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1 Introduction

The use of meso-scale models for wind resource assessments has increased during resent
years. Especially in complex terrain, the need for more advanced models than has earlier
been used is often obvious. Also observations of offshore winds over the Baltic Sea show
complexity and in-homogeneity to a much larger extent than are often expected regarding
offshore winds.

Results with a higher-order closure meso-scale model, (the MIUU-model developed at the
Department of Meteorology, Uppsala University), show that with this type of model the
observed complex and inhomogeneous wind fields also turn up in the model results. A
higher-order closure model is, however, computer-time consuming to run, why care has to
be taken to limit the number of model runs needed as much as possible.

A method to simulate the climatological wind field using the MIUU model has been
developed at Uppsala University, reducing the total number of simulations needed. With this
method a limited number of climatologically relevant simulations are performed, with
different wind and temperature conditions, and a weighting based on climatological data for
the geostrophic wind (horizontal pressure gradient) is made in order to finally estimate the
wind climate. The method is applicable for mapping the wind resources with a resolution of
0.5-10 km. To use this method geostrophic wind (strength and direction), sea and land
temperatures, topography, roughness, and land use are needed. No observed boundary-
layer winds are needed other than for verification. Comparisons between model results and
measurements show good agreement.

2 The MIUU-model

The MIUU-model is a three-dimensional hydrostatic meso-scale model, which has been
developed at the Department of Meteorology, Uppsala University, Sweden, (Enger, 1990).
The model has prognostic equations for wind, temperature, humidity and turbulent kinetic
energy. Turbulence is parameterised using a level 2.5 scheme following Mellor and Yamada,
(1974). The closure is described in detail in Andrén (1990). The MIUU model has a terrain-
influenced coordinate system (Pielke, 1984), roughly following the terrain close to the
surface and gradually transforming to horizontal at the model top. To reduce influences from
the boundaries, the modelled area is chosen to be much larger than the area of interest.
This also makes it possible to account for effects of, for instance, mountains and water areas
which are outside the investigated area, but which may anyhow be of importance to the
wind field within the area of interest. To limit the number of horizontal grid points, a
telescopic grid is often used, with the highest resolution only in the area of interest. In the
vertical, the lower levels are log spaced while the higher levels are linearly spaced. The
lowest grid point is at height zg, where z, is the roughness length, and the model top is
typically at 20000 m. Commonly 8 levels are used in the model up to 100 m height.

At the lower boundary, roughness length and altitude (of land) have to be specified at each
grid point. Topography is taken from digitised maps from Lantmateriet with a resolution of
50 m. The roughness over land has been divided into classes according to land cover. Land
cover data is taken from Lantméateriet with a resolution of 25 m. During winter, the
roughness length is set to 0.001 m over open terrain to represent snow-covered land areas.
Also temperature has to be given or estimated at the lower boundary for each grid point.
The land surface temperature, and its daily and monthly variation, is estimated with a
surface energy balance routine using as input solar radiation and land use. Over sea the
observed monthly average sea-surface temperatures have been used.
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The MIUU model has been used earlier in many case studies in different types of landscapes,
showing good agreement with observations. In Kaéllstrand et al. (2000) the Baltic Sea
offshore wind field is investigated. The model has also been used studying winds and
boundary layer turbulence structure along the west coast of USA (S6derberg and Tjernstrém
2001; Soderberg and Tjernstrom 2002; Brooks et al. 2003). Simulations with the MIUU
model in mountainous terrain have been done, for example around Lake Mohave in the
Colorado River Valley (Enger et al. 1993, Koracin and Enger, 1994). Wind climate inves-
tigations have been made for a mountain area in northern Sweden (Bergstrom and
Kallstrand, 2000 and 2001). In Bergstrom (1996) and Sandstréom (1997) the MIUU-model
has been used to simulate the climatological wind field over the Baltic Sea. Bergstrom (2002)
gives a general description on modelling the wind climate using a higher-order closure model
like the MIUU-model, and in Bergstrom (2003) some tests are presented regarding the
sensitivity of the resulting wind climate on the choice of model runs used for the final
climatological weighting.

