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ABSTRACT 
 

In the year 2002 the Swedish Energy Agency assigned the department of Earth science 
at Uppsala University a research assignment to make a detailed wind climatology 
mapping covering Sweden. A survey of the Swedish wind climate has been made earlier 
in some areas, using the Danish model WASP. In this study the MIUU-model is used 
which is a mesoscale three dimensional numerical model with a turbulence closure 
scheme of level 2.5. The MIUU-model is computer time demanding. Therefore a 
method to minimize the total number of simulations is wanted, without negative effects 
on the result. 
 
In this thesis the main issue is to compare the sensitivities and differences between 
climatological wind calculations using runs with different forcing parameters, i.e. with 
different meteorological conditions. Primarily the climatological results received with 
different geostrophic wind forcing are studied and compared. The idea is to find 
combinations with as small deviations as possible. The parameters investigated, called 
flow forcing parameters, are; geostrophic wind (magnitude and direction), thermal wind 
and thermal stratification. To compare the calculations a reference run is used. In the 
runs studying the influence of the geostrophic wind, calculations where made with 1, 2, 
3 and 6 geostrophic wind speeds and with 4, 8, 16 and 32 wind directions. All compared 
to the reference that is based on 3 wind speeds and 8 wind directions. The model has 
earlier been used without any thermal wind influence. Therefore radio sonde data have 
been used to calculate the geostrophic mean wind profile introduced in the model to 
make new runs. The thermal stratification has also been modified in April and October 
to find out the sensitivities in the model. 
 
The result shows that there are only a few possible shortcuts in the number of runs 
needed and in the verification of the parameters. The question is if it is worth searching 
for them, since they might not be valid in other areas with more complex terrain. To be 
on the safe side, runs like the reference runs should at least be used in order to get 
accurate results as regards the wind climate. 
 



 
 
 

 

SAMMANFATTNING 
 

År 2002 gav Statens Energimyndighet ett uppdrag till Institutionen för geovetenskaper 
vid Uppsala Universitet att kartlägga det svenska vindklimatet. En kartläggning av 
vindklimatet i vissa delar av Sverige har gjorts tidigare med hjälp av den danska 
modellen WASP. I denna avhandling används MIUU-modellen som är en mesoskalig 
tredimensionell numerisk modell med ett ’closure scheme of level 2.5’. MIUU-modellen 
kräver mycket datorkraft och därför söks ett sätt att minimera antalet modellkörningar 
utan försämrat värde på resultaten. 
 
I denna avhandling är huvuduppgiften att jämföra känsligheten och skillnaderna mellan 
klimatologiska beräkningar från modellkörningar med olika drivande parametrar i 
modellerna, d v s med olika meteorologiska förhållanden. De erhållna klimatologiska 
resultaten från olika geostrofiska vindhastigheter är plottade. För att jämföra resultaten 
ritas en ny plott som visar avvikelserna mellan de två originalresultaten. Syftet är att 
hitta plottar med så små skillnader som möjligt. De undersökta parametrarna, som är av 
stor betydelse för modellen är: geostrofisk vind (styrka och riktning), termisk vind och 
temperaturskiktning. För att jämföra beräkningarna används en referenskörning. I 
modellkörningarna med den geostrofiska vinden görs beräkningar med 1, 2, 3 och 6 
olika geostrofiska vindstyrkor och med 4, 8, 16 och 32 vindriktningar. Alla jämförs med 
referensen som är beräknad på 3 vindstyrkor och 8 vindriktningar. Modellen har tidigare 
använts utan termisk vind. Från Universitetet i Wyoming har därför data hämtats för att 
beräkna den geostrofiska medelvindprofilen som införts i modellen för nya 
modellberäkningar. Temperaturskiktningen har också modifierats i april och oktober för 
att kontrollera känsligheten i modellen. 
 
