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Abstract

To achieve precise wind resource assessments, to calculate loads and wakes as well as for reliable short-term wind
power forecasts, the vertical wind profile above the sea has to be modelled with high accuracy for tip heights up to
160m. For these purposes, it is crucial to consider the special meteorological characteristics of the marine
atmospheric boundary layer. Continuing our work in the EU-project ANEMOS [1], we analysed marine wind speed
profiles that were measured at the two met masts Horns Rev (62m high) and FINO1 (103m) in the North Sea. We
found pronounced effects of thermal stratification and of the influence of the land-sea transition. In many situations,
the wind shear is significantly higher than expected with standard approaches in mesoscale models. Nevertheless, the
numerical analysis of the marine wind field above the North Sea from the German Weather Service seems to provide
a good assessment of wind speeds at 103m height.

For an improved simulation of the vertical wind speed profiles, we developed a new analytic model of marine wind
velocity profiles. In particular, the flux of momentum through the Ekman layers of the atmosphere and the sea is
described by a common wave boundary layer. The good agreement between our theoretical profiles and observations
at Horns Rev and FINO1 support the basic assumption of our model that the atmospheric Ekman layer begins at 10 to
30m height above the sea surface.
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1. Introduction This feature influences the whole structure of the
marine wind field, which is not sufficiently
In contrast to wind flow conditions over land the understood so far.

meteorological situation offshore is different mainly
due to three important effects:

1) The non-linear wind-wave interaction leads to a
variable, but small surface roughness.

2) The large heat capacity of the water strongly
affects the spatio-temporal characteristics of the
thermal stratification of the air.

3) Internal boundary layers caused by the land-sea P ;
discontinuity modify the structure of the marine
atmospheric flow.

Previous investigations for sites in the Baltic Sea
showed that these meteorological conditions over the
sea strongly influence offshore wind profiles [2,3].
The wind conditions above the North Sea are
expected to differ from those of the Baltic Sea owing
to the long fetches, i.e. to the large distances to the
nearest coast in most wind directions. These fetches Figure 1: Satellite image of the North Sea, showing
of several hundred kilometres are expected to lead to the positions of the FINOI and Horns Rev
decreased turbulence intensities. measurement sites
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2. Offshore Wind Profiles at Horns Rev

The meteorological mast at Horns Rev is located
approximately 18km west of Blaavands Huk at the
Danish North Sea coast and is operated by Elsam
Engineering A/S [4]. We investigated the period from
10/2001 till 04/2002 for which the wind speed
measurements in four heights (15m, 30m, 45m and
62m) are available. Air temperatures were measured
at 13m and 55m above, the water temperature at 4m
below the mean sea level (DNN). The measurement
data is provided by the Database on Wind
Characteristics (www.winddata.com). The data set
contains about 23 000 records of 10-minute mean
values.

In order to correct the wind speeds at 15m, 30m and
45m for flow distortion of the lattice mast, we applied
a linear correction model developed by Hoejstrup [5]
and Lange [6]. To determine the correction
coefficients, we analysed the wind speed ratios of the
two cup anemometers on each side of the mast
depending on the wind direction. The effect of
dynamic pressure directly in front of the mast is
modelled by a correction factor u(measured) /
u(undisturbed) = 0.993, whereas the maximum
overspeeding near the wake of the mast leads to a
factor of 1.041. From the two installed anemometers
the one more in front of the mast (depending on wind
direction) was selected for the investigations.

In the first half of the given period, the water
temperature is on average higher than the air
temperature, whereas it is vice versa in the second
half. Therefore, all thermal situations can be expected
to occur. There was no information available on the
accuracy of the calibration of the temperature sensors
Thus, it is uncertain whether a potential temperature
difference close to zero, i.e. in the range -0.05 to
+0.05 Kelvin, really denotes neutral conditions of the
thermal stratification. For that reason, we
characterized all observed thermal situations by the
wind speed ratios between different heights.

Figure 2: Frequency of wind directions in 43m
height at Horns Rev in arbitrary units. Main wind
directions: westerly winds from sea to land; Winter
period 10/2001 till 04/2002

2.1 Dependence on wind direction

At Horns Rev, winds are mainly coming from the
open North Sea with fetches of several hundred
kilometres (Figure 1 and Figure 2).

