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Abstract:

The wind speed profile over flat and homogeneous
terrain has been measured by combining cup
anemometer and lidar observations at Høvsøre,
Denmark. The comparison between the cup
anemometer and the lidar measurements show
good agreement up to 160 m, the highest level of
the instruments at the site. However, lidar wind
profiles are available up to 300 m. Models for
the wind speed profile have been derived using
mixing-length theory and are in good agreement
with the observations. These have been classified
into a wide range of stability classes based on
atmospheric turbulence measurements close to
the ground.
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1 Introduction

The National Test Station for Wind Turbines at
Høvsøre, Denmark, provides the opportunity to
study the wind speed profile over homogenous
terrain, due to the flat area observed within a
wide upwind sector (approx. 90◦). At the site, a
heavily instrumented meteorological mast and two
light towers have been observing wind speed, wind
direction, and turbulence continuously for the last
four years. This has allowed the study of many
climatologic features, as well as the description
of the wind speed profile up to 160 m, where the
highest cup and sonic anemometers are installed.

New parameterizations of the wind profile for
flow in the entire atmospheric boundary layer
(ABL) were developed by [1] based on mixing-
length theory and these compared well with the
climatologic Høvsøre data within the flat upwind
sector. The model and the measurements showed
the need for parameterizations that take into
account the boundary-layer height and for an
improvement of models of the length scale, in

order to predict more accurately the wind speed.
This is because the estimations based on the
traditional surface-layer scaling start to deviate
from the measurements as shown over land in [1]
and over the sea in [2], e.g. at heights 40 − 60
m under very stable conditions, which are current
wind turbine operating heights. Large deviations
were also found by [1] in near-neutral conditions at
heights 116− 160 m where the large wind turbines
operate.

In this study, we have observed the wind profile
in detail up to 300 m, i.e. much higher than the
surface layer (≈ 10% of the ABL), under different
atmospheric stability conditions using combined
lidar/cup anemometer observations at Høvsøre.
The lidar technology was successfully used for
wind profiling over land, e.g. as shown in [3]
and [4], and over the sea, e.g. in [2] and [5].
The lidar observations are then used to extend
the wind speed profiles up to 300 m from the cup
anemometer observations. We use the classical
mixing-length model in [6] for the derivation of new
wind profiles for different atmospheric stabilities.
The model for the wind profile accounts for
the effect of the boundary-layer height that is
estimated to be within the range of measurements
during this period. Moreover, the mixing-length
concept was successfully used to correct the wind
speed profile for diabatic conditions using Monin-
Obukhov Similarity theory (MOST) ([7]) within the
surface layer.

2 Theory

From mixing-length theory ([6], [8]), the mean wind
shear in the ABL, ∂U/∂z, can be derived as

∂U

∂z
=
u∗
ℓ

(1)

where U is the magnitude of the horizontal wind
vector (U2 = u2 + v2, u and v being the wind
speed components in the x and y directions,
respectively), z is the height above ground, u∗ is
the local friction velocity, and ℓ is the local mixing



length. To account for the effect of the boundary-
layer height, zi, the friction velocity is modeled to
decrease with height as shown in [1] and [9]:

u∗ = u∗o

(

1 −
z

zi

)

(2)

where u∗o is the surface-layer friction velocity. We
use the mixing-length model proposed by [6]:

ℓ =
κz

1 + κz
λ

(3)

where κ is the von Kármán constant and λ
is the value of length scale reached by ℓ in
the free atmosphere. λ was estimated by [6]
under neutral and barotropic conditions to be
equal to λ = 0.00027G/fc where G and fc are
the geostrophic wind magnitude and the Coriolis
parameter, respectively, based on the reanalysis
of the Leipzig wind profile in [10].

Following the analysis from [1] for their proposed
length scale, the mixing length in Eq. (3) can be
rewritten as

1

ℓ
=

1

κz
+

1

λ
(4)

where the term 1/κz corresponds to the inverse
of the traditional surface-layer length scale. [7]
corrected the behavior of the surface-layer wind
shear, the base of MOST, to account for the
stability of the atmosphere and found a non-
dimensional parameter,

φm =
κz

u∗o

∂U

∂z
(5)

where φm is the dimensionless wind shear.
Empirical relationships (the so-called flux-profile
relationships) of the form:

φm =
(

1 − a
z

L

)p

and (6)

φm = 1 + b
z

L
(7)

were found by [11] and [12] to fit well data for
unstable and stable conditions, respectively. a,
b, and p are fitted constants from the different
experiments ([11] fitted a = 15, b = 4.7, and
p = −1/4 and [12] a = 19.3, b = 6, and p = −1/4)
and L is the Obukhov length,

L = −
u∗o

3To

κgw′Θv
′

o

(8)

where To is the mean surface-layer temperature, g
is the gravitational acceleration and w′Θv

′

o is the
surface-layer kinematic heat flux.

