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Abstract
10 min-averaged wind speed data have been measured with a mini-sodar for 13 months subsequently at
different sites in level terrain and on hill tops in Germany in the last three years. The data presented here is
from a height range between 25 and 140 m above ground, the vertical resolution is 5 to 10 m. From the data
monthly mean diurnal courses of wind speed and of directional shear have been computed as well as monthly
mean vertical pro� les of the scale factor and the shape parameter of the WEIBULL wind speed frequency
distribution. These pro� les extend beyond the top of the surface layer into the EKMAN layer. Therefore
the pro� les have to be described by EKMAN layer laws instead of by surface layer laws if they have to be
extrapolated upward. Typical features of the pro� les characterizing level terrain and hill top sites have been
analyzed. Most prominent feature is the maximum of the shape parameter at the top of the surface layer.
Implications for the siting of wind turbines are discussed.

Zusammenfassung
10 Minutenmittelwerte von Windgeschwindigkeit und -richtung wurden mit einem Minisodar über 13 Monate
hinweg nacheinander an verschiedenen Standorten in Deutschland in nahezu ebenem Gelände und auf
Hügelkuppen in den letzten drei Jahren gemessen. Der erfasste Höhenbereich liegt zwischen 25 und
140 Meter über Grund, die vertikale Au� ösung beträgt dabei 5 bis 10 Meter. Aus den Daten wurden
monatlich gemittelte Tagesgänge von Windgeschwindigkeit und Winddrehung mit der Höhe berechnet
genauso wie monatlich gemittelte Vertikalpro� le des Skalenfaktors und des Formparameters der WEIBULL

Windgeschwindigkeitshäu� gkeitsverteilung. Diese Pro� le reichen über die PRANDTL-Schicht hinaus in die
EKMAN-Schicht hinein. Daher müssen die Pro� le mit den Gesetzen der EKMAN-Schicht und nicht mit denen
der PRANDTL-Schicht approximiert werden, wenn man sie nach oben extrapolieren möchte. Die Analyse er-
brachte typische, sich unterscheidende Pro� le für Flachland- und für Mittelgebirgsstandorte. Auffallendstes
Merkmal der Pro� le des Formparameters ist das Maximum, das am Oberrand der PRANDTL-Schicht auftritt.
Die Auswirkungen der gefundenen Vertikalpro� le auf die Standortwahl und -suche für Windkraftanlagen
wird diskutiert.

1 Introduction

Vertical pro� les of wind speed and wind speed fre-
quency distributions in the lower few hundred meters
of the atmosphere are important e.g. for the planning of
high buildings, the exploitation of wind energy, and for
the dispersion of trace substances. For the near-surface
layer up to a few tens of meters above ground a vast
amount of experimental data is available for the whole
range of the frequency spectrum. Vertical pro� les of
wind are predicted well by the laws derived from sim-
ilarity theories. At about 50 to 80 m above ground the
surface layer ends and the EKMAN-layer with its char-
acteristic turning of the wind begins. On the pro� les in
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this layer much less is known. Theoretical considera-
tions lead to the well-known EKMAN spiral for the mean
wind speed and direction. Balloon and aircraft exper-
iments have provided data for the high-frequency end
of the spectrum. A few towers – most of them in level
terrain – are available which give information on the
whole spectrum but the vertical distance between differ-
ent measurement heights is very often larger than 20 me-
ters. Several � eld experiments have been made over iso-
lated hills (see e.g. TAYLOR et al., 1987 for an overview)
in order to study the speed-up of the � ow over hills. But
in most cases measurements were made only in heights
up to about 25 m. Horizontally mean wind pro� les over
complex terrain have been determined several times (e.g.
KUSTAS and BRUTSAERT, 1986), but these pro� les can-
not be applied to single hill tops. Thus, features in the
vertical pro� les which are important e.g. for the estima-
tion whether the exploitation of wind energy is economi-
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cally useful, are only coarsely represented in the existing
data.