3 Model domain

To include effects on the wind climate from areas outside Storrun, model runs with 5 km
resolution were first made covering the whole of Scandinavia, including also the Baltic
States. The results from the 5 km runs were then used to give values at the lateral
boundaries of 1 km resolution model domains. The 1 km model runs were ‘nested’ into the 5
km model domain. In doing this account could be taken of topography and land-sea
differences on a larger scale which may still affect the local wind climate in smaller areas of
specific interest. 1 km resolution results are available for the whole of Sweden as the result
of the National Wind Resource Mapping (Bergstrom and Soderberg, 2009).

The resolution was further increased over the Storrun area in two steps. First from 1 km to
300 m, and finally from 300 m to 100 m. For the 300 m model runs 111 x 111 grid points
were used, covering an area of 63 km x 63 km with 300 m resolution in an area of 20 km x
20 km and 2 km distance between the two outermost grid points. For the 100 m model runs
131 x 131 grid points were used, covering a 30 km x 30 km area. The 100 m resolution here
covered an area of 8 km x 8 km and the distance between the two outermost grid points
were 1 km. To minimize effects of the lateral model boundaries upon the results a region
with expanding grid spacing was used in an about 20 km and 10 km wide strip around the
area with 300 m and 100 m grid distances respectively. Maps of the interpolated topography
(0.09 and 0.01 km? resolution) used in the model calculations are shown in Figure 1 and
Figure 2. The corresponding roughness lengths are shown in Figure 3 and Figure 4.

In the vertical there were 29 grid points. The first one is at the height zy, where z; is the
roughness length. Close to the ground the vertical grid points are logarithmically separated
in order to get high resolution close to the surface, giving 8 computational levels up to 100
m height, while higher up the grid points becomes more and more linearly spaced, and the
model top is at the height 10000 m, where the vertical resolution is 760 m.

Note that the height is always given as height above the so called zero-displacement. The
magnitude of the zero-displacement is typically about 3/4 of the average canopy height. For
example a forest with an average tree height of 20 m, will have a zero-displacement height,
which is about 15 m. Thus in this example the model result at for example 72 m height
means 72+15=87 m above ground.
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Figure 1: Map showing topography in the model domain covering Storrun as ‘seen’ by the

model with 300 m resolution. Colours give heights in m above sea level.
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Figure 2: Map showing topography in the model domain covering Storrun as ‘seen’ by the
model with 100 m resolution. Colours give heights in m above sea level.
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Figure 3: Map showing roughness lengths z; (m) in the model domain covering Storrun as
‘seen’ by the model with 300 m resolution.
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Figure 4: Map showing roughness lengths z; (m) in the model domain covering Storrun as
‘seen’ by the model with 100 m resolution.
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4 Mean wind climate estimates

A summation over all model runs made (192 representing 4 seasons, 3 strengths and 16
directions of the geostrophic wind) and hours (each model runs gives an output of 24 hours
— a diurnal cycle), gives the climate mean value for each grid point and each height.
Statistics of the horizontal air pressure gradient (the geostrophic wind) is used to weight the
results into a long-term climatological average. Mean sea level pressure data from obser-
vations at Bodd, Harndsand and Haparanda 1900-2000 were used to get the geostrophic
wind statistics. The pressure data had previously been checked and corrected for
inhomogeneities (Schmith et al. 1997). A correction for the geographical variations of the
geostrophic wind has also been made, following the results using NCEP/NCAR reanalysis
data (Kalnay et al. 1996).

The annual mean wind speed at 2 heights, 72, and 103 m using both 300 m and 100 m
resolution are shown in Figure 5 to Figure 12. The modelled annual average wind speed
profiles at the two positions with wind measurements at Storrun are shown in Figure 13.