In Figure 3 and Figure 4 the average profiles for
different wind directions are shown. As expected the
highest wind speeds are observed for the two sectors
where the wind blows from westerly directions over
the open sea, i.e. 225° to 315°. In these cases the
strong winds generated by typical low pressure
systems are not decelerated by land masses. In
contrast to this, north-easterly winds (0° - 90°) which
are mostly due to high pressure systems related to
low wind speeds approach the site via the mainland
of Denmark. Consequently, the corresponding
measured profiles have considerably lower wind
speeds. Finally, southerly and north-westerly winds
(90° - 225° and 315° - 360°) have medium wind
speeds.

Note that the height in Figure 3 and Figure 4 is
plotted in a logarithmic scale. The standard
logarithmic profile which would be expected in
neutral situations would appear here as a straight line.
In most sectors the measured profiles deviate from a
logarithmic shape by higher wind shears. The
supralogarithmic deviations are most pronounced for
the five sea sectors with purely marine winds from
the west (135° - 360°) where the profiles seem to be
logarithmic up to 45m, but at 62m the measured wind
speed is on average about 0.3 m/s higher than it
would be estimated by a logarithmic extrapolation
from the lower heights.

~

/

o~
[l
T

w
S
T

height [m]

15+JQ <t i i
&

0 90° 315°
- 90° - 45° -185° - 360°

6 7 8 9 10 "
mean measured wind speed [m/s]

Figure 3: Mean measured profiles at Horns Rev for
different northerly and easterly wind directions from
315°to 135°. Logarithmic scale of height.
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Figure 4: As Fig. 3, but for different southerly and
westerly wind directions from 135° to 315°.
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2.2 Dependence on thermal stratification

The observed supralogarithmic deviations could be
easily explained with a stable thermal stratification of
the boundary layer. But remarkably, this ‘bending’ to
higher wind speeds at 62m height occurs in all
thermal conditions that were observed at Horns Rev:
Figure 5 shows the normalised mean measured wind
profiles from the sea sectors for the full range of
observed wind speed ratios between 15m and 30m
height, together with the frequency of the respective
occurrence. The neutral range with u(30m)/u(15m)
between 1.08 and 1.10 and with u(62m)/u(15m)
between 1.17 and 1.22 was determined from the
narrow range of wind speed ratios for wind speeds
higher than 18m/s at 15m height. Here we considered
that for lower wind speeds the neutral ratio should be
lower due to the increase of sea surface roughness
with wind speed like in the standard Charnock
relation (z0=0.0185*(u+"2)/g). However, a standard
logarithmic profile with an offshore roughness length
of z0=0.2mm or calculated with the Charnock
relation leads only to wind speed ratios of 1.05 to
1.08 between 15m and 30m and of 1.11 to 1.16
between 15m and 62m height (in the speed interval of
u(15m) from 5m/s to 25m/s).

Figure 5: Bin averages of relative mean measured
wind speed profiles at Horns Rev, normalised to the
speed at 15m height, for wind speeds between 5Sm/s
and 30m/s (=maximum) at 62m height and wind
directions from 135° to 360°. The profiles are bin
averaged according to the wind speed ratio between
30m and 15m height as an indicator for the thermal
stability of the flow. Period 10/2001-04/2002. The
percentages show the frequency of occurrence of
each profile bin. Top Figure: Logarithmic scale of
height. Small Figure: Linear scale.

Nevertheless, Figure 5 shows that the thermal
stratification leads to very different wind speed ratios.
The thermally influenced wind speed profile in the
atmospheric surface layer is commonly described by
Monin-Obukhov similarity theory. In homogeneous
and stationary flow conditions, it predicts a log-linear
profile:

o= luf 2 e (]

The wind speed u at height z is determined by friction
velocity us, aerodynamic roughness length z, and
Monin-Obukhov length L. k denotes the von Karman
constant (taken as 0.4) and ¥y, is a universal stability
function. We use the Businger-Dyer formulation [7]
of the stability function with parameters of the
reanalysis by Hogstrom [8].