Exploitation of wind energy has increased drasti-
cally in the last decade. For the siting of a wind energy
converter the vertical pro� les of mean wind speed and
of the wind speed frequency distribution (for low fre-
quencies below 0.01 to 0.001 Hz) have to be known at
the foreseen site with a high vertical resolution of 5 to
10 m. As pro� le measurements are dif� cult and expen-
sive most times the vertical pro� les are either computed
with models (e.g. WAsP, TROEN and PETERSEN, 1990
or WiTraK, HÄNSCH, 1997), or they are gained from
vertical extrapolation of cup anemometer measurements
in a single height (mostly 30 m above ground). For the
extrapolation surface layer laws are used. The data from
the few available masts have given indications that above
the surface layer the vertical pro� les differ from the ex-
trapolations from the surface layer (HELLMANN, 1915;
PEPPLER, 1921; WIERINGA, 1989). The following four
problems now become more important as hub heights of
wind energy converters up to more than 100 m above
ground have become technically feasible:

(1) The height of the boundary between the surface
layer and the EKMAN-layer must be known when ver-
tical extrapolation has to be applied. The dependence of
this height on terrain conditions and on atmospheric sta-
bility has hardly been investigated systematically so far
(WIERINGA, 1989).

(2) Surface layer laws are no longer valid when we have
to extrapolate the wind speed into the EKMAN-layer.

(3) The shape parameter of the WEIBULL distribution
which is often used to describe the wind speed frequency
distribution is assumed to have a maximum near this
boundary. This assumption has not been checked so far
(WIERINGA, 1989).

(4) How large is the turning of the wind direction over
the height interval which is swept by the rotor of the tur-
bine? Rotors of large turbines have diameters of 50 m
and more. Answers for level terrain may be given from
theoretical considerations, but very little is known on
how large the in� uence of terrain features is on this turn-
ing in complex terrain.

Long-lasting sodar measurements offer a way to get
the necessary information on the wind pro� les above the
surface layer. This paper deals with results from such
measurements which have been made as well in level
terrain as on hill tops. All in all 13 months of data are
available. Frequency distributions have been calculated
from wind data which have been averaged over 10 min-
utes, and will be displayed on a monthly basis. The
range of the sodar which has been used for this study
is 15 to 200 m above ground with 5 to 10 m vertical
resolution. As the maximum range of a sodar also de-
pends on the meteorological conditions there are miss-
ing data in higher levels. Therefore only data up to a

maximum range of 140 m have been used for this study.
The data will be confronted to results calculated with
the European Wind Atlas model WAsP, a model spe-
cially designed for wind energy purposes (TROEN and
PETERSEN, 1990). An extension of the Wind Atlas to
107 sites in Germany has been compiled by TRAUP and
KRUSE (1996).

The paper is organized as follows: After a short de-
scription of the instrument and the data preparation in
chapter 2 we will give an overview on the description of
wind frequency distributions and on available extrapo-
lation schemes for wind pro� les in chapter 3. Chapter 4
will contain results from the sodar measurements, chap-
ter 5 presents a discussion of the results, and chapter 6
will give some � nal conclusions.

2 Instrumentation, measurement sites,
and data preparation

The measurements have been made in Germany from
1998 to 2000 with an Aerovironment AV4000 Minisodar
(REITEBUCH and EMEIS, 1998). This instrument oper-
ates at a sound frequency of 4500 Hz and has a height
range between 15 and 200 m. Time averaging can be
chosen between 1 and 60 min (here 10 min have been
used). Maximum vertical resolution is 5 m. For the � eld
measurements which lasted up to four months at one site
this instrument has been integrated into a trailer with an
opening in the roof. This trailer also houses the batteries
for energy supply, the electronics of the sodar, and the
data aquisition laptop.

In summer 1998 and in the whole year 1999 the mea-
surement sites were at two places in the northern part
of Sachsen-Anhalt on very gentle hills which only rose
about 20 to 40 meters above the surrounding level ter-
rain. In autumn 1998 the instrument was installed on the
top of a hill in the eastern part of Saarland which rose
about 100 m above the surrounding terrain. The hori-
zontal width of this hill was two to three kilometers. In
summer 2000 the instrument was deployed to a hill in
the middle of Hesse which was part of a longer ridge.
Here the horizontal width of the hill was in the order of
at least 10 km.

