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ABSTRACT 
 
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 inhomogene-
ous 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 climato-
logically 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 fi-
nally 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. 
 
As it is desirable to minimize the number of model runs, it is important to optimise the choice as regards how 
the climatologically most relevant parameters are varied. How this should be done is, however, not obvious. 
The sensitivity of the resulting wind climate to this choice is therefore tested, using a large number of differ-
ent combinations of the parameters being of importance. Among the factors investigated, and how they influ-
ence the wind climate, are: a) annual variations of land- and sea surface temperatures, b) magnitude of the 
geostrophic wind, c) direction of the geostrophic wind, d) importance of the temperature- and humidity pro-
files, representing different air masses, and which are used to initialise the model, e) importance of the ther-
mal wind – i.e. variations with heights of the gesotrophic wind. 
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1. INTRODUCTION 
 
When mapping the wind climate, it is important to take into account as many factors as possible that affects 
the atmospheric boundary-layer structure and thus the wind profile and winds at heights of interest for wind 
energy siting. Although the horizontal air pressure gradient, i.e. the geostrophic wind, is the primary driving 
force for the wind, it is well known that over land also topography, roughness and thermal stratification, are 
factors affecting the wind climate. In coastal areas also factors related to the land-sea transition are of im-
portance, and may contribute to a complex wind field also offshore, even at large distances from the coast. 
 
Spatial variations of wind and the wind climate over large offshore areas, like the Baltic Sea in Northern 
Europe, are difficult to measure. Instead models must be used. Often these models just include a simplified 
description of the physics determining the boundary layer winds. These simplified models will e.g. not be 
able to explicitly take into account the temperature differences between land and sea, and will thus not be 
able to account for the effects on the wind field of large-scale thermally driven flows, since the physics 
needed for these are excluded. 
 
Field experiments in the Baltic Sea area, [1], have shown that the atmospheric boundary layer not seldom 
departs from often used simplified relations. There are several reasons for complex offshore wind conditions, 
e.g. the low-level jets (LLJ), which are often observed in the Baltic Sea area and may be common in many 
offshore areas not too far from land (distances of the order 100 km). There are several possible causes of 
low-level jets. One is an inertial oscillation initiated with air coming from land out over the sea, [2], which may 
give rise to a low-level jet with even super-geostrophic winds at heights of the order 100-300 m. Predicting 
the wind at e.g. 50 m with a model not capable of generating low-level jets, using measurements at 10 m, will 
thus result in wind speeds which are systematically too low, and one can expect the error to increase with 
height. 
 
Non-homogeneous offshore conditions may also be due to thermally driven flow modifications, such as the 
sea breeze. Offshore internal boundary layers may develop much more slowly than predicted by simplified 
models, and observations show that with stable conditions over the sea the boundary-layer wind speed may 
even, in contrary to what is normally assumed, decrease with distance offshore up to at least 100 km from 
the coast [1]. Due to complex interaction between land and sea, the offshore wind is often not only a function 
of distance from the coast but may also be affected by the curvature of the shoreline. 
 
Thermally driven flows, low-level jets and other features, which do not follow simplified ‘normal’ behaviour 
may, however, be modelled quite well using higher-order closure boundary layer models like the MIUU-
model from Uppsala University [1]. This model has given accurate results in comparison with observations in 
many different types of terrain and for a large variety of atmospheric conditions. Specifically the MIUU-model 
generates the observed and, for the wind climate, important low-level jets over the Baltic Sea [3]. 
 
The higher-order closure MIUU-model will be described and a method to model the wind climate will be out-
lined and applied to the Baltic Sea area in Northern Europe. As simulations with a higher-order closure 
model are rather computer-time consuming, it is important to be able to minimize the number of model runs 
needed to get an accurate estimate of the wind climate. The sensitivity of the modelled wind climate to the 
choice of model runs is therefore tested. All tests in this study are based on runs with the MIUU-model with a 
9 km-horizontal resolution. The methods, used for estimating the climate average, are based on a number of 
model runs where some of the most relevant parameters are varied. The results are then weighted with the 
use of the climatology of the horizontal air-pressure gradient, which is the primary driving force for the wind. 
 
