
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Fig. 10. Relationship between total basal area (TBA) and slope coefficient § (left) and attenuation coefficient y (right) of the model equation. The high values of the parameters
at the site S2 may be explained by a great amount of withered brunches within the trunk space. Such dry state is characteristic of the dead branch self-pruning process which
forms the stem layer inside coniferous stands. In contrast, at the sites located in mature stands the low values of parameter y describe slight wind speed attenuation under
the crown layer (see Fig. 5). The wind speed was totally attenuated in the natural seeding (site U) and the thicket (site S1), thus under the assumption « =0 (see Eq. (4) and
Fig. 9) the values of parameters 8 and y are undetermined for these sites.
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Table 11
Regression statistics for Eq. (12) - exponential model.
n 95% CI R 100-R? o " Q3 Q
0.1099 0.0831-0.1367 0.814 66.22 0.059 39.57 21.11 —57.54 Sites H, S1 excluded

CI, confidence intervals; R, correlation coefficient; o, standard deviation of estimation; p, average error of estimation; Qs, upper quartile; Q;, lower quartile.

Table 12
Regression statistics for Eq. (13) - linear model.
A 3 Root R 100-R? o n Q3 Q
0.0178 —0.5066 28.4 0.978 95.58 0.025 7.45 6.27 -7.53 Site O excluded

CI, confidence intervals; R, correlation coefficient; o, standard deviation of estimation; p, average error of estimation; Qs, upper quartile; Q;, lower quartile.

the analogy to the calculation of the maximum wind speed under L S T TXdaw

the canopy (Un, Eq. (7)), the mean wind velocity (U, Eq. (10)) can be U = U1-exp(-0.0972-(1-Hs/H)-Rc)

computed by applying an exponential function with the allowance Xg:i 21(%)?533:31)

for the biomass density within the canopy and the elevation of the o,

crown layer: oak kN ]

) H, S, FoXKeo G ]

U:U1~exp{—s~Rc~(l——>}, (11) St T J
H 0.4 84

where U, is the wind speed over the treetops [m/s], Hs is the height 032X XQ_M ]

of the stem layer [m]; R, is the biomass density of the crown layer 02r ]

[t(ham~1)]; & is the coefficient to be estimated during the identifi- 0.1 e lj —

cation of Eq. (11). For the sites U and S1, where there were no stem oL | I AL LTy s HO g

layer, the momentum transfer was attenuated completely (U =0, 0 ° 10 ‘5(1_H2°,H).R22 [t/(ﬁg m)]35 A

Table 3), thus it may be assumed that the mean wind speed is equal
to zero at these both sites. It also could be supposed that for the Fig.11. Relationship between mean wind speed inside the trunk space (U) and wind

site S1 the biomass density was underestimated. Similarly to the speed over tree tops (U ) as a function of biometric features of tree stand: biomass
’ density in the crown layer (Rc, fresh mass only, see Table 2), an elevation of the

previous analyses_ the site H differed from other maturing Stanqs' crown layer (the height of the trunk space, H;) and the height of the tree stand (H).
Therefore these sites (S1 and H) were excluded from the analysis. A high value of the mean wind velocity at the site H may be explained by already
The detailed results of the test of goodness of fit for Eq. (11) are finished dead branch self-pruning process and the lack of the dry state under the
presented in Table 10 and in Fig. 11 canopy. There was no stem layer in the natural seeding (site U) and the thicket (site
S1), thus U was equal to zero (see Table 3 and Fig. 3).

3.6. Wind attenuation within canopy where U; is the wind speed over treetops [m/s]; H is the height of
] ] ) o the tree stand [m]; Hc is the thickness (the height) of the crown layer

By the analogy to the maximal wind velocity within the  [m]; R. is the biomass density inside the crown layer [tha-! m~1];

trunk space (Eq. (7)) the wind speed just under the canopy can  p s the coefficient to be estimated during identification of Eq. (12).
be e.stlmat.ed by an .emplrlcal, e?(pone.nt{al function taking into Comparably to previously presented analysis the sites S1 and H are
consideration the biomass density within the canopy and the  significantly different from the other sites and both were excluded

empirical correction coefficient of the crown layer thickness rel-  again, Table 11 and Fig. 12 (left) show the regression statistics for
ative to the height of the tree stand: Eq. (12). Besides of Eq. (12) the attenuation of momentum transfer
y within the canopy could be also expressed by the total basal area:
Uy=U; — e MR 12