It is important to remember the 1 km resolution used in the model. With this resolution not
all details in the terrain will be resolved. Thus the locations of the wind speed iso-lines
should not be regarded as accurate to more than within 1 km or so.
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Figure 5: Modelled annual average wind speed at height 72 m above zero-plane
displacement, 300 m x 300 m grid resolution.
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Figure 6: Modelled annual average wind speed at height 103 m above zero-plane
displacement, 300 m x 300 m resolution.
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Figure 7: Modelled annual average wind speed at height 72 m above zero-plane
displacement, 100 m x 100 m grid resolution.
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Figure 8: Modelled annual average wind speed at height 103 m above zero-plane
displacement, 100 m x 100 m grid resolution.
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Figure 9: Modelled annual average wind speed at height 72 m above zero-plane
displacement, 300 m x 300 m resolution.
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Figure 10: Modelled annual average wind speed at height 103 m above zero-plane
displacement, 300 m x 300 m resolution.
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Figure 11: Modelled annual average wind speed at height 72 m above zero-plane
displacement, 100 m x 100 m resolution. The two wind measurement sites at Storrun are
marked with the red and blue dots.
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Figure 12: Modelled annual average wind speed at height 103 m above zero-plane
displacement, 100 m x 100 m resolution. The two wind measurement sites at Storrun are
marked with the red and blue dots.
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Figure 13: Modelled annual average wind speed profiles at the two positions with wind
measurements at Storrun. Model results using 300 m and 100 m resolution.
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5 Wind measurements at Storrun

Wind measurements made at two locations and during three periods have been
supplied by Dong. Results from an analysis of these data are presented in this
section.

5.1 Storrun site 1

The measurement site is located at Site 1, Storrun (RT90:1390301,7074720). The site is
shown by the red dot in Figure 11.

The measurements are taken on a 30 m high tower. Wind speed measurements were taken
at 1 level, 30 m. A wind vane is used to measure wind direction.

All data have been sampled as 10 min averages, together with turbulence intensity.
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5.1.1 RESULTS

Time series of wind speed and wind direction Site 1, Storrun, during the period 14 January
2005 to 7 February 2008 are shown in Figure 14.

The data availability on a monthly basis is plotted in Figure 15, and shows that data is
available during 100 % of the time except for a period from January 2006 to October 2007.
Some reductions of data due to icing are found for the winter periods. These data were not
included in the analysis.

Figure 14: Time series (10 min averages) of, from top to bottom: Wind speed and wind
direction. Measurements taken at Site 1, Storrun, 14 January 2005 to 7 February 2008.
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Figure 15: Data availability on a monthly basis for the measurement system at Site 1,
Storrun, 14 January 2005 to 7 February 2008. Left hand bars for each month show
availability of the logger system while right hand bars show availability after removal of
measurements affected by icing or other errors.

The mean wind speed distribution at 30 m height is shown in Figure 16a. The peak is found
at about 4-5 m/s, and the observed mean wind speed for the observation period, 14 January
2005 to 7 February 2008, is 6.82 m/s. The Weibull distribution,

(1) (UY
f(u)=%(%j ROl M

which has been adapted to the observations, is given by the full line in Figure 16a. The
corresponding scale parameter, A, was estimated to 7.63 m/s and the shape parameter, c,
to 1.62.

The wind direction distribution is given in Figure 16b. The peak in the distribution is found
for winds from westnorthwest but winds from southeast are also quite common.

The daily variation of mean wind speed is shown in Figure 17. The daily amplitude is as a
mean about 0.6 m/s at 30 m. The maximum winds are found during the afternoon and a
minimum in the morning.
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Figure 16. a) Observed (bars) distribution of mean wind speed at Site 1, Storrun, 104 m
height, for the period 14 January 2005 to 7 February 2008. The curve shows the Weibull
distribution adapted to the observations. b) Observed distribution of wind direction at Site 1,
Storrun.
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Figure 17: Hourly average wind speed at Site 1, Storrun, for the period 14 January 2005 to 7
February 2008.
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Figure 18: Observed average wind speed at Site 1, Storrun, during period 14 January 2005
to 7 February 2008. The full line gives the corresponding modelled profiles. Also the long-
time corrected wind speed is shown.

The observed average wind speed profile at Site 1, Storrun, is shown in Figure 18. For the
period 14 January 2005 to 7 February 2008 the average wind speed is 6.8 m/s at 30 m.