 

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, [4]. The model has prognostic equations for wind, 
temperature, humidity and turbulent kinetic energy. The main input/output of the MIUU-model is given in 
Figure 1. Turbulence is parameterised using a level 2.5 scheme following [5]. The closure is described in 
detail in [6]. The MIUU model has a terrain-influenced coordinate system [7], 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 pos-
sible 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 inter-
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est. In the vertical, the lower levels are log spaced while the higher levels are linearly spaced. The lowest 
grid point is at height z0, where z0 is the roughness length, and the model top is typically at 10000 m. Com-
monly 8 levels are used in the model up to 100 m height. 

 
Figure 1.  Block diagram showing input to and output from the MIUU-model. 

At the lower boundary, roughness length and altitude (of land) have to be specified at each grid point. To-
pography and land use are taken from digitised maps, with a resolution of 1 km (the U.S. Geological Survey, 
the University of Nebraska-Lincoln, and the European Commission's Joint Research Centre 1-km resolution 
global land cover characteristics database, 1999, version 2.0). The roughness over land has been divided 
into classes according to land use. For water, z0 is either assumed constant, equal to 0.00025 m, or esti-
mated from the Charnock relation. 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. 
 
The MIUU model has been used earlier in many case studies in different types of landscapes, showing good 
agreement with observations. In [1] the Baltic Sea offshore wind field is investigated. Simulations with the 
MIUU model in mountainous terrain have been done, for example over areas of the mountain range in 
Northern Sweden [8], and also around Lake Mohave in the Colorado River Valley [9, 10]. Wind climate inves-
tigations have been made for a mountain area in northern Sweden [11, 12]. In [13] and [14] the MIUU-model 
has been used to simulate the climatological wind field over the Baltic Sea. 
 
 

3. WIND CLIMATE MODELLING USING THE MIUU-MODEL 
 
In an ideal climate study, all weather conditions should be represented by the model runs. But this would 
require an unrealistic large number of simulations. Since the MIUU-model is rather computer-time consuming 
to run, some compromises have to be made. The parameters of greatest importance to the flow have to be 
identified and varied in order to cover an as wide range of atmospheric conditions as needed in order to get 
an accurate description of the wind climatology. The parameters judged to be of most importance to the wind 
field are (based on comparisons between modelled and observed average winds): Geostrophic wind 
(strength and direction), thermal stratification (through the daily temperature variation), surface roughness, 
topography, and land-sea/lake temperature differences [15]. 
 
The horizontal air pressure gradient, i.e. the geostrophic wind, is the primary driving force of the wind. Using 
only the mean geostrophic wind speed in the simulations would reduce the effect of thermal stratification, 
because the daily stability variations are much larger with a low geostrophic wind speed compared to a high 
one. This effect is sometimes very large, and that is why it is important to include simulations with different 
geostrophic wind speeds. Therefore model runs with three values of the geostrophic wind speed (5, 10, and 
15 m/s) for 8 wind directions have been used in earlier investigations of the wind climate made with the 
MIUU-model [13, 14, 15]. The effects of reducing or increases these number will be illustrated in Section 5. 
 
The air temperature shows both clear annual and daily variations, which also must be included in the simula-
tions. To limit the number of model runs, but still include the annual variations, 4 months (January, April, July 
and October) have in earlier investigations been selected to represent the four seasons, which is sufficiently 
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accurate for the purpose of modelling the wind climate.  A monthly average soil temperature has been used 
as input to the surface energy balance routine, which estimates the surface temperatures. To include the 
spatial differences, data from a number of weather stations have been used and the data have been inter-
polated within the model domain. The mean temperature is also allowed to vary with wind direction. Typically 
winds from the northern sector are colder than winds from the south in the Northern Europe. Thus the mean 
temperature for different directions was also estimated. The daily variation of sea surface temperature is 
small compared with the variations of the air temperature. Therefore, model runs were made with the sea-
sonal mean sea surface temperature at each grid point, with no daily variation but including a spatial varia-
tion. Although it is important to keep the daily variation in air temperature, it is accurate enough to use the 
average sea surface temperature at the lower model boundary. 
 