Thus, correcting the surface-layer length scale
in Eq. (4) using the φm function as in Eq. (5) and

using Eq. (2) for the friction velocity, the mean wind
shear is then given by:

∂U

∂z
= u∗o

(
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z

zi

) (
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κz
φm +

1

λ

)

,

=
u∗o

κz
φm
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λ
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. (9)

The integration with height of the term I in Eq. (9)
gives:

U =
u∗o

κ

[

ln

(
z

zo

)

− ψm

]

(10)

where ψm is the diabatic correction to the
logarithmic wind profile, which is a function of a,
b, p, and z/L as shown in [13]. Eq. (10) is the
traditional surface-layer wind profile that predicts
well the wind behavior close to the surface as
shown over land, e.g. in [1] and [14], and over the
sea, e.g in [2] and [15].

The integration with height of the term II in Eq.
(9) depends on the stability condition, therefore,
using Eqs. (6) and (7):

U =
u∗o

κ

(−L+ az) (1 − az/L)
p

+ L

zia (1 + p)
(11)

U =
u∗o

κ

(
z

zi

+
b

2L

z2

zi

)

(12)

for unstable and stable conditions, respectively.
For unstable conditions and small values of z/L,
Eq. (11) is approximated as

U =
u∗o

κ

z

zi

. (13)

The integration with height of the terms III and
IV in Eq. (9) results in, respectively,

U =
u∗o

κ

(κz

λ

)

and (14)

U =
u∗o

κ

(
κz

λ

z

2zi

)

. (15)

The wind profile taking into account all terms is
then given for unstable conditions as

U =
u∗o

κ

[

ln
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z
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− ψm +
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−
z
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,

(16)
for stable conditions as
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and for neutral conditions, i.e. φm = 1 in Eq. (9),
as

U =
u∗o

κ

[

ln

(
z

zo
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+
κz

λ

(

1 −
z

2zi

)

−
z

zi

]

. (18)



Figure 1 (left panel) illustrates the behavior of
the length scale model compared to the traditional
surface-layer length scale for unstable, neutral,
and stable conditions. It is shown that the value
of λ limits the surface-layer length scale for all
stability conditions. In Figure 1 (right panel) is
shown the effect of the model on the wind speed
profile where the wind speed is well predicted by
the surface-layer wind profile up to z ≤ 0.1zi and,
then, deviates predicting higher wind speeds at
higher altitudes in stable conditions and lower wind
speeds in neutral and unstable conditions.

The boundary-layer height can be estimated
using the Rossby-Montgomery formula in [16] for
neutral conditions as

zi = C
u∗o

|fc|
(19)

where C is a rather fluctuating value. For the
stable cases, zi is also computed using Eq. (19),
although it takes into account the contribution of
mechanical turbulence only. Eq. (19) was found to
be useful for boundary-layer height determination
as shown in [2] for wind profiles that showed
a systematic decrease in friction velocity, the
closer the conditions were to stable atmospheres.
For the unstable cases, there are not suitable
diagnostic equations for zi, therefore, it is roughly
approximated using ceilometer data, as will be
shown in Section 4.

3 Site and measurements

Measurements of the wind profile as well as the
meteorological parameters were performed at the
National Test Station for Wind Turbines at Høvsøre,
Denmark. The Test Station is located in a rural
area close to the west coast of Jutland (Figure
2). The analysis regards to an upwind land area
from the view of the meteorological mast, i.e. for
wind directions between 30◦ − 125◦, where the
terrain is flat and homogeneous and the wind is
not influenced by the water/land discontinuities or
the wind turbines north of the mast.

A Leosphere WindCuber lidar was installed few
meters from the meteorological mast at Høvsøre
during the period 6 July 2008–26 October 2008
performing measurements of wind speed and
direction at 10 heights: 40, 60, 80, 100, 116, 130,
160, 200, 250, and 300 m. Technical details about
the lidar and the measurement technique are given
in [17]. Measurements from the cup and sonic
anemometers installed at the mast as well as the
lidar were stored as 10-min averages. Only wind
speeds above 2 m s−1 are used and the wind
sector is selected based on the observation from
a wind vane at 10 m.