For the calculation of the mean diurnal course of
wind speed and wind direction in different heights the
data for each 10-min interval have been averaged over
one month or over a 30 day-period. For the determina-
tion of the two parameters of the WEIBULL distribution
in each height 10-min-averaged data for one month or
for a 30-day period have been processed. Thus, a time
series of 30 days contains 4320 data points (144 per
day or 6 per hour). Sometimes, at higher levels, data
were missing because the signal-to-noise ratio for the
sodar was too low. This happens most times in the morn-
ing and late afternoon hours (see Fig. 7 for an exam-
ple around 2000 hours) when there is not enough tur-
bulent motion in the atmosphere in order to re� ect the
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sounds waves. Missing turbulence is often due to miss-
ing turbulence production by shear or thermal instability.
Therefore it can be assumed that the vertical wind gra-
dient is small if turbulence is low (this would certainly
not be true at night times). A vanishing vertical gradient
in heights of 80 to 90 m above ground in the evening
can e.g. be observed in the vertical wind pro� les dis-
played in Fig. 4 in ROTH et al. (1979). A decreasing
wind speed gradient with height in annual mean wind
pro� les is also documented in MANIER and BENESCH
(1977). Thus, before calculating mean diurnal variations
or WEIBULL parameter missing wind values have been
replaced by wind speed values from the layer below as-
suming a zero vertical gradient. On the average 20% of
the data were missing at 100 m a.g.l., 35% at 120 m, and
50% at 140 m.

3 Description of wind frequency
distributions

3.1 Weibull distribution

The frequency distribution of the wind speed u for
the low-frequency end of the spectrum (i.e. frequencies
less than 0.01 to 0.001 Hz) is often described by the
WEIBULL distribution. This distribution is governed by
two parameters: a scale factor A (given in m/s, princi-
pally proportional to the mean wind speed) and a form
factor k (also called shape parameter, dimensionless, de-
scribing the shape of the distribution). The probability
W x of the occurrence of a wind speed smaller or equal
to a given speed x is expressed in terms of the WEIBULL
distribution by:

W x 1 exp
x
A

k
(3.1)

The respective probability density function w x is
found by taking the derivative of W x :

w x
dW x

dx
k

xk 1

Ak exp
x
A

k
(3.2)

The mean of the WEIBULL distribution is given by:

µ A G 1
1
k

(3.3)

where G is the Gamma function. The variance (the sec-
ond central moment) of this distribution is:

s2 A2 G 1
2
k

G2 1
1
k

(3.4)

This implies that s2 and k are inversely related
(WIERINGA, 1989). Higher (non-central) moments Mn
are given by (n is the order of the moment):

Mn An G 1
n
k

(3.5)

The horizontal � ux of kinetic energy of the wind (in
the following also called wind energy) Ewind 0 5ru3 is
proportional to the third moment of the WEIBULL dis-
tribution and can be calculated if A and k are known:

Ewind 0 5 r A3 G 1
3
k

(3.6)

As the relation between the mean wind speed (3.3)
and the wind energy (3.6) is non-linear different combi-
nations of A and k which lead to the same mean wind
speed can result in different estimations of the wind en-
ergy. Thus, for wind energy purposes not only the pro� le
of the mean wind speed in the lower EKMAN-layer but
also the vertical variation of the wind speed frequency
distribution must be determined. Sensitivity calculations
show that (3.6) is much more sensitive to the correct
value of A than to the value of k. An uncertainty in A of
10% leads to a deviation of 30% in the estimated wind
energy. An uncertainty in k of 10% on the other hand
only leads to a deviation of 9% in the estimated wind
energy. An overestimation of k yields an underestima-
tion of the wind energy.

3.2 Vertical pro� le of mean wind speed

In the surface layer the impact of the CORIOLIS force
is negligible, and the vertical wind speed pro� les are
usually described by the logarithmic pro� le and the re-
spective correction functions (BUSINGER et al., 1971;
DYER, 1974) for the thermal strati� cation of this layer.
In engineering applications these pro� les are often ap-
proximated by a more simple power law (DAVENPORT,
1965):

u z u zA
z
zA

n

(3.7)

where zA is the height of the available measurements and
n is an empirical factor which comprises the in� uences
of both surface roughness and atmospheric stability. n
increases with increasing surface roughness and with in-
creasing thermal stability of the surface layer.

Above the surface layer in the EKMAN-layer the
CORIOLIS force additionally in� uences the shape of the
wind speed pro� les. Here the following analytical ex-
pression for the vertical pro� le of the wind speed can be
derived (e.g. see STULL, 1988):

u2 z u2
g 1 2exp gz cos gz exp 2gz (3.8)

with g2 f 2KM ( f is the CORIOLIS parameter, KM
the vertical mean of the coef� cient of turbulent verti-
cal exchange of momentum), and the geostrophic wind
speed ug. Assuming typical values yields g in the order
of 10 3 m 1. (3.8) can be simpli� ed if z is small com-
pared to 1/g: then the cosine-function is close to unity.
We get:

u2 z u2
g 1 2exp gz exp 2gz (3.9)

and after taking the square root we end with:
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u z ug 1 exp gz (3.10)