Summing up, for each season, runs were made with three values of the geostrophic wind speed, and with 8 
wind direction sectors, summing to 96 model runs to cover the most important parameters determining the 
boundary layer wind climate. Each simulation was made for a 36-hour time period, of which only the last 24 
hours were used, allowing for 12 hours initialisation. The background flow for each model run is specified as 
a geostrophic wind constant in time and with height. The initial potential temperature and humidity profiles 
were taken from climatologically averaged radio-sonde data for the different seasons. The sensitivity of the 
modelled wind climate to a thermal wind will be presented in Section 5. In this case we allow the pressure 
gradient (the geostrophic wind) to vary with height following observations made with radio-sonde balloons. 
 
All simulations are finally weighted together using climatological statistics of the geostrophic wind, cf. Figure 
1. This gives the climatological averages for each month, grid point, and height. The annual mean wind 
speed may then be calculated by weighting the four individual months together. Thus, the result from a study 
of the climatological wind field may be presented as the mean wind speed (annual or seasonal), or wind en-
ergy potential, at different heights. The wind speed distribution may also be determined. It should be pointed 
out that the MIUU model uses no local wind measurements as input, but it is of course important to validate 
the results against observations. 
 
 

4. BALTIC SEA WIND CLIMATE  
 
The model domain covers the whole Baltic Sea area with a horizontal resolution of 9 km using 114x100 grid 
points in the horizontal, see Figure 2. The model output from 96 runs (cf. Section 3) predicts annual averages 
at 48 m height around 5-6 m/s over southern Sweden and 8.5-9 m/s over the Baltic Sea (see Figure 3). A 
comparison with observations made at several sites in the area (see Figure 4) show good agreement both 
offshore and over land [15, 16]. At two offshore lighthouses the observations show the annual mean winds 
8.2 m/s at 32 m height, while the model gives 8.0 and 8.1 m/s. Over land, in partly forested areas, the model 
estimates annual mean winds of about 5.0-5.5 m/s at 50 m height and about 6-7 m/s at 100 m height, also in 
agreement with observations at two locations in southern Sweden. The comparison between modelled an-
nual mean wind speed and observations shown in Figure 4 is made using data from the sites marked by the 
red crosses in Figure 3, and for heights ranging between 30 m and 145 m. 

 

Figure 2. a) Map of Northern Europe showing the location of the Baltic Sea and the model domain. b) A de-
tailed map of the model domain with the 9 km grid. 
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The good agreement between modelled wind climate and observations, using 96 modelled meteorological 
conditions (four seasons, each with simulations for three strengths and eight directions of the geostrophic 
wind) lends support of using this rather limited number of model runs in estimating the wind climate. Conse-
quently this result will be used as a reference wind climatology, to which other techniques to estimate the 
wind climate will be compared. With the ambition to find a method that limits the needed number of simulated 
meteorological conditions even further, a number of different techniques will be tested.  
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Figure 3. Annual mean wind speed at 48 m height esti-
mated from the MIUU-model runs. Red crosses show lo-
cations of measurement sites. 

 

 
 

Figure 4.  Comparison between observed 
and modelled annual average wind speed 
at  the locations indicated by the red 
crosses shown in Figure 3

 
5. RESULTS OF WIND CLIMATE MODELLING TESTS 

 
The ideal when studying the climate would be to cover all synoptic and boundary conditions, but this would 
require a huge amount of time and a large number of model simulations. As the MIUU-model needs a lot of 
computer capacity and time to run, some limitations in the number of simulations have to be made. This 
means that the flow forcing parameters of greatest importance have to be identified, and these parameters 
have to be varied in order to cover a probable range of atmospheric conditions. The parameters identified to 
be of greatest importance, and for which it would be possible to vary the number of model runs used in the 
wind climate estimates, are: geostrophic wind (strength and direction), land-sea temperature differences 
(seasons), and thermal wind. In this study the importance of all these parameters were investigated by using 
different number of runs to resolve their influence on the finally estimated annual mean wind. Also the typical 
daily cloud variations could be of importance, e.g. through their influence on the thermal stratification, but this 
was not included in the present investigation.  
 