The atmospheric conditions are selected based
on estimation of the Obukhov length, Eq. (8),
from turbulent fluxes observed with a sonic
anemometer at 10 m. The measurements are
classified in different atmospheric classes within
intervals of Obukhov length as shown in Table 1.

Obukhov length Atmospheric stability
interval [m] class
10 ≤ L ≤ 50 Very stable (vs)
50 ≤ L ≤ 200 Stable (s)
200 ≤ L ≤ 500 Near stable (ns)

|L| ≥ 500 Neutral (n)
−500 ≤ L ≤ −200 Near unstable (nu)
−200 ≤ L ≤ −100 Unstable (u)
−100 ≤ L ≤ −50 Very unstable (vu)

Table 1: Stability classes according to Obukhov
length, L.

The lidar observations compare well with the
measurements of the cup anemometers at the
meteorological mast and light tower. In Figure 3,
this comparison is illustrated for the two higher
cup anemometers at 116 m (at the meteorological
mast) and 160 m (at the light tower) and the
corresponding lidar observations at the same
heights. Similar results (not shown) were found
for the other lidar/cup overlapping heights at 40,
60, 80, and 100 m. Thus, we combine the cup
anemometer with the lidar observations. Each 10-
min wind profile up to 116 m corresponds to the
cup anemometer observations (10, 40, 60, 80, 100,
and 116 m) and it is extended up to 300 m with the
lidar measurements (130, 160, 200, 250, and 300
m).

4 Results

All combined lidar/cup 10-min wind profiles are
classified according to the stability classes in Table
1. The boundary-layer height is estimated using
Eq. (19) with C = 0.15 for neutral and near stable
conditions based on the fittings of zi by [1] and the
original estimation of C in [16]. For stable and very
stable conditions, lower values are used, C = 0.12
and C = 0.10, respectively. A decreasing C is
chosen based on the observation of low-level jets
under very stable conditions at heights around 100
m. A value C = 0.10 was also used by [2] for
stable conditions. For unstable conditions, aerosol
concentrations are analyzed using observations
from a Vaisala CL31 ceilometer installed close
to the meteorological mast. The selected
upwind sector is one of the less predominant at
Høvsøre, therefore, the observations are narrowed
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Figure 1: Profiles of mixing length (left panel) and wind speed (right panel) in the ABL for different stability
conditions. The length scale model, 1/ℓ = φm/(κz) + 1/λ, is shown in dashed lines and the surface-layer
length scale, 1/ℓ = φm/(κz), in solid lines. The wind profile models, Eqs. (16)–(18), shown in dash lines
and the predictions using the traditional surface-layer wind profile, Eq. (10), in solid lines are computed
using κ = 0.4, L = 200 and L = −200 m for stable and unstable conditions, respectively, zo = 0.1 m, λ = 80
m for all stability conditions, p = −1/3, a = 12, and b = 4.7.

Meteorological
mast

North Sea

Light tower

1000 m

30◦

S

N

W E

125◦

North

Sea

Figure 2: National Test Station for Wind Turbines at Høvsøre, Denmark. The position of the meteorological
mast (56◦26′26′′N, 8◦9′3′′E) and light tower in rectangles, and the wind turbines in circles is indicated. In the
top-right corner is shown the location of Høvsøre in Denmark. The blue color indicates water and the white
land surface.



0 5 10 15
0

5

10

15

cup [m s−1]

W
C

[m
s−

1
]

116 m

y=0.99x

R2=0.97

0 5 10 15
0

5

10

15

cup [m s−1]

W
C

[m
s−

1
]

160 m

y=1.00x

R2=0.97

Figure 3: Comparison of horizontal 10-min wind speeds between the lidar (WC) and the cup anemometers
at two overlapping heights, 116 and 160 m. A linear regression forced to the origin is performed. The
correlation coefficient, R2, is also given.

in specific days. In particular, on the 23 and
24 September 2008, the wind was continously
blowing from the north-easterly sectors where 40%
of the 10-min observations of all unstable classes
are found. The evolution of aerosol backscatter
based on ceilometer observations for these days
is illustrated in Figure 4. The scale is normalized
in order to see clearly the aerosol backscatter
daily evolution, due to the presence of clouds at
midday that highly enhance the measurements.
The very unstable profiles are observed at 0900 −
1500 local standard time (LST), unstable profiles
at 0830 − 1000 and 1500 − 1600 LST, and near
unstable profiles at 0800 − 0830 and 1600 − 1630
LST. A higher value for zi is expected for the very
unstable conditions and according to Figure 4,
high concentrations of aerosol are found for both
days between 0900 − 1500 LST at 600 − 700 m.
Thus, we assume zi = 650 m for very unstable
conditions, and zi = 600 and 550 m for unstable
and near unstable conditions, respectively.