2= "1 H, 12) g, —u,.0. - TBA+8), (13)
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Fig. 12. Relationship between wind speed just under the canopy (U,) and wind speed over tree tops (U;) as a function of biometric features of tree stand. The left plot
presents the dependence upon biomass density in the crown layer (R, fresh mass only, see Table 2), the thickness of the crown layer (H.) and the height of the tree stand
(H). The right graph depicts the relation to the total basal area (TBA). There was no stem layer in the natural seeding (site U) and the thicket (site S1), thus U, was equal to
zero (see Table 3 and Fig. 3).
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where Uj is the wind speed over treetops [m/s]; TBA is the total
basal area [m2 ha~1]; A, £ are the coefficients to be estimated dur-
ing the identification of Eq. (13). The regression statistics for the
identification of Eq. (13) are presented in Table 12 and in Fig. 12
(right).

4. Concluding comments

The presented empirical model provides an outline of the S-
shaped vertical wind speed profile within the stem layer of Norway
spruce stand (Picea abies (L) Karst., ecotype - the Istebna spruce). The
mainissue is a biological interpretation of the parameters «, 8 and y
in Eq. (4). Athorough understanding of all biological factors forming
the observed S-shaped wind profile would considerably expand the
knowledge of predicting the results of the silvicultural measures
and a forest ‘ventilation’ process, which determines vaporization
from the soil as well as the CO, advection. It is possible to find in lit-
erature several models, which can generate the observed S-shaped
distribution even with high precision, that are seldom based on the
biometric features of tree stands (i.e. Lalic et al., 2003). A combina-
tion of two equations: Eq. (2) (Yi, 2008) inside the canopy and Eq.
(4) within the stem layer enables to calculate the S-shaped wind
speed profile in relation to the biometric features of a tree stand.
The given, by Eq. (4), model describes the field-observed distri-
bution with very high accuracy. However, it is essential to keep
in mind that, due to technical conditions, wind speed data were
obtained at just 3 levels within the stem layer. It means that a big
part of this layer was not monitored, especially in mature forests.
That is why the coordinates of the secondary wind velocity maxi-
mum (Upy, Hp), calculated by Eqs. (4) and (5), can be underestimated
(Table 4). Furthermore, although the whole experiment was run-
ning for 52 days, the measurements lasted a few days only (from 5
to 8 days) at each site (see Table 1, column DY); therefore the result
may be inadequate to describe the situation for strong and extreme
wind speeds. In this case, the presented relationships may be only
approximated by a linear function in a limited domain. Neverthe-
less, it should be highlighted that all parameters used in Eq. (4) - «,
B and y - demonstrated a very high dependence on the biometric
features of a given tree stand: the number of trees per hectare (N),
DBH and the altitudes of the research sites, which are effortlessly
to be measured in the field (Table 8 and Table 9). Massman (1987),
Massman and Weil (1999) and Yi (2008) found that wind speed
attenuation within canopy is related to the LAIL At the research
sites the LAl was equal to zero inside the stem layers. Thus, accord-
ing to the presented analysis, the total basal area, based on only
N and DBH, is the only factor determining how the wind speed
increases over the ground (parameter ) as well as the attenuation
approaching the canopy (parameter y). The gain parameter « in
Eq. (4) additionally depends on the elevation above the local valley
floor or above the recession point of the valley bottom gradient for
the higher-elevated sites. The total basal area may be also used to
evaluate the reduction of the wind velocity through the canopy Eq.
(13).