The main issue in this Section is to compare the wind climate estimates using a number of different pa-
rameter combinations, and to investigate the sensitivities on the resulting annual wind climate in doing this. 
The idea is to identify parameter combinations giving as small differences as possible between the wind cli-
mate arrived from the tested versions and from the reference wind climate presented in Section 4, aiming at 
being able to use as few model runs as possible but still getting an accurate wind climate estimate from the 
modelled wind fields. This was made such that the resulting monthly or annual average wind speed from the 
reference climatology was subtracted from the tested methods. Negative differences thus indicate a lower 
average wind speed for the test method, while positive values indicate lower mean wind speeds for the ref-
erence method. All results shown are at the 48 m height (level 7 in the MIUU-model). This represents a fair 
hub height for many wind turbines. 
 
In addition to the model runs used for the reference climatology, further model simulations were made to be 
used in the tests, such that for each of the four months January, April, July, and October, each with their own 
climatological temperature values, runs were made with six different values of the geostrophic wind speed; 
2.5, 5.0, 7.5, 10.0, 12.5, 15.0 m/s, each of these with 16 different values of the wind direction. For the month 
April runs were made using 32 different wind direction sectors for the geostrophic wind speeds 5, 10 and 15 
m/s. Further runs with a change in the mean geostrophic wind profile allowing a thermal wind were made for 
April (geostrophic wind speed; 10 m/s at the surface). This gives us a total of 296 new model runs covering 
some of the most important parameters that define the wind climate in the Baltic Sea area. Each simulation 
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covered a 30-hour period, of which the last 24 hours were used in the calculations. Those 24 hours multiplied 
with the 296 runs give us 7104 simulated and stored hourly values for each grid point. 
 
 

5.1 Influence of using different numbers of geostrophic wind speed runs 
 
One way to decrease the number of model runs needed to estimate the wind climate would be to base the 
calculations only on simulations made for the mean values of the geostrophic wind Vg, or at least using less 
than the three strengths upon which the reference wind climate is based. All climatological wind calculations 
were based on weighting using the distribution of the geostrophic wind for each month. The calculations 
were made using model runs for one, two, three and six values of the geostrophic wind speeds covering the 
distribution for the specific month, but still keeping the number of wind directions as in the reference case 
(i.e. 8 directions). A typical example of the results of such tests are presented for the month October in 
Figure 5, showing the differences (m/s) between monthly mean wind calculations based on a) Vg = 10.0 m/s, 
b) Vg = 10.0 and 12.5 m/s, compared to the monthly average reference wind climate. Using only the model 
run for the geostrophic wind 10 m/s, about 85% of the grid points show differences in the range 0.0 - 0.3 m/s. 
The estimation using model runs with Vg = 10.0 m/s thus seems to give slightly too high mean winds. Wind 
climate calculations using model runs with Vg = 10.0 and 12.5 m/s gave average wind speeds with smaller 
deviations compared to the reference, with 97% of the deviation within ±0.3 m/s. 
  

   
a)        b) 

Figure 5. Differences in the October monthly average wind speed between 
calculations based on model runs with a) Vg = 10.0 m/s, b) Vg = 10.0 and 
12.5 m/s, compared to the monthly average reference wind climate. The 
largest (positive) deviations are found in (a) lakes and bays, (b) in the 
same places as in (a) but not as large values. 