Also included in Figure 18 is long-time corrected wind arrived at using the geostrophic winds
at the site during the measurements period. According to these data the measurements
period should have had an average wind about 12 % above the long-time average giving the
long-time corrected average wind speed 6.1 m/s.

A correction based upon simultaneous data every six hours for the geostrophic wind speed
and measured wind speed gives an average 13 % below the long-time average, and resulted
in the long-time corrected average wind speed 6.0 m/s at 30 m height. The relation is shown
in Figure 19.

An uncertainty analysis made using long-time measurements at Nasudden on Gotland show
that after 30 months observation time the uncertainty could be expected to be about +0.3
m/s with a 95 % confidence limit (Nilsson and Bergstrém, 2009).
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Figure 19: Relation between simultaneous observations of geostrophic wind speed Ug and
observed wind speed at 104 m height. Data from the period 14 January 2005 to 7 February
2008 with observations every 6 hour. The correlation coefficient is 0.44. Ugqin is the average
geostrophic wind speed, 9.2 m/s, and reading off the regression line gives the expected
long-time average wind speed at 30 m height, Ugin=6.0 m/s.
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5.2 Storrun site 2 Vaisala

The measurement site is located at Site 2, Storrun (RT90:1390492,7074621). The site is
shown by the blue dot in Figure 11.

The measurements are taken on a 50 m high tower. Wind speed measurements were taken
at 2 levels, 30 m and 50 m. A wind vane is used to measure wind direction at 50 m. Also
temperature was measured. The instrumentation consists of heated Vaisala anemometers
and wind vane.

All data have been sampled as 10 min averages, together with turbulence intensity.
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5.2.1 RESULTS

Time series of wind speed, wind direction and temperature, Site 2, Storrun, during the
period 20 January 2007 to 7 February 2008 are shown in Figure 20.

The data availability on a monthly basis is plotted in Figure 21, and shows that data is
available during 100 % of the time. Some smaller reductions of data due to icing are found
for the winter periods. These data were not included in the analysis.

Figure 20: Time series (10 min averages) of, from top to bottom: Wind speed and wind
direction. Measurements taken at Site 2, Storrun, 20 January 2007 to 7 February 2008.
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Figure 21: Data availability on a monthly basis for the measurement system at Site 2,
Storrun, 20 January 2007 to 7 February 2008. Left hand bars for each month show
availability of the logger system while right hand bars show availability after removal of
measurements affected by icing or other errors.

The mean wind speed distribution at 50 m height is shown in Figure 22a. The peak is found
at about 4-5 m/s, and the observed mean wind speed for the observation period, 20 January
2007 to 7 February 2008, is 7.35 m/s. The Weibull distribution,

(c-1) (U
tw-5(%] e o

which has been adapted to the observations, is given by the full line in Figure 16a. The
corresponding scale parameter, A, was estimated to 8.16 m/s and the shape parameter, c,
to 1.58.

The wind direction distribution is given in Figure 22b. The peak in the distribution is found
for winds from northwest but winds from southeast are also quite common.

The daily variation of mean wind speed is shown in Figure 23. The daily amplitude is as a
mean about 0.9 m/s both at 30 m and 50 m. The maximum winds are found during the
afternoon and a minimum in the morning.
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Figure 22. a) Observed (bars) distribution of mean wind speed at Site 2, Storrun, 104 m
height, for the period 20 January 2007 to 7 February 2008. The curve shows the Weibull
distribution adapted to the observations. b) Observed distribution of wind direction at Site 2,
Storrun.
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Figure 23: Hourly average wind speed at Site 2, Storrun, for the period 20 January 2007 to 7
February 2008.
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Figure 24: Observed average wind speed profile at Site 2, Storrun, during the period 20
January 2007 to 7 February 2008. The full line gives the corresponding modelled profiles.
Also the long-time corrected wind speed profiles according to two method are shown.