The mean meteorological parameters computed
in each stability class are given in Table 2. A
comparison with a longer (approx. four year)
measurement period at Høvsøre in [1] shows that
the mean parameters agree well for all stability
conditions. The higher differences are found in
the estimation of the roughness length that is
around three times higher for this dataset, which
is expected for summer periods. zo is estimated
from Eq. (10) using the observations at 10 m from
the cup anemometer wind speed and the sonic
anemometer turbulent fluxes.

A comparison between the combined cup/lidar
observations and the predicted profiles using the

Stability L u∗o zo zi No. of
class [m] [m s−1] [m] [m] Profiles

vs 27 0.13 0.006 105 75
s 115 0.25 0.027 251 143
ns 321 0.35 0.034 434 125
n 2771 0.40 0.045 498 104
nu −334 0.39 0.047 550* 61
u −143 0.41 0.046 600* 63
vu −74 0.38 0.044 650* 45

Table 2: Computed mean parameters in each
atmospheric stability class. *The values for zi

in unstable conditions are estimated using the
ceilometer data.

traditional surface-layer wind profile, Eq. (10), is
illustrated in Figure 5. A mean low-level jet for the
very stable condition is observed at around 100
m, thus, the boundary-layer height is estimated
at this height. The predicted wind profiles fit
well the observations within the surface layer that
extends up to approx. 65, 50, and 10 m, for
very unstable, neutral, and very stable conditions,
respectively. Above the surface layer, the predicted
wind profile underestimates the wind speed up
to 300 m, except for the very stable case that
overestimates it at 40 − 60 m.

Using the wind speed measurements and the
mean parameters in Table 2, we fit the value of
λ from the wind profile models, Eqs. (16)–(18), for
each stability class. These are given in Table 3.

A comparison between the combined cup/lidar
observations and the predicted profiles using
the new wind profile models, Eqs. (16)–
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Figure 4: Ceilometer observations of normalized aerosol backscatter on the 23 September 2008 (left panel)
and 24 September 2008 (right panel). In the t-axis, local standard time (LST) is given.
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Figure 5: Comparison of combined lidar/cup observations, in markers, and the predictions from the
traditional surface-layer wind profile, Eq. (10) in solid lines, for each atmospheric stability class using
a = 12, b = 4.7, p = −1/3, k = 0.4, and the values in Table 2. The legend is given in relation with Table 1.



Stability vu u nu n ns s vs
class
λ [m] 168 81 55 39 26 15 10

Table 3: Computed value of λ for each stability
class.

(18), is illustrated in Figure 6. The predicted
wind profiles are shown until they reach the
computed/estimated boundary-layer height,
marking the limit of their validity. For very unstable
and unstable conditions, the wind profile model
agrees well with the observations showing a low
overestimation of the wind speed from 60 − 130
m, but correcting for the over-speeding of the
observations at around 160 m. For the rest of
stability classes, the predictions agree well with the
measurements, correcting the underestimations
of the traditional surface-layer wind profile.

5 Conclusions

New parameterizations of the wind speed profile
for flow in the entire ABL over homogeneous and
flat terrain were derived for different atmospheric
stability conditions, using the classical mixing-
length scale formulation in [6]. These new
wind speed profiles account for the effect of
the boundary-layer height, which is normally
neglected in wind engineering calculations. The
models were in good agreement with the
observations up to 300 m and corrected the under-
and over-estimation of the wind speed of the
traditional wind profile beyond surface layer.

The comparison of horizontal wind speed
between the cup anemometers and the lidar
measurements showed good agreement up to 160
m, the highest level of the instruments. The lidar
instrument was found to be useful for the extension
of the wind profile from cup anemometers
observations at the tall meteorological mast at
Høvsøre.

The boundary-layer height was computed from
surface-layer turbulence parameters in neutral
and all stable conditions using the Rossby-
Montgomery formula. This, in particular, estimates
a boundary-layer height close to the height
where low-level jets were observed in very stable
conditions. Ceilometer data was found to be
useful to roughly estimate the height of the
unstable boundary layer from the backscatter of
the aerosols.
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