If the wind speed is known at one height, the vertical
wind speed profile is determined by two parameters:
the surface roughness z, and the Obukhov length L.
Here, a constant roughness of z,=0.2mm is used. The
Obukhov-length L is calculated from the bulk
Richardson number Rib between the sea surface and
15m height with the widely implemented formulas



from Grachev and Fairall [9]. Rib has proved to be a
stability measure that is robust against small errors in
the temperature sensor calibration.
A
Rib = 8720
T U

where g is the acceleration of gravity, T the absolute
temperature at z = 15m height, U is the wind speed at

15m height, and A@V ist the virtual temperature

difference between the air at 15m height and the sea
surface, which is a function of the difference between
the measured temperatures of the air and the water
Tair(13m)-Tsea(-4m), see [9].

A comparison of the measured wind shear with the
predictions of Monin-Obukhov theory is made by
plotting the measured wind speed ratio at two heights
versus the stability parameter 10m/L, Figure 6. Here
the heights of 62m and 15m were chosen. Only
records with wind speeds above 5m/s have been used
to avoid increased scatter.
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Figure 6. Ratios between measured wind speeds at
62m and 15m height depending on the inverse of the
Obukhov length L as a measure of thermal stability of
the atmospheric flow at Horns Rev. Data set as in

Figure 5.

Figure 6 shows that the wind speed ratios at Horns
Rev clearly exceed those predicted with the Monin-
Obukhov stability functions for neutral and stable
situations (10m/L >= 0). Similar results were found
by Lange [2] for the Baltic Sea, but with relatively
small fetches to the coastline (10-50 km).

Deviations of offshore profiles from the logarithmic
profile caused by internal boundary layers (IBL)
related to the land-sea discontinuity have been
observed for sites in the Baltic Sea [6]. But this is no
explanation for the sea sector profiles at Horns Rev as
the fetches of 500 to 800km seem to be far too long
for this sort of IBL to sustain.

The observed effect of supralogarithmic wind shears
at Horns Rev might be explained with the special
meteorological conditions at sea. In particular, the
low turbulence might decrease the height of the
surface layer such that the logarithmic wind profile
looses its validity in lower heights compared to
onshore and the anemometers at 30m and 45m height
are already located in the Ekman layer. The linear
plot in the small Figure 5 reveals that the
supralogarithmic bending is in fact an almost linear
increase of the wind speed, which is more similar to
the wind shear in the Ekman layer.

In contrast to this, it is possible that the applied
correction for flow distortion due to the lattice mast is
not sufficient. Therefore, we looked for a direction
dependency of the deviations by comparing small
sectors (£15°) around the wind direction where the
mast is directly behind the anemometer to directions
where the anemometers are besides the mast. In all
cases the profiles show the same difference from the
standard MO-corrected logarithmic shape. In
addition, measurements carried out on a mast of the
same type located at Laesg wind farm in the Baltic
Sea and also operated by ELSAM do not show an
increased wind speed recorded on top of the mast [4].
Hence, a systematic error due to the geometry of the
mast is not detected. Nevertheless, the possibility
remains that the measurement procedure influences
the observed effects.

3. Offshore Wind Profiles at FINO1

The FINO1 measurement platform [10] is located
45km north of the island of Borkum in the North Sea
(see Fig. 1). Eight cup anemometers are installed at
heights of 33m to 103m, those from 33m to 91m on
booms mounted in south-east direction of the mast.
Three ultrasonic anemometers are present at heights
of 4lm, 61m, and 81m on north-westerly oriented
booms. Additional meteorological measurements
consist of wind direction, air and water temperature,
moisture, air pressure and solar irradiation.

Data from January to December 2004 have been used
in this study. The data set contains about 70.000
records of 10-minutes average values.

The first results support the Horns Rev findings of
almost linear wind shears for south-westerly winds
(190°-250°) for all classes of thermal stratification
(Figure 7). The effect of the mast for other wind
directions could not be completely corrected yet.
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Figure 7: Bin averages of relative mean measured
wind speed profiles at FINOI, normalised to the
speed at 33m height, for wind speeds between 4m/s
and 30m/s (=maximum) at 100m height and wind
directions from 190° to 250°. The profiles are bin
averaged according to the wind speed ratio between
S1m and 33m height as an indicator for the thermal
stability of the flow. The neutral ratio was determined
from situations with wind speeds higher than 20m/s
at 30m height. The anemometer at 81m height is
known for overspeeding. Period 01-12/2004. Linear
scale of height. Black: Percentage of occurrence.
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Figure 8: Measured ratio between the wind speeds at
103m and 33m (top figure) and between 51 and 33m
height (bottom) versus stability parameter 10m/L at
FINOI. Data set as in Figure 7.