Resultaten visar att det bara finns några få genvägar bland parametrarna. Frågan är om 
det är värt att leta efter dem, eftersom de mest troligt inte är de samma om man tittar på 
andra områden med mer kuperad terräng. För att vara på den säkra sidan är 
beräkningarna med samma parametrar som referenskörningarna det bästa sättet att få bra 
resultat avseende vindklimatet. 
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1. INTRODUCTION 
 
The department of Earth science at Uppsala University has been assigned a research 
assignment by the Swedish Energy Agency to make a survey of the wind potential in 
Sweden using the MIUU-model. The assignment is in progress between 2002 and 2006. 
 
A survey of the potential of wind energy has been performed earlier over some parts of 
Sweden with the Danish model, WASP. The WASP-model is not as advanced as the 
MIUU-model (Sandström, 1994). One thing is that the WASP-model does not explicitly 
take notice of the thermal stability in the atmosphere. The result is that the Danish model 
gives a relatively good assessment in smooth-terrain areas like in southern Sweden, 
while it can give large errors in complex terrain as in northern Sweden (Bergström and 
Källstrand, 2000). The difference between surveys made by the WASP-model and the 
MIUU-model in the county of Västra Götaland shows locally large differences between 
the wind potential calculated with the two models. 
 
The MIUU-model is a numerical model for the meso-scale and is used for calculations 
of wind and turbulence energy in the atmosphere. It is hydrostatic and the terrain is 
introduced into the model by using a terrain following co-ordinate system. The model 
has been used to do surveys of the wind conditions in the Baltic Sea-region, in the 
county of Västra Götaland and in the Sourva area in the north of Sweden. It can be used 
to simulate the climatological wind field for mapping the wind resources with a 
resolution of 1-20 km. 
 
Simulations using a higher-order closure model (as for example the MIUU-model) are 
rather time-consuming and it would be of great interest for the users to be able to choose 
how to vary the most relevant flow forcing parameters. The sensitivity of this choice is 
therefore tested in this study. Instead of simulating eight different wind directions, four 
may be enough, or maybe sixteen is needed, to make a good approximation. One or two 
geostrophic wind speeds may give a satisfactory result instead of three or six wind 
speeds and two or four months could represent the whole year. 
 
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 engine for the wind. Another method to estimate climate average is 
to weight the model result with wind and temperature measurements from a couple of 
towers in the specific area. 
 
The survey of the wind potential can be made exclusively by the use of the MIUU-
model, but to guarantee the faith in the results it would be appropriate to compare the 
result with wind measurements in the area of interest. In this case, the area is the Baltic 
Sea. This study, however, is just an investigation of methods to minimize the total 
number of runs and to verify the result a reference run was used for comparison, which 
has previously been verified against measurements. No observations from the area have 
been used in comparison with the results in this investigation. 
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2. MIUU-MODEL THEORY 
 
The MIUU-model is a three-dimensional non-linear atmospheric simulation model for 
the meso-scale and is used for calculations of wind and turbulence energy in the 
atmosphere. It is hydrostatic and has terrain following co-ordinates roughly following 
the terrain close to the surface and gradually transforming to horizontal at the model top, 
Figure 2.1 (Pielke, 2002). In the vertical, the lower levels are log spaced and the higher 
levels are linearly spaced. The lowest of the 29 vertical levels of the model is at height 
z0, where z0 is the roughness length, and the model top is at 10 000 m. 
 
Furthermore, the model is a second-order closure model with a turbulence closure 
scheme of level 2.5 following the nomenclature of a modified Mellor-and-Yamada 
scheme (Mellor and Yamada, 1974). This means that the turbulent kinetic energy, TKE, 
(q2/2), is solved prognostically, together with the momentum (u, v), potential 
temperature (θ) and humidity. 
 
The model also has an energy-balance routine that calculates the ground and vegetation 
surface temperatures from the heat and radiation fluxes using the energy balance 
equation at the surface. 
 
The MIUU-model is mostly applied in research and has been used in a number of 
studies concerning mesoscale circulation and perturbation (e.g. Sandström, 1997, 
Bergström and Källstrand, 2000, Juuso, 2002). 
 