The observed average wind speed profile at Site 2, Storrun, is shown in Figure 24. For the
period 20 January 2007 to 7 February 2008 the average wind speed increases from 7.0 m/s
at 30 m to 7.5 m/s at 50 m. Assuming that the vertical wind profile could be described by an
exponential profile given by

U@z,) (z,)
U(z,) _(zlj @

where U=wind speed and z=height, the value of the exponent a is determined to 0.070. The
exponential profile is also shown in Figure 24.

Also included in Figure 24 is long-time corrected profiles arrived at using the geostrophic
winds at the site during the measurements period. According to these data the
measurements period should have had an average wind about 1 % above the average for
the period 1979-2008. The correction is then based on monthly averages during the
measurement period and a total average estimated based on long time corrected monthly
averages. The long-time corrected annual average wind speed at 50 m based on this ug-
index is 7.2 m/s.

A correction based upon simultaneous data every six hours for the geostrophic wind speed
and measured wind speed gives an average 8 % above the long-time average, and resulted
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in the long-time corrected average wind speed 6.8 m/s at 50 m height. The relation is shown
in Figure 25.

An uncertainty analysis made using long-time measurements at Nasudden on Gotland show
that after 12 months observation time the uncertainty could be expected to be about +£0.4
m/s with a 95 % confidence limit (Nilsson and Bergstrom, 2009).

Figure 25: Relation between simultaneous observations of geostrophic wind speed Ug and
observed wind speed at 104 m height. Data from the period 20 January 2007 to 7 February
2008 with observations every 6 hour. The correlation coefficient is 0.47. Uginm is the average
geostrophic wind speed, 9.2 m/s, and reading off the regression line gives the expected
long-time average wind speed at 50 m height, Ugi»=6.8 m/s.
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5.3 Storrun site 2 NRG

The measurement site is located at Site 2, Storrun (RT90:1390492,7074621). The site is
shown by the blue dot in Figure 11.

The measurements are taken on a 50 m high tower. Wind speed measurements were taken
at 2 levels, 30 m and 50 m. A wind vane is used to measure wind direction at 50 m. The
instrumentation consists of unheated NRG anemometers and wind vane.

All data have been sampled as 10 min averages, together with turbulence intensity.
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5.3.1 RESULTS

Time series of wind speed, wind direction and temperature, Site 2, Storrun, during the
period 29 April 2006 to 27 December 2007 are shown in Figure 20.

The data availability on a monthly basis is plotted in Figure 21, and shows that data is
available during 100 % of the time except for the winter period. Some further reductions of
data due to icing are found for the winter periods. These data were not included in the
analysis.

Figure 26: Time series (10 min averages) of, from top to bottom: Wind speed and wind
direction. Measurements taken at Site 2, Storrun, 29 April 2006 to 27 December 2007.
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Figure 27: Data avallablllty on a monthly basis for the measurement system at Site 2,
Storrun, 29 April 2006 to 27 December 2007. Left hand bars for each month show availability
of the logger system while right hand bars show availability after removal of measurements
affected by icing or other errors.
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The mean wind speed distribution at 50 m height is shown in Figure 22a. The peak is found
at about 4-5 m/s, and the observed mean wind speed for the observation period, 29 April
2006 to 27 December 2007, is 7.52 m/s. The Weibull distribution,

(c-1) (U
f(U)=%(%j ol ,

which has been adapted to the observations, is given by the full line in Figure 16a. The
corresponding scale parameter, A, was estimated to 8.40 m/s and the shape parameter, c,
to 1.58.

The wind direction distribution is given in Figure 22b. The peak in the distribution is found
for winds from westnorthwest but winds from southeast are also quite common.

The daily variation of mean wind speed is shown in Figure 23. The daily amplitude is as a
mean about 1.0 m/s both at 30 m and 50 m. The maximum winds are found during the
afternoon and a minimum in the morning, but with an unexpected time-lag between the two
levels. As no details about the measurement were given, it was not possible to check for
possible errors in logging time.
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Figure 28. a) Observed (bars) distribution of mean wind speed at Site 2, Storrun, 104 m
height, for the period 29 April 2006 to 27 December 2007. The curve shows the Weibull
distribution adapted to the observations. b) Observed distribution of wind direction at Site 2,

Storrun.
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Figure 29: Hourly average wind speed at Site 2, Storrun, for the period 29 April 2006 to 27
December 2007.
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Figure 30: Observed average wind speed profile at Site 2, Storrun, during the period 29 April
2006 to 27 December 2007. The full line gives the corresponding modelled profiles. Also the
long-time corrected wind speed profiles according to two method are shown.