(3.10) will be used in chapter 4 below for the ap-
proximation of measured vertical wind pro� les and of
vertical pro� les of the WEIBULL scale factor A. A � t
to the measured values with (3.10) instead of (3.7) will
be easier because now two tunable parameters (ug and
g) are available. ug is the wind speed which is ap-
proached asymptotically by the wind pro� le with in-
creasing height above ground, and 1/g is now (after the
simpli� cation which led from (3.8) to (3.9)) the height
above ground in which 63.2% of the asymptotic value
is reached [(ug u ug is equal to 1/e). By this g in-
� uences the curvature of the vertical pro� le. g is deter-
mined via KM by the thermal strati� cation of the atmo-
sphere as well as by the roughness of the orography. In
contrast to (3.7) equation (3.10) is not coupled to a mea-
sured value in a certain height but only to the asymptotic
value which is met in larger heights.

3.3 Vertical pro� le of the low-frequency
variance of wind speed

In contrast to the theoretically derived pro� les for the
mean wind speed (3.7) and (3.10), in recent years sev-
eral empirically derived pro� les have been proposed for
the low-frequency variance of wind speed and the shape
parameter k of the WEIBULL distribution. JUSTUS et
al. (1978) � tted pro� le functions from tower data up to
100 m a.g.l. by:

k z kA

1 c ln zA
zref

1 c ln z
zref

(3.11)

with kA as the measured shape parameter in the
height zA, zref 10 m, and c 0 088. As 100 m a.g.l.
may already be above the expected maximum in the k-
pro� le at the top of the surface layer, the overall slope
of k z below this maximum might be underestimated if
(3.11) is used. JUSTUS et al. were principally aware of
the existence of a maximum in the k-pro� le but assumed
that this maximum would occur in heights above 100 m.
Later ALLNOCH (1992) proposed to put c 0 19 and
zref 18 m in order to better represent the slope of the
k-pro� le below its maximum at the top of the surface
layer.

The existence of a maximum in the k-pro� le is ex-
pected because k is inversely proportional to the low-
frequency variance s (see equ. (3.4)). s must have a
minimum at the top of the surface layer because here the
transition from the surface regime (or lower regime) in
the diurnal variation of the wind speed to the so-called
upper regime takes place. In the lower regime we � nd
maximum wind speeds at daytimes and low winds at
night. In the upper regime the strongest winds blow at
night and the wind at daytimes is weaker (HELLMANN,
1915; PEPPLER, 1921). At the transition zone the diur-
nal wind speed variation should nearly vanish, and the
wind speed variance thus should have a minimum here.

Figure 1: Monthly mean of diurnal course of horizontalwind speed
at 35, 60, and 90 m above ground (in m/s) measured by sodar for
April 1999 at a site in nearly level terrain (full curves, scale on the
left), and for September 1998 for a site on top of a hill (dashed
curves, scale on the right).

WIERINGA (1989) tried a different approach for the
description of the vertical pro� le of the low-frequency
variance of the wind speed. He took into account the ex-
pected maximum at the top of the surface layer although
he complained that the existence of this maximum had
not yet been proven until the publication of his paper. He
rather parameterizes the difference k z kA instead of
the ratio k z kA by putting:

k z kA c2 z zA exp
z zA

zm zA
(3.12)

with the height of the maximum of the k-pro� le zm, and
a scaling factor c2 of the order of 0.022 for level terrain.
c2 determines the range between the maximum value of
k z at height zm and the asymptotic value of k at large
heights. We will use (3.12) below for the approximation
of the measured data. As in (3.10) for the approxima-
tion of the mean pro� les we have in (3.12) two tunable
parameters which have to be determined from experi-
mental data.

4 Results from sodar measurements

4.1 Diurnal course of mean wind speed

In a convective atmospheric boundary layer over level
terrain we expect small vertical gradients of conserva-
tive quantities like momentum or potential temperature
during daytime. At night on the other hand, the sur-
face layer decouples from the rest of the boundary layer
when the thermal production of turbulence vanishes and
the mechanical production of turbulence is small (low
to moderate wind speeds). This leads to strong vertical
gradients of atmospheric variables at night. Especially
we observe very low wind speeds near the ground and
higher wind speeds above the surface layer.
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Fig. 1 (lower three curves) depicts monthly means
of 10-min-mean sodar measurements of the wind speed
which show these variations in three heights over nearly
level terrain in April 1999. April 1999 was characterized
by longer periods of fair weather which led to unstable
strati� cation during the day and strongly stable strati� -
cation during the night. The lowest height, 35 m a.g.l., is
surely within the surface layer with lower wind speeds at
night and higher wind speeds during the day. The middle
height, 60 m a.g.l., is close to the top of the surface layer.
Here the diurnal variation of the wind speed is rather
small. The upper height, 90 m a.g.l., is above the surface
layer. The wind speed is large at night but decelerates
considerably during the day. The inverse structure of the
wind pro� le around noon is not yet understood and will
be further investigated.