The wind speed ratios that could be identified as
neutral are similar to those at Horns Rev (comparable
ratios between 30m and 62m). They are clearly
higher than in the logarithmic profile with z0=0.2mm
(the best fit can be achieved at both sites with
z0=1cm). As in the previous section, we calculated
the bulk Richardson number also for the FINO-data.
In contrast to Horns Rev, we used the speed and
temperature sensors at 41m height, which can be
accounted for with the formulaes in [9] when
deriving the stability parameter 10m/L. Again, only
records with wind speeds above Sm/s have been used

110

to avoid increased scatter. Figure 8 shows the results
for the FINOI site, their bin averages and the
prediction with Monin-Obukhov stability functions
from [7] and [8]. Like at Horns Rev, the measured
wind speed ratios clearly exceed those from common
theory for neutral and stable situations.

In ongoing studies, we analyse alternative ways to
determine the thermal stability, especially based on
the sonic measurements which are currently
recalibrated.

4. Comparison of MM5 and DWD-Analysis
at FINO1

Apart from the 1-dimensional micrometeorological
analysis, we made a first evaluation of mesoscale-
model simulations. Here we compared the Analysis
data of the German Weather Service (7km horizontal
resolution, prognostic levels at 34m and 110m,
www.dwd.de) and our own MM5-simulation, based
on NCEP/NCAR Reanalysis data (2.5° resolution) as
initial and boundary conditions. In MMS5, three nested
domains have been used, with horizontal resolutions
of 81, 27 and 9km, respectively, and one-way
nesting. The number of sigma levels in the vertical
direction has been limited to 24 and the ETA Mellor-
Yamada-Janijc PBL scheme was used.

Figure 9 shows the mean measured profile (average
in year 2004) for the undisturbed sector 190°-250°,
compared to the mean profiles produced by the
DWD-model and MMS5 in that year for the same
sector 190°-250°. Both models reproduce the
observed mean wind speed at 103m height, but show
considerably lower wind shears than the
measurement. When evaluating the full time series at
103m, i.e. for the whole year 2004 and all wind
directions, MMS5 shows a mean 103m wind speed of
only 9.3m/s, whereas the DWD reproduces correctly
the mean measured wind speed of 9.8m/s.
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Figure 9: Mean measured sea sector (190° - 250°) wind profile at FINOI in 2004 compared to the mean output of
two mesoscale simulations for the same wind directions: DWD-Analysis and MMS5-Simulation (based on

NCEP/NCAR Reanalysis).



Figure 10: Mean 103m wind speeds in the German Bight in 2004, calculated from the DWD-Analysis.
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Figure 11: Mean 103m wind speeds at FINOI for
different times of the day, year 2004.
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Figure 12: Error measures of wind speeds from
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Figure 13: Mean calculated power output at FINO1
for different times of the day, year 2004.
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Figure 14: Error measures of calculated wind power
from DWD-Analysis against FINOI-Obs for different
times of the day, year 2004.



Figure 12 shows that the BIAS and the STDBIAS
(difference of standard deviations of both time series)
of the DWD-Analysis are negligible. The small
RMSE of 1.4m/s is fully determined by the dispersion
(phase or correlation) error.

When we multiply the time series of wind speed with
a typical multi-mega watt power curve, the mean
diurnal variation of the wind speeds leads to a more
pronounced variation of the mean power output
between 48% and 54% of the installed capacity (Fig
13). The RMSE of the modelled power time series is
13% of the installed capacity (Figl4).

5. Theory of inertially coupled wind profiles

For a better simulation of offshore wind profiles than
shown in Figure 9 we have developed an alternative
vertical wind profile model that is based on inertial
coupling between the Ekman layer of the atmosphere
and the currents of the sea introduced by Bye in [11]
and [12] and explained in detail in [13].

As usual the geostrophic wind is regarded as the
driving force of the wind field in lower layers of the
atmosphere. The momentum is transfered downwards
through the Ekman spiral which is defined by a
constant turbulent viscosity [14]. Similar to the
Ekman layer of the air there is an Ekman layer of the
water below the sea surface.