It is necessary to underline that all biometric features of a tree
stand (N, D, H, LAI) as well as biomass (Ms, M) or biomass density
in a particular layer (Rs, R:) are dependent upon each other. Such
relationships between these biometric features are the subject of
interest in dendrometry (Fassnacht et al., 1994; Jonckheere et al.,
2005; Turner et al., 2000). For instance, for the pine stands (Pinus
contorta and Pinus albicaulis) there is a linear relationship between
the LAl and sum of DBH (Sulifiski, 1993 based on data published by
Karmanova et al., 1987; Peterson et al., 1989). In this case, the total
basal areaina homogenous, even-age stand, automatically includes
all information about the site quality, the biomass concentration
within the different layers and the LAI In addition, in contrast to

the TBA, the LAl is difficult to be measured precisely. There are two
methods to determine the leaf area index: directly and indirectly
based on photometrical measurements. The direct method requires
stripping and measuring the foliage of the plant canopy samples.
The disadvantage of the direct method is that it is destructive, time
consuming and expensive, especially if the study area is very large.
The disadvantage of the indirect method is that in some cases it can
underestimate the value of LAI in very dense canopies, as it does
not account for leaves that lie on each other, and essentially act
as one leaf according to the theoretical LAl models (Wilhelm et al.,
2000). The replacement of the LAI with the TBA would make the
evaluation of the S-shaped wind speed profile easier.

In terms estimating the maximal and mean wind speed within
the stem layer (Uy, and U, respectively), the biomass density
inside the canopy and the elevation of the crown layer can be
also used. The difference is only in the coefficient in the super-
script in the exponential function. The exponential function directly
refers to the analytical solutions of ordinary differential equations.
In modelling, which takes ecological criteria into consideration,
the exponential function works well to determine the momentum
transfer within the canopy (Massman, 1987, 1997; Yi, 2008).

Another issue worth being investigated are the values of the
total basal area for which Egs. (8), (9) and (13) yield zero. It may
be assumed, based on a comparison with the sites U and S1, that
is a characteristic value, which determines the distinguishability
of the stem layer. The estimated root (Eq. (8)) may suggest that
the S-shaped wind pattern in the trunk space can be distinguished
within a spruce tree stand when TBA is greater than ~12.8. A similar
situation occurs to the parameters 8 and y for the total basal area
amount to 58.1 and 53.6, respectively, Eq. (9). In this case, when
B=0and y=0, according to Eq. (4), there is no the S-shaped wind
speed profile within the stem layer, the values of Uy, and Hy; become
undetermined. Corresponding to Eq. (13), the wind speed under the
canopy U, is greater than O for such tree stands, where TBA > 28.4.
Is should be remembered that all data were obtained in rather
similar sites: 3 were located in maturing stands and 4 in mature
forests; the choice of the research sites enabled to capture the dif-
ferences resulting from the various locations on the valley slopes,
but the diversity of the investigated tree stands was relatively small.
Thus, the linear relationships - Egs. (8), (9) and (13) — may only
approximate more complex dependences, for example the sigmoid
functions. Furthermore, the limited range of the explaining variable
(TBA) manifested in the large values of a standard deviation of the
estimation () and quartiles.

The characteristic S-shaped vertical wind speed profile was
observed at all research sites, located inside homogenous, even-
aged spruce stands. The oldest maturing stand at the site H (41 years
old), nevertheless height-similar to other maturing stands M and
S2 (Figs. 3 and 5), attenuated the wind velocity within the canopy
(values of U, and U) as in the mature seed forests (L, F and S4).
This may have resulted from the already completed dead branch
self-pruning process. The dry branches, located in the stem layer
under the canopy, were not taken into consideration when esti-
mating the biomass situated in the stem layer, yet had an influence
on the acquired wind speed data. Such conditions were observed
especially at the site S2 — the highest suppression ratio within the
canopy 0.12. The tree stand at this research site demonstrated a
very high attenuation of solar radiation (Sulifiski and Sypka, 2000), a
lack of daily periodic temperature variation in the covering layer of
soil (Sypka, 2003). The lowest suppression ratio within the canopy
(0.55) was obtained at the site O, which was located near the bor-
der of the catchment, under the Ridge of Bukowiec Mountain. The
direction of the wind was not monitored throughout this research,
thus it was impossible to investigate the influence of the topograph-
ical aspects on the momentum transfer in the tree stands during the
presented analysis.