Figure 6 shows the cumulative distributions of differences in monthly average wind speeds, estimated using 
a number of combinations of model runs for different geostrophic wind speeds, and the reference monthly 
wind climate. The distributions show the result using all 114x100 grid points at the height 48 m. Generally the 
average wind speeds received, using just one geostrophic wind speed close to the average of the specific 
months, gave larger differences compared to the reference wind climate, than results using model runs made 
for two geostrophic wind speeds. This is mainly due to non-linear effects between the true wind and the 
geostrophic wind, and to that thermally driven or thermally modified flows may be expected to have a larger 
effect on the wind speed during cases with a weak pressure gradient; that is with a low value of the geostro-
phic wind. This is especially clear looking at the results for April and July, where the average winds estimates 
based on just the 5 m/s geostrophic wind speed runs turn out to be much too high. Otherwise, using at least 
model runs with two geostrophic wind speeds, the monthly average winds are generally within ±0.3 m/s 
compared to the reference wind climate. Using model runs for all 6 values of the geostrophic wind speed 
instead of 3 showed, however, almost no changes in the resulting wind climate 
 
Differences in the range ± 0.3 m/s may sound small, but in calculations of wind energy potential, the wind 
enters the calculations to the power of three. Thus an uncertainty of 0.3 m/s can give rather large errors in 
wind energy calculations. Often the largest modelled deviations were found over large lakes and some 
coastal offshore areas like bays. It should be pointed out that also measurements could easily give variations 
by ± 0.3 m/s, depending on exact location and measurement period. Model uncertainties within ±0.3 m/s are 
consequently not large enough to be significant and possible to verify in reality. 
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Figure 6. Cumulative distributions of the differences in modelled monthly average wind speed, based on 
model runs for a number of different combinations of geostrophic wind speed, and the reference wind climate 
(see Section 4). The distributions are based on data from all 114x100 grid points at the height 49 m. 

  
It could be concluded that model runs representing at least two values of the geostrophic wind speed have to 
be used. In some cases, however, like for April, the differences between the climatological average wind es-
timated using model runs for just one geostrophic wind speed and the reference wind speed climate estimate 
became rather small. To be sure to get an accurate estimate of the wind climate it is, however, recommend-
able to use model runs representing two or three magnitudes of the geostrophic wind speeds. 
 

5.2 Influence of using different numbers of geostrophic wind direction runs 
 
In the reference climatology 8 wind direction sectors were used. To test the importance of the number of 
wind directions used for the wind climate estimates, calculations using 4, 16 and 32 wind direction sectors 
were also made. The results are shown in Figure 7, again as the cumulative distributions of the difference in 
average wind speed between the tests and the reference climatology. 
  
Wind speed climates estimated using 32 wind directions were only available for April, but show only very 
small deviations compared the climatology arrived at using 16 sectors. Generally no large deviations were 
found between wind climate estimates using 8 and 16 sectors, although some small systematic differences 
may be seen, especially for April and July. The deviations are for all grid points in the range -0.27 to 0.53 
m/s, with 80-90% between ±0.2 m/s. Locally, especially in more complex terrain but also in some offshore 
areas, using 16 instead of 8 wind directions may have a larger effect on the estimated average wind climate. 
When reducing the number of wind directions used in the wind climate calculations to 4, the resulting differ-
ences did, however, increase. 
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Figure 7. Cumulative distributions of the differences in modelled monthly average wind speed, based on 
model runs for a number of different combinations of geostrophic wind directions, and the reference wind 
climate (see Section 4). The distributions are based on data from all 114x100 grid points at the height 48 m. 

 
5.3 Influence of a thermal wind 

 
In the reference climatology no thermal wind has been used in the model runs. This means that the same 
geostrophic wind speed and direction has been applied in the model from the ground up to 10000 m. Of 
course this is unrealistic and not according to what is observed, but a simplification that may be justified as 
the aim was to determine the average wind climate at heights up to 100-150 m. 
 
Using radio-sonde data from three sites in the Baltic Sea area (Riga, Visby and Bromma), covering the years 
1989-2002, mean wind profiles have been calculated, assuming that above the boundary layer the geostro-
phic wind may be well approximated by the observed wind. An example of average profiles of wind speed 
and direction are shown for April in Figure 8. As expected wind speed increases with height to a maximum at 
8000-9000 m height, while wind direction veers 20-40° up to 10000 m. 
 