Over a hill top the diurnal variations are different.
During the day the top of a hill is within the convective
boundary layer. During the night the hill top is above the
surface layer. Fig. 1 (upper three curves) gives an exam-
ple from a hill top for September 1998. We see a well-
mixed convective boundary layer between about 10 a.m.
and 5 p.m. daylight saving time (this is approximately
8:30 a.m. and 3:30 p.m. local time) with no vertical gra-
dient of the wind speed. During the night we observe an
increase of the wind speed with height, and the general
level of wind speed is higher than during the day in all
heights.

The simple classi� cation (maximum at daytimes in
level terrain, maximum at nighttimes over hill tops) does
not hold for coastal regions. BARTHELMIE et al. (1996)
show that near the coast the daytime maximum occurs
only when the wind blows from the land, and that the
nighttime maximum occurs when the wind blows from
the sea. The reason why can be found in the different
daily courses of the thermal stability of the surface layer
over land and over sea.

Figure 2: Measured (by sodar), calculated (WAsP), and parameter-
ized vertical pro� les of the scale factor of the WEIBULL wind speed
frequency distribution (in m/s) for the site in nearly level terrain.
The mean curve is valid for the period April, May, June, July, and
autumn 1999. Numbers at the thin solid curves give the exponent of
the power law (3.7).

Figure 3: As Fig. 2, but for the site on top of a hill in Southwest-
ern Germany. The mean curve is valid for the period September,
October, and November 1998.

4.2 Vertical pro� le of the scale factor of the
Weibull distribution

As the sodar data shall later be used for the evaluation
of the available wind energy at a certain height, we � t
WEIBULL distributions into the measured time series
of wind speed data. Fig. 2 displays the vertical pro� les
of the WEIBULL scale factor for three 30-day periods
in 1999 over nearly level terrain. The curve for April
1999 is based on the same data as in Fig. 1. Whereas
May 1999 and especially April 1999 were character-
ized by low mean wind speeds and a large number of
days with local thermal forcing of the boundary layer,
the chosen 30-day period from autumn was dominated
by stronger larger-scale winds. Also shown is the mean
pro� le for the � ve 30-day periods April to July and au-
tumn.

Because higher wind speeds are much more impor-
tant for wind energy production (the production is pro-
portional to the third power of the scale factor, see equ.
(3.6)) we have tried to � t the analytical pro� les (3.7) and
(3.10) to the autumn curve. As the scale factor of the
WEIBULL distribution is principally proportional to the
mean wind speed we use (3.7) and (3.10) by putting the
scale factor A z instead of the mean wind speed u z ,
and Ag instead of ug. A bundle of curves computed from
(3.7) with exponents n varying between 0.15 and 0.30
has been adapted to the measured scale factor A zA at
zA 30 m a.g.l. Obviously, the curve for n 0 30 de-
scribes the vertical pro� le of the scale factor A z quite
well for heights below 60 to 70 m. Above this height the
scale factor extrapolated by (3.7) becomes larger than
the observed pro� le. Above heights of about 50 m a
curve computed from (3.10) with Ag 6 98 ms 1 and
g 0 030 m 1 describes the measured data very well.
This fact is not very surprising because (3.7) has been
derived from surface layer data, and (3.10) has been de-
rived from EKMAN-layer principles. As the validity of
the power law (3.7) is a typical feature of the surface
layer we can assume that at this site in autumn the top
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Figure 4: As Fig. 2, but for the shape parameter of the WEIBULL

wind speed frequency distribution for the site in nearly level ter-
rain. Names at the thin solid curves refer to different propositions
of constants in equ. (3.11). See text.

Figure 5: As Fig. 4, but for the site on top of a hill.

of the surface layer was at about 60 m. For comparison
the climatological wind pro� le from WAsP is also given
in Fig. 2. It shows a constant increase of the wind speed
with height which is in some contradiction to theoret-
ical considerations (equations (3.7) and (3.10)) and to
the � ndings in MANIER and BENESCH (1977).