The important point addressed here is to derive an
adequate description of the coupling between the two
Ekman layers where the idea is to introduce a wave-
boundary layer with a logarithmic wind profile that
reaches only up to a maximal height of 30m. The
momentum transport from the wind flow into the
ocean and hence, the wind profile crucially depend on
these coupling relations between the three flow
layers.

Height
Ekman Layer:
v =% uz?=const.
Ju
t(2)=pusz o
h Matching height for

Wave Boundary Layer: speed, stress T and
v(2)=xu,z (log. profile) eddy viscosity v
T =1 (wave)

0 Speed

Figure 15: Scheme of the vertical wind profile used in
the ICWP model.

5.1 Basic assumptions

In order to derive the coupling relations, the
following assumptions are made.

First, close to the wave surface the ratio between the
drift velocities of air, u,;, and water, Uy, 1S given
by the square root of the inverse density ratio of the

two fluids. The same holds for the ratio between the

friction velocities:
Uater _ Wi

pair

Uyir U+ pwater 6))

where U, is the friction velocity of the air flow and

W, the one of water flow while O, .. and O, ...

are the respective densities. This is equivalent to
assuming that the shear stress is continuous across the
interface between air and water.

The inertial coupling relation [11] determines this
shear stress at the sea surface in a drag law:

4 (WaVC):KI( V P air Yair = 4/ P water uwater)2 >

where Kj is a drag coefficient.

Second, the layer connecting the two Ekman layers of
atmosphere and ocean is assumed to have a constant
shear stress and will be denoted as wave-boundary
layer extending from a height zz above to -z below
the water level. This layer is similar to the surface
layer onshore where the logarithmic wind profile is
valid. Third, analoguous to the similarity relation (1)

the turbulent viscosities, V .. and V of the two

air water
Ekman layers are also assumed to be weighted
according to the inverse density ratio of the two
fluids:

Vwater _ P air

Vair P water @

As shown by Bye [12] these physically justified
conditions allow the determination of the velocities of
the two fluids at certain heights dependent on a given
geostrophic wind. The full profiles can then be
derived in the following way.

Due to the constant shear stress the wind profile in
the wave-boundary layer has a logarithmic shape.
Expressed in a coordinate system where the

horizontal component of the stress tensor T p 18

parallel to the x-axis the profile can be written as

U Z
1(z) =| up +—In| —
u(z) (ML ” n( - ), VL) 3)

and is valid for zz < z < zp. k is the von Karman
constant and zg is the height where the momentum
transfer from the air to the wave field is centred. As a
result of the above assumptions and the choice of the
coordinate system the ‘offset’ (1, v,) is directly given

by the geostrophic wind G = (u,,v,), see the theory
in [12]:

1 -
(“L:VL)=EG @)

Note that in the chosen coordinate system u, > ( and
Ve < 0.

The relation that connects the friction velocity U, at
the water surface to the geostrophic wind is given by



|é|— Vr2+1 U«
e+ YK, ®)

where K| is the drag coefficient of the wave-boundary
layer The angle of rotation of the surface stress tensor
to the left hand side of the geostrophic velocity (in
the northern hemisphere) is atan(-1/r) with -1 <r < -
infinity, where r still has to be determined.

The height of the wave-boundary layer zz can be
related to the wave field. Previous results from
oceanography suggest that zp is reciprocal to the peak
wave number, k,, of the wave spectrum [15]. The
corresponding peak wave velocity, ¢, is given by

Cp :'Vg; ko where g is the gravitational constant.
Assuming that ¢, is proportional to the wind speed
u(zg), i.e. ¢, = B u(zg), the height of the wave-
boundary layer can be written as

B (2r+))’

G
P8 At ©)

The factor B has been determined from empirical data
by Toba [16]. For heights above zp the velocity vector
in the Ekman layer is described by an Ekman spiral

u(2) = iy[cos(Bz) —sin(B)e ® +u, )

v(2) = i [cos(Bz) +sin(B2)le * +v, ®

with Z =z - zp and B=r]2V) where f is the
Coriolis parameter, V is the turbulent viscosity, u 1

=0.5ug/rand V; =-0.5v,.