These average sounding profiles were then assumed to represent the geostrophic wind profiles, and were 
put into the MIUU-model for a set of model runs representing April, but adjusted so that Vg=10 m/s at the 
ground. The new April average wind speed, using the thermal wind, was then compared with the previous 
calculation from the model runs representing April with Vg=10 m/s, but constant with height. The results are 
illustrated in Figure 9, showing the cumulative distribution of the difference in April average wind speed. Al-
though the differences are small, varying between –0.1 and 0.5 m/s, the results including the increased 
geostrophic wind with height show systematically slightly higher average winds also at the height 48 m. This 
is also obvious from Figure 10, showing a map of the difference between the two April average wind esti-
mates, with and without the thermal wind. This result could be expected, as including a thermal wind means 
that the geostrophic wind will increase with height. Thus there will be a somewhat larger source of momen-
tum on top of the boundary layer, which could be used to compensate for the frictional losses of momentum 
at the surface and possibly give a somewhat higher wind speed also closer to the ground. 
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Figure 8. Mean profiles of wind speed and direction for April in the 8 wind direction sectors. The profiles 
were calculated from radio soundings from the Baltic Sea area (Bromma, Riga and Visby). 

 
Figure 9. Cumulative distribution of the differ-
ences in modelled April average wind speed 
based on model runs with Vg=10 m/s at the 
ground, made with and without a thermal wind. 

 

 

 
 

Figure 10. Differences in April average wind 
speed between estimates using model runs with 
Vg = 10.0 m/s at the ground but with and without a 
thermal wind 

.
5.4 Tests regarding the annual average wind speed 

 
The technique used to calculate the reference annual average wind speed, was to take the average of the 
four months as representatives of the four seasons. As for the individual months, annual average wind speed 
estimates were made from model runs using three values of the geostrophic wind speed (5.0, 10.0 and 15.0 
m/s) and 8 wind directions. 
  
One approach to decrease the number of model runs needed to estimate the annual wind climate is to use 
data from two months instead of four. Preferably the choice of months should be made so that they represent 
opposite season, which makes January-July and April-October the obvious choices. 
 
The result using the January-July combination shows that the difference compared to the reference climato-
logy varies for the individual grid points at 48 m height between -0.1 and 0.4 m/s, with 85% of the data bet-
ween 0.0 and 0.2 m/s. Using instead model runs for April and October, the resulting differences were in the 
range -0.4 to 0.1 m/s, and now 85% of the differences were between -0.2 and 0.0 m/s. These two results are 
each other’s reverse, which is expected since no modifications in the statistics were made. Decreasing the 
number of modelled months from four to two thus result in small but systematic differences depending on the 
choice of which months are combined. 
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An alternative method, again just using model runs from January and July, is to in addition use climatological 
statistics concerning the geostrophic wind speed and wind direction from all three months representing win-
ter and summer. Thus the January wind climate was based on geostrophic wind statistics for December, 
January and February, while the July average winds were calculated using statistics for June, July and Au-
gust. Averaging the two monthly wind climates, the resulting annual average wind speeds were again com-
pared to the reference climatology for the year. The resulting differences were now found to be in the range -
0.4 to 0.1 m/s, with almost 97% between -0.3 and 0.0 m/s. The same method based on model runs for just 
April and October, now taking into account the statistics on the geostrophic wind from the three spring and 
three autumn months, resulted in annual averages deviating from the reference climatology even less. The 
differences were then in the range -0.2 – 0.3 m/s, with 99% within ± 0.2 m/s. 
 
Finally the annual wind speed climate was calculated assuming that the modelled winds for any one of the 
four months could be taken to represent all the other months, but still using the geostrophic wind statistics for 
all four months when weighting together the winds to get the annual average. The resulting differences com-
pared to the reference climatology became larger with this method than by using modelled winds for two 
months. The differences compared to the reference climate were now in the range –0.9 to 0.9 m/s depending 
on which month was used. 
 
 

6. SUMMARY AND CONCLUSIONS 
 
To get a high resolution mapping of the wind energy potential, a model has to be used since there are too 
few wind-measuring stations to get any details. Another aspect making some kind of model necessary is that 
most wind measurements are at 10 m while the wind turbine hub heights are commonly between 30 and 80 
m. Here the MIUU-model has been used to investigate the wind climate. This model is a three-dimensional 
meso-scale numerical higher-order closure model that takes special notice of the atmospheric boundary 
layer. The model is rather computer time consuming and some choices regarding the most important flow 
forcing parameters have to be made, as it is difficult to model all meteorological conditions. The main idea is 
to minimize the number of needed model runs and to evaluate which flow forcing parameters that can be put 
aside or simplified while still keeping a good credibility of the results. 
 