Fig. 3 shows a comparable graph as Fig. 2 for the
hill top site in the Saarland. Again a bundle of curves
computed from (3.7) with exponents n varying between
0.25 and 0.40 has been adapted to the measured scale
factor A zA at zA 30 m a.g.l. This time the power
law (3.7) is not at all suitable for the description of
the vertical pro� le of the scale factor. Again, above
heights of about 50 m a curve computed from (3.10)
with Ag 10 67 ms 1 and g 0 035 m 1 describes the
measured data very well. Also the deviation between the
two curves below 50 m is much lower than in Fig. 2. This
indicates that the whole wind pro� le over hill tops is
much better described by EKMAN-layer dynamics than
by surface layer dynamics, which again could have been
expected. Once again the curve from WAsP is added.

This time, the Wind Atlas programme gives too low
wind speeds. No real difference can be found between
the vertical pro� les of the scale factor from WAsP for
level terrain and for the hill top site. This fact is repro-
duced in the wind data (TRAUP and KRUSE, 1996) for
the stations Deuselbach and Lüchow which are both not
very far from the sodar measurement sites in this paper.
This data compilation (TRAUP and KRUSE, 1996) also
shows that the vertical pro� les of the scale factor all over
Germany increase nearly linearly with height which is in
contradiction to MANIER and BENESCH (1977).

4.3 Vertical pro� le of the shape parameter
of the Weibull distribution

As we see from equ. (3.6) not only the scale factor A z
but also the shape parameter k z is important for the
correct estimation of the available wind energy Ewind z .
Fig. 4 shows vertical pro� les of k z for several months
and for a mean over � ve months over nearly level terrain.
In all curves we � nd a maximum between 50 and 80 m
above ground. As in Fig. 2 we try different � ttings to
the autumn curve. Here we apply the empirical schemes
(3.11) and (3.12). The scheme (3.11) needs three input
parameters: the measured value of k at the height zA, and
the two parameters zref and c. The scheme (3.11) is – as
it has been designed – not able to reproduce the max-
imum of k z but rather produces monotonically rising
curves. Neither the proposed values for the two free pa-
rameters by JUSTUS et al. nor the values proposed by
ALLNOCH yield curves which are close to the observed
ones. The scheme (3.12) proposed by WIERINGA works
much better. Using the observed value of k at height zA,
and the two parameters zm 75 m and c2 0 06 we
get the thick curve in Fig. 4 which � ts quite well to the
observed curve for October, and which reproduces the
maximum in the pro� les. The climatological k-pro� le
computed with WAsP for this site does not reproduce the
maximum in the pro� le and is quite close to the result
from scheme (3.11) when using the constants proposed
by JUSTUS.

Fig. 5 presents k-pro� les for the hill top site. Again,
the measured k-pro� les show a maximum around 50 m
above ground, although it is not as clear and pronounced
as the maximum in the k-pro� les over level terrain. All
in all the variation with height is much less than over
level terrain. The parameterized k-pro� les from scheme
(3.11) are the same as in Fig. 4. This time, the slopes
of these pro� les � t better to the observed slopes below
the maximum in the k-pro� les. Especially the param-
eters proposed by ALLNOCH � t quite well for heights
below 50 m a.g.l. But once again, the behaviour of the
curves above the maximum can only be described by
the scheme (3.12). Here the parameters zm 50 m and
c2 0 01 have been used to produce the curve which
� ts to the October curve. For a � t to the September
and November curves a value of c2 0 03 would be
more appropriate. Again, the climatological pro� le from
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Figure 6: Measured (by sodar) monthly mean of diurnal course of
the turning of the wind direction with height with respect to the
wind direction at 35 m above ground (in degrees) for June 1999 at
the site in nearly level terrain.

WAsP is quite close to the pro� le computed from JUS-
TUS’ proposals. The height of the slight maximum in the
WAsP-curve is far too high.

4.4 Turning of wind direction with height
Above the maximum in the k-pro� les the wind is dom-
inated by EKMAN-layer dynamics. Thus we have to ex-
pect not only an increase of wind speed with height but
also a turning of the wind. The largest shear in wind di-
rection can be expected over very rough surfaces and
during strongly stable situations at night. Therefore over
hill tops the turning of the wind between 50 and 140 m
above ground with respect to the wind at 35 m above
ground is small, and in most cases it does not exceed 5
to 10 . Here, strongly stable situations cannot develop
because cold air which has been produced by radiative
cooling is immediately � owing downhill.