232 P. Sypka, R. Starzak / Agricultural and Forest Meteorology 171-172 (2013) 220-233

The empirically calculated model, Eq. (4), suggests that the
height of the occurrence of the secondary wind speed maximum
(Hm) can be constant and equal to about 28% of the height of the
stem layer (Table 4). Some divergences may be notified for the sites
M, H and O and be explained by either the incorrect (overstated)
measurements of U, or U respectively or by the localization of
the site O. Based on the asymmetric S-shaped wind speed pattern
within the trunk space, it is possible to formulate a hypothesis that
the height of the secondary maximum depends on the different
coarseness of the canopy bottom surface and the ground. Accord-
ing to complex canopy structure (branches, needles, dry state) the
roughness grade of the crown bottom layer is higher that the rough-
ness of the soil surface (there were neither shrub layer nor forest
vegetal cover at the investigated stands). That is why the height of
the secondary maximum is near the soil surface, not in the cen-
treline between these two surfaces. On the other hand, it may be
assumed that the value of Hy, is a function of biomass density within
the stem layer (Table 2); according to the chosen research sites such
a postulate cannot be tested because the biomass density in the
stem layer in the mature forests (O, L, F and S4) was practically the
same and very similar to maturing stands (S2 and M).

Due to the type of investigated data, the postulated model may
be applied to a homogenous, even-aged spruce tree stand. It is
also essential to investigate whether the presented model may be
used more generally and be applied to the uneven-aged or more
complex tree stands. Such a parameterization scheme, taking into
consideration the biometric features of a tree stand, which are
uncomplicated to measure in the field (total basal area and tree
stand height), should be easily transferable to stands composed of
other tree species. The necessary improvements of the presented
model may be possible after a series of measurements taken within
various types of tree stands.
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Appendix. Calculations of biometric features of tree stand

The biometric features of a tree stand can be determined by
field measurements of the number of trees per hectare (N), DBH,
the height of tree stand (H) and the elevation of the canopy (the
height of the lowest ‘green’ branches, Hs). The necessary empirical
equations were proposed by Sulinski (1993, 2007). After calculating
the mean DBH and the mean tree height of investigated stand by
using Lorey’s equation, the mean biomass of leafs of the mean tree
(m;) may be calculated by the following empirical formula (Sulifiski,
2007):

m; = 1.38 + 0.0766-DBH ", (14)

where m; is biomass of leafs of the mean model tree [kg], DBH is the
mean diameter at the breast height [cm]. The constant coefficients
in Eq. (14) were identified based on data included in the yield tables
(Schwappach, 1943). The volume of the trunk and branches of the
mean model tree was estimated using the empirical equation:

v=1.1-DBH"® . (H - 1.3)°68, (15)

where v is the volume of the mean model tree (trunk and branches)
[m3], DBH is the mean diameter at the breast height [cm], H is the
height of the mean model tree [m]. The constant coefficients in
Eq. (15) were evaluated based on data published in the volumetric

tables (Czuraj et al., 1966). The total biomass of tree stand was
approximated by the subsequent formula:

_m
1000

where M; is the total biomass of tree stand [tonne of fresh mass
per hectare], N is the number of trees per hectare, m, is the biomass
of leafs of the mean model tree [kg], o is the spruce green wood
density, 0.75 [tm~3] (Sulifiski, 1993, 2007) and v is the volume of
trunk and branches of the mean model tree [m3]. The biomass of
the stem layer was calculated by applying the following formulae:

My =N +N-p-v, (16)

_ T Do 5 2
MS_N~p~HS~Z~<—]OO) , (17)

where M is the total biomass inside the stem layer [tonne of fresh
mass per hectare], N is the number of trees per hectare, p is spruce
green wood density, 0.75 [tm~3] (Sulifiski, 1993, 2007), H; is the
height of the stem layer [m] and Dy 5 is the diameter of trunk at the
stem mid-height [cm]:

Do.s = DBA — (%_1.3), (18)

where DBH is the mean diameter at the breast height [cm], Hs is
the height of a stem layer [m], t; is the mean trunk taperness in a

tree stand:
DBH
= 1

ts =~ (19)

where DBH is the mean diameter at the breast height [cm] and H
is the mean height of a tree stand. The total biomass inside the
canopy (M, [tonne of fresh mass per hectare]) was calculated as
the difference between the total biomass of a tree stand (M;) and
the total biomass inside a stem layer (M;):

M¢ = M; — M;. (20)
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