The influence on the modelled wind climate from using a larger or smaller number of model runs as regards 
the magnitude and direction of the geostrophic wind was studied. The result shows that at least two 
strengths and 8 directions must be used in order not to reduce the accuracy of the modelled wind climate. 
Even when including model results for two geostrophic wind speed conditions, the difference compared to 
the reference climate, using model results for three geostrophic wind speeds, could rise up to 0.5 m/s in 
some areas, but mostly the differences were in the range ±0.3 m/s. Including 6 strengths of the geostrophic 
wind when calculating the wind climate, the difference compared to the reference wind climate was very 
small. Including model runs from 16 wind directions instead of 8 as in the reference climate, did give some 
differences in the resulting wind climate, but as a mean 80-90% of the grid points showed differences in the 
range ±0.2 m/s. When reducing the number of wind directions to 4, the resulting differences did, however, 
increase markedly. 
 
The number of months (seasons) that must be included in the model runs was also tested. The results 
showed that if two ‘opposite’ seasons were used (January/July, or April/October) the annual average wind 
speeds were not affected by more then ±0.2 m/s, while using just modelled winds for one month, but still 
using geostrophic wind statistics for 4 months, the differences compared to the reference climate increased. 
 
Including a thermal wind in the model runs, that is a geostrophic wind increasing with height according to 
observations, gave small but systematic differences compared with the reference wind climate. This test was 
only made for April conditions, but showed a median increase in April average wind speed amounting to 0.2 
m/s, and in some areas of the model domain the increase was 0.5 m/s. 
 
To summarise, the technique to just model some samples of the meteorological conditions governing the 
wind climate at heights of interest to wind energy, gives accurate results in good agreement with observa-
tions, making it unnecessary to model a long period of ‘true weather’. Thus it is not necessary to run the 
computer-time consuming meso-scale model for actual meteorological conditions. This would demand mak-
ing model runs for at least a 10-year period, preferably more in order to get an accurate wind climate esti-
mate, by which we end up with at least 3650x24=87600 simulated hours. Instead we can reduce the number 
of modelled conditions, by choosing the ‘relevant’ ones, to 96 which corresponds to 2304 simulated hours (4 
months x 3 speeds x 8 directions x 24 hours), as has previously been done for the reference climatology 
used here. The number of runs could in fact be further reduced by one half by using only model runs for two 
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opposite seasons. A further reduction to 768 modelled hours is possible, if just two strengths of the geostro-
phic wind are modelled. This could, however, only be recommended as a preliminary wind climate estimate, 
since it has been shown here that the resulting average winds doing this may, at least locally in some areas, 
be affected compared to the reference climate with some ±0.5 m/s. In fact increasing the number of modelled 
wind directions could be recommended, as this will also give rise to differences compared to the reference 
wind climate amounting to ±0.2 m/s. 
 
One could argue that such small differences as shown in this study, are impossible to verify against meas-
urements. However, it is probably harder to argue that including more information regarding the modelled 
meteorological conditions into the modelled wind climate could decrease the accuracy of the result, espe-
cially concerning the spatial variability of wind potential. Thus the most accurate result is probably obtained 
including model runs for 4 months and 3 speeds/16 directions of the geostrophic wind, by which we end up 
with 4608 modelled hours of data. But a good approximation is obtained using just 2 months and 2 speeds/8 
directions of the geostrophic wind, giving 768 modelled hours of data, that is a reduction to 17% compared to 
the ‘most accurate’ modelled wind climate. But even the ‘most accurate’ case amounts to a reduction in the 
number of needed modelled hours of data to 5% (less than 1% for a ‘first guess’ climatology using only 768 
modelled hours of data) compared to what would be needed modelling real data for a 10 year period. 
 