Much larger directional shear can be found over level
terrain. Fig. 6 shows the monthly averaged directional
shear for June 1999. The shear increases after midnight
with increasing decoupling of the surface layer from the
EKMAN layer above. The largest shear with about 30
can be observed shortly before sun rise. With the devel-
opment of the convective boundary layer the shear dis-
appears rapidly after sun rise. In single nights the shear
can be even greater. On June 23, 1999, 5:30 a.m. (Fig. 7)
we � nd at 35 m a wind blowing from 161 , at 70 m a
wind coming from 200 , at 105 m a wind approaching
from 220 , and at 195 m a wind blowing from 240 . The
total directional shear between 35 m and 195 m is 80 ,
i.e. 5 per 10 m. The strongest shear occurred between
35 m and 75 m with about 10 over 10 m in the vertical.
The wind speeds were around 4 m/s at 60 m and 7 m/s
at 140 m above ground.

5 Discussion

The results just presented suggest solutions to the prob-
lems (1) to (4) listed in the introduction.

(1) In the case that the pro� les of the scale factor and
the shape parameter of the WEIBULL distribution have
to be determined from vertical extrapolation from mea-
surements made in the surface layer, the height of the
surface layer has to be known because extrapolations
using the power law and scheme (3.11) should not be
extended above the surface layer. We � nd from both the
height until which the wind speed pro� le can be � tted
to the power law and from the height of the maximum
in the k-pro� les that this boundary is around 60 to 80 m
above ground in level terrain and it is around 40 to 50 m
above ground over hill tops. Probably it is the closer to
the ground the steeper, higher, and more isolated the hill
top is. The site-speci� c height can be derived from some
months of sodar measurements. The principal result that
this boundary is lower over hills has already been re-
ported by HELLMANN (1915).

Over level terrain the height of this boundary de-
pends on the season. It is lower in spring (55 m in April)
and seems to be higher in summer and autumn (75 m in
autumn). Here this height is controlled by the thickness
of the cold stable surface layer which forms at night.
The 60 to 80 m for this height derived from sodar data
for level terrain and the observed seasonal dependence
correspond well to the tower data reported e.g. in PEPP-
LER (1921) and in WIERINGA (1989).

(2) The � ts made to the measured pro� les of the two pa-
rameters of the WEIBULL distribution using (3.10) and
(3.12) show a way how to proceed if vertical extrapola-
tions have to be made to heights above the surface layer.
The curvature factor g in (3.10) seems to be orography-
dependent. We found g 0 030 m 1 for the site in level
terrain and 0.035 m 1 for the site on a hill top. It can be
assumed that g increases with the steepness of a hill. The
site-speci� c value of this parameter can be derived from
some months of mini sodar measurements. A de� ciency
for practical applications may be that (3.10) is not cou-
pled to a measured value of A in a certain height but to
the asymptotic value which is approached by the pro� le
in greater heights. But assuming that the curvature factor
g is characteristic for a chosen site, the factor Ag could
be selected in such a way that the A-pro� le meets a mea-
sured value in 50 m above ground.

(3) The sodar measurements have clearly demonstrated
that the shape parameter of the WEIBULL distribution
has a maximum near the top of the surface layer (de� n-
ing as the surface layer the layer in which the wind speed
pro� le can be � tted by a power law). Further, the sodar
measurements demonstrate that the vertical pro� les of
the shape parameter show distinct differences between
sites in level terrain and sites on hill tops. Over level
terrain k exhibits large variations with height. The max-
imum value of k is up to 50% higher than the value of k
in 30 m and above 140 m height. Over hill tops the vari-
ation of k with height is much smaller. Here the maxi-
mum value is only about 10% higher than the value of k
in 30 m height or in heights over 100 m. This difference
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Figure 7: Time-height section of horizontal winds on June 23, 1999 at the site in nearly level terrain measured by sodar. Each arrow
represents a 10-min average in time and a 5-m average in the vertical, but in both directions only every second arrow has been plotted.
Height range is between 20 and 200 m above ground, time is GMT + 1 hour.

is expressed by the value of the parameter c2 in (3.12)
which is about 0.06 for level terrain (which is larger than
the value given by WIERINGA (1989)) and between 0.01
and 0.03 for hill top sites. Additionally, the height of the
maximum of the k-pro� le is much lower over hill tops
than over level terrain. The seasonal variation of the k-
pro� les is much less than the seasonal variation of the A-
pro� les. This will permit to determine the k-pro� le from
a few months of sodar measurements at a selected site
and then use it for a vertical extrapolation of wind pro-
� les at this site.