The observed average wind speed profile at Site 2, Storrun, is shown in Figure 24. For the
period 29 April 2006 to 27 December 2007 the average wind speed increases from 7.2 m/s
at 30 m to 7.7 m/s at 50 m. Assuming that the vertical wind profile could be described by an
exponential profile given by

U(z,) (2,
U(z,) _(zlj @

where U=wind speed and z=height, the value of the exponent a is determined to 0.114. The
exponential profile is also shown in Figure 24.

Also included in Figure 24 is long-time corrected profiles arrived at using the geostrophic
winds at the site during the measurements period. According to these data the
measurements period should have had an average wind about the average for the period
1979-2008. The correction is then based on monthly averages during the measurement
period and a total average estimated based on long time corrected monthly averages. The
long-time corrected annual average wind speed at 50 m based on this ug-index is 7.7 m/s.

A correction based upon simultaneous data every six hours for the geostrophic wind speed
and measured wind speed gives an average 3 % above the long-time average, and resulted
in the long-time corrected average wind speed 7.4 m/s at 50 m height. The relation is shown
in Figure 25.
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An uncertainty analysis made using long-time measurements at Nasudden on Gotland show
that after 20 months observation time the uncertainty could be expected to be about +0.3
m/s with a 95 % confidence limit (Nilsson and Bergstrom, 2009).

Figure 31: Relation between simultaneous observations of geostrophic wind speed Ug and
observed wind speed at 104 m height. Data from the period 29 April 2006 to 27 December
2007 with observations every 6 hour. The correlation coefficient is 0.47. Ugim is the average
geostrophic wind speed, 9.2 m/s, and reading off the regression line gives the expected
long-time average wind speed at 50 m height, Uyim=7.4 m/s.
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6. Comparing model results and observations

The analyses made from the available measurement data show quite large differences
between the different data sets and different periods. At 30 m the measurements give
average winds from 6.8 to 7.2 m/s. After long-time corrections the corresponding numbers
are 6.1 to 7.1 m/s due to large differences between different methods to correct. At 50 m
the measured average wind speed varies between 7.5 and 7.7 m/s. After having applied the
long-time corrections 7.0 to 7.5 m/s. Also the observed average gradients differ giving the
exponent in the exponential profile relation varying between 0.07 and 0.11.

Comparing with the modeled average wind profile we see that the model results give a
larger vertical gradient. At 30 m the model predicts lower average wind speed than the
observations give, 5.8 m/s with 100 m grid resolution. The average of the long-time
corrected measurement results gives 6.6 m/s — 0.8 m/s higher than the model results show.
At 50 m the model results give the average wind speed 6.4 m/s. Here the measurements
after long-time corrections give 7.2 m/s — 0.6 m/s above the model results. The difference
between model and observations thus decreases with increasing height.

Using the exponential profile relationship to extrapolate the observation to 100 m height, the
difference between model and observations is close to zero using the average of the two
observational data sets — 7.6 m/s for both. But the difference between the two observations
is large — 7.3 and 8.2 m/s — partly due to difference in mean wind speed as such, partly due
to different observed vertical wind gradients.

It has not been possible to in more detail judge if one or the other of the two data sets could
be more or less reliable. It seems, however, probable that the heated Vaisala anemometers
should give more correct results, although it is known that these anemometers also are
affected by icing. If this is so, the observed long-time corrected annual average wind speed
is more probable to be 6.9 m/s and 7.3 m/s at 50 m and 100 m heights respectively. The
model results gives the annual average wind speed of 6.3 m/s and 7.6 m/s at these heights
respectively, showing a larger gradient given by the model as compared to the
measurements, at least for the current measurement period. But the agreement at 100 m is
well within the expected uncertainties both regarding the observations and the model
results.
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