A wind climate investigation using the MIUU higher-order meso-scale model covering an area of some 
150x150 km2 with a 1 km horizontal resolution, would take about 50 days to run on the computer using one 
powerful Pentium4 PC, and just including simulations for 2 months and 2 speeds/8 directions of geostrophic 
wind to get a ‘first guess’ climatology. A more thorough modelling study would, however, take up some 11 
months of computer time making simulations for 4 months and 3 speeds/16 directions of geostrophic wind. 
But with todays low cost of a PC, running the model on several of them would reduce the actual computer 
time to a few months. The basic information needed is knowledge of the geostrophic wind statistics, sur-
face/ground temperature conditions over sea and land, and digital information of topography and land use.  
 
REFERENCES 
 
[1] Källstrand B., Bergström H., Højstrup J., and Smedman A-S, 2000: Mesoscale wind field modifications over the Baltic 
Sea. Boundary-Layer Meteorol., 95, 161-188. 
[2] Källstrand B., 1998: Low Level Jets in a Marine Boundary Layer During Spring, 1998: Contribution to Atmospheric 
Physics, 71, 359-373. 
[3] Mohr M., 1997: Comparison of simulations with two mesoscale models, the MIUU model and the KAMM 
model, using two low-level jet cases over the Baltic Sea. Wind Energy Report WE97:2, Dept. of Meteorol., 
Uppsala University, 107 pp. 
[4] Enger L., 1990: Simulation of dispersion in a moderately complex terrain. Part A. The fluid dynamic 
model. Atmos Environ., 24A, 2431-2446. 
[5] Mellor, G. L., and Yamada, T., 1974: A hierarchy of turbulence closure models for planetary boundary 
layers, J. Atmos. Sci., 31, 1791-1806. 
[6] Andrén, A., 1990: Evaluation of a turbulence closure scheme suitable for air pollution applications. J. Appl. 
Meteor., 29, 224-239. 
[7] Pielke, R. A., 1984: Mesoscale Meteorological Modelling. Academic Press, 612 pp. 
[8] Smedman, A., H. Bergström, and U. Högström, 1996a: Measured and modelled local wind field over a 
frozen lake in mountainous area. Beitr. Phys. Atmosph., 69, 501-516.  
[9] Enger, L., Koracin, D. and Yang, X., 1993:’A Numerical Study of the Boundary-layer Dynamics in a Mount 
Valley. Part 1: Model Validation and Sensitivity Experiments’, Boundary-Layer Meteorol., 66, 357-394. 
[10] Koracin, D. and Enger, L., 1994: A Numerical Study of the Boundary-layer Dynamics in a Mount Valley. 
Part 2: Observed and Simulated Characteristics of Atmospheric Stability and Local Flows, Boundary-layer 
Meteorol., 69, 249-283. 
[11] Bergström, H. and Källstrand, B., 2001: Estimating Wind Potential in a Complex Terrain Arctic Mountain 
Valley. Proceedings EWEC2001, Copenhagen 3-7 July 2001, 842-845. WIP-Renewable Energies, München. 
[12] Bergström H. and Källstrand K., 2000: Measuring and modelling the wind climate in a mountain valley in 
northern Sweden. Proceedings, Boreas V, 29 Nov.-1 Dec. 2000, Levi, Finland. 
[13] Bergström, H., 1996: A climatological study of boundary layer wind speed using a meso-γ-scale higher-
order closure model. J. Appl. Meteor., 35, 1291-1306. 
[14] Sandström, S., 1997: Simulations of the Climatological Wind Field in the Baltic Sea Area using a 
Mesoscale Higher-Order Closure Model, J. Appl. Meteor., 36, 1541-1552. 
[15] Bergström, H., 2002: Boundary-layer modelling for wind climate estimates. Wind Engineering, vol. 25, 
No. 5, 289-299. 
[16] Bergström, H., 2001: Estimating Offshore Wind Potential – a more complex task than expected? Pro-
ceedings EWEC’2001, Copenhagen 3rd - 7th July 2001, 686-689. WIP-Renewable Energies, München. 