(4) Directional shear of the wind in heights between
50 m and 150 m above ground depends strongly on the
orography. Over hill tops this shear is small but over
level terrain up to 5 per 10 m height interval can appear
in the monthly mean in early morning hours. In single
cases more than 10 per 10 m height interval is possi-
ble. This means that over the vertical interval swept by
a rotor of a wind turbine which is in the order of 50 m a
turning of the wind of 50 can be expected on some days
in early morning hours at sites in level terrain.

The practability of the pro� le descriptions (3.10) and
(3.12) is demonstrated in Fig. 8 by evaluating vertical
pro� les of the available wind energy using equ. (3.6).
In level terrain the curve using A- and k-pro� les from
(3.10) and (3.12) � ts well to the observed curve at
heights above 50 m above ground. The underestimation
below 50 m comes from the underestimation of A z by
(3.10) in this height range (see Fig. 2). On the hill top
the curve using A- and k-pro� les from (3.10) and (3.12)
follows the measured curve well between 50 and 100 m
above. The deviation above 100 m comes from the un-
derestimation of k z by (3.12) in this height range (see
Fig. 5), the deviation below 50 m stems from an under-
estimation of A z by (3.10) in that height range (see

Fig. 3). For comparison also those wind energy pro� les
have been plotted which would result from an applica-
tion of the power law (3.7) and the k-pro� les (3.11) pro-
posed by JUSTUS et al. (1978) and ALLNOCH (1992).
The latter pro� les overestimate the available wind en-
ergy in level terrain, but underestimate the wind energy
over hill tops. The energy pro� les from WAsP do not
differ very much between the two sites and are close to
the estimations for the site in level terrain.

From the parameterized energy pro� les in Fig. 8 we
can analyse those height ranges in which the increase
in available wind energy with height is greatest. Over
level terrain the largest relative increase is found at 40 m
above ground with 2.62% per meter, over the hill top it is
found at 30 m height with 3.11% per meter. The relative
increase is larger over the hill top below 45 m, above
this height it is larger over level terrain. The absolute
increase is larger over the hill top in all heights because
the mean wind speed is much larger here.

6 Conclusions

The mini sodar has proven to be a useful measurement
device in order to measure wind pro� les in the height
range between 30 and 140 m above ground. This height
range extends well above the top of the surface layer
for which the most common vertical extrapolation rules
(e.g. the power law, equ. (3.7)) have been derived. Sodar
measurements analyzed in this paper show the top of the
surface layer between 40 m above ground over hill tops
and 80 m above ground in level terrain.

Thus, modern wind turbines with hub heights up to
more than 100 m reach into the EKMAN-layer. There-
fore, for the estimation of the possible power output
from these turbines EKMAN-layer pro� le laws like equs.
(3.10) and (3.12) have to be used for the vertical extrap-
olation of the parameters of the WEIBULL wind speed
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Figure 8: Measured (by sodar), calculated (WAsP), and parameter-
ized (thick curves resulting from equs. (3.10) and (3.12)) vertical
pro� les of the available wind energy (in W/m) in a 30-day period
in autumn 1999 at the site in nearly level terrain (full curves), and
in October 1998 at the hill top site (dashed curves). Letters “A” and
“J” at the thin solid curves refer to the names “Justus” and “All-
noch” for the different propositions of constants in equ. (3.11). See
text.

frequency distribution. Surface layer laws like the power
law (3.7) and equ. (3.11) are not able to give a satisfying
description of the vertical pro� les of the parameters of
the WEIBULL distribution. The vertical pro� les of these
parameters show characteristic behaviours dependent on
whether they are derived over level terrain or over hill
tops. The necessary tunable ‘constants’ to describe these
pro� les by equs. (3.10) and (3.12) have to be derived
from sodar measurements. A determination from a mea-
surement just in one height is not possible.

If wind turbines with hub heights larger than the top
of the surface layer are designed and deployed, one has
to be aware that the power output at nighttimes is larger
than at daytimes. Further, over level terrain such large
wind turbines might be subject to a large shear in wind
direction which can be up to 1 degree per meter in the
vertical in single cases.

A more detailed look into the differences in the wind
regime between day and night and e.g. the slight de-
crease of wind speed with height during unstable strati� -
cation over level terrain will be subjects of further stud-
ies.
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