At the interfaces between wave-boundary layer and
Ekman layer, i.e. z = +zp, the turbulent stress tensor
and the turbulent viscosity is assumed to be
continuous such that the wind profiles can be
matched smoothly. This matching condition at the
transition between wave-boundary layer and Ekman
layer provides the necessary link to calculate the
parameter r. At z = zp the height dependent viscosity

V(ZB) = Ku+Zg ©)
of the wave-boundary layer and the constant viscosity

.~ 2
v=7(r+1)2K1u3 (10)

of the Ekman layer are set equal, i.e. w(zg) = V.
Using equations (5) and (6) this provides the defining
equation for 7:

AR ()
(11)

The parameters K; = 1.5 x 107 and B = 1.3 can be
obtained from  oceanographic = measurements
[12,16,17], fand g are known constants at the desired

location and the geostrophic wind G as driving

force can be chosen to match the input of a given
wind speed at a specific height. Hence, equation (11)
can be iteratively solved for » and the vertical wind
profiles according to equations (3) and (7,8) can be
calculated. These profiles will be denoted ICWPs.

An extension with Monin-Obukhov similarity theory
is straight forward: The wuniversal stability

function W,,(z/L) is introduced in eq. (3) and leads to
an additional factor ®(zp/L) on the right side of eq.
(9) and accordingly on the left side of eq. (11). The
problem then is to calibrate the new stability function
®(z/L) with the Obukhov length L from observations.

5.2 Comparison with measurements at Horns Rev
and FINO 1

The wind speed profiles according to ICWP theory
are calculated such that the wind speeds at 30m
height correspond to the measurement at that height.

In Figure 16 the mean measured sea sector wind
profile (135°-360°) at Horns Rev and the
corresponding mean of the ICWP profiles are
compared. Taking into account that the only
information given to the ICWP model is the wind
speed at 30m, the mean wind shear is covered
remarkably well which is related to the non-
logarithmic shape of the ICWP due to the Ekman part
of the profile (equation (7,8)). The wind speed at 62m
is almost captured (bias = 0.1m/s). The root mean
square error RMSE for the whole time series amounts
to 6.1 % of the wind speed at 62m height. This is due
to the scatter of measured wind speed ratios as a
result of the variability caused by the thermal
stratification.

Figure 17 shows the same comparison for FINOI.
The mean wind shear at FINOLI is reproduced very
precisely for wind speeds between 4m/s and 30m/s.
The relative RMSE of the ICWPs over the full time
series is 5% at 61m height and 10% at 103m.

These results have been obtained without the Monin-
Obukhov correction in the ICWPs, because Rib (or L)
is only known for parts of the time series due to the
lack of continuous temperature measurements. But
when the MO-extended ICWP model is provided
with the information about the particular wind speed
ratios between 33m and 51m height as an alternative
stability measure, the RMSE at 103m height is
reduced to 3.6%.

At both sites, the standard offshore WASsP profile
underestimates the wind shear, even though it
includes a correction for a slightly stable climate [18].

These preliminary results require further analysis of
modelled and measured profiles, especially regarding
thermal conditions and the corrections for mast flow
distortion, which seem to be problematic, especially
for 81m height.

The calibration of the air temperature sensors and of
the flux measurements with the ultra sonic
anemometers are now the most important task in
order to allow for an accurate determination and
modelling of the thermal stability.
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6. Conclusions

Our analysis shows that the offshore profiles
measured at Horns Rev and FINOI deviate
considerably from the expected shapes by higher
wind shears. A meteorological reason might be found
in a thinner logarithmic layer than onshore and a
lower onset of the atmospheric Ekman layer. Further
measurements are necessary to confirm our findings.

We introduce an alternative way to describe the
vertical wind profile over the sea which is based on
inertially coupling the Ekman layers of air and sea
with a wave-boundary layer with constant shear stress

in between. For wind directions with long fetches the
profiles derived by this method are in good
agreement with the mean measured wind shears. In
general, inertially coupled wind profiles (ICWPs)
seem to be a promising approach with good potential
to be further improved.

The wind speed Analysis of the German Weather
Service proves to be a good candidate for a
micrometeorological vertical refinement using the
ICWP-theory in order to calculate the potential power
output of future offshore wind farms.

Future work has to focus on describing thermal air-
sea interactions and fetch-dependent influences in



order to improve both the description of wind profiles
and the numerical prediction models, see [1,19]. Most
important, thermal stratification has to be measured
more precisely to allow a detailed modelling.
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