 

 
 

Figure 2.1 The figure shows the terrain following co-ordinate levels of the 
model and the transformation to horizontal co-ordinates at the model top. 

 
 
2.1 Basic equations of the model 
 
The terrain following vertical co-ordinate (Pielke, 2002) is defined as 
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with s as the constant height of the model top, z the height above the surface and zg the 
terrain height defined as 
 
 

0zdhzg ++=   (2) 
 
 
where h is the height above sea level, d is the zero displacement and z0 is the  roughness 
length. 
 
Using this new co-ordinate system and the hydrostatic assumption, the equations of 
motion for the mean horizontal wind components U, V takes the following form 
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where f is the horizontal component of the Coriolis parameter, g is the acceleration of 
gravity, u, v, is the fluctuating parts of the wind speed in x-, y-direction and w in the 
terrain following vertical direction, Ug, Vg are the geostrophic wind components and Π 
the scaled pressure – the Exner function (scaling pressure). Θ is the potential 
temperature. 
 
The horizontal part of the diffusion is considered so much less than the advection and 
therefore the terms II and III in Eq. (3) and (4) is often set equal to zero. The 
momentum flux terms in the η direction, term IV in Eq. (3) and (4), is represented as 
(Pielke, 2002) 
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and the heat flux term in the η direction is represented as (Pielke, 2002) 
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where Km and Kh are the turbulent exchange coefficients. 
 
This gives us a new set of the equations of motion 
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The incompressible form of the equation of continuity is used to diagnose the vertical 
velocity W in the terrain following co-ordinate system 
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The total derivative in terrain following co-ordinates is defined as 
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The prognostic equations for potential temperature and humidity has the following 
forms 
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where σr is the radiative heating or cooling and in this case negligible. The equation for 
the turbulent energy (where q2 is twice the turbulent energy) is derived from 
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with α1 and B1 as empirical constants, λ as the turbulent length scale, β as coefficient of 
thermal expansion. 
 
Term I in Eq. (14) is the time derivative of twice the turbulent energy, term II denotes 
the turbulent transport forces, term III is the shear production, term IV represents the 
buoyancy production and V is the dissipation term (Enger, 1990). 
 
The turbulent exchange coefficients for momentum and heat, KM and KH, are calculated 
as functions of q2, λ, ∂U/∂η, ∂V/∂η, ∂Θ/∂η  (Andrén, 1990). 
 
For details see Andrén (1990), Enger (1990) and Bergström (1996). 
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3. CLIMATOLOGICAL MODELLING 
 
In this investigation, the wind climate has been modelled using the MIUU-model 
explicitly. The model domain, which was used, covers the whole Baltic Sea area with a 
horizontal resolution of 9 km, using 100114 ×  equidistant grid points, and in the vertical 
29 levels with the model top at 10 000 m and the lowest level at the height of the 
roughness layer (z0). In the vertical, the lower levels are log spaced and the higher levels 
are linearly spaced. The model uses no local wind measurements as input. 
 
 
3.1 Parameters of importance 
 
The ideal when studying the climate would be to cover all synoptic and boundary 
conditions to get perfect results, but this would require a huge amount of time and a 
large number of simulations. The MIUU-model needs a lot of computer capacity and 
time to run; therefore some limitations in the number of simulations have to be made. 
This means that the flow forcing parameters of the greatest importance has to be 
identified. These parameters have to be varied in order to cover a probable range of 
atmospheric conditions. The parameters identified to be of greatest importance are: 
geostrophic wind (strength and direction), thermal stratification (the daily temperature 
variation), land-sea temperature differences (seasons), thermal wind and daily cloud 
variations. In this study the importance of all these parameters were investigated, except 
the effect of the daily cloud variation. 
 
One way to minimize the number of runs is to use the mean values of the geostrophic 
wind and the daily temperature variation in the simulations. One can also make runs for 
a number of wind directions (sectors) and for a few months. 
 
Simulations in this study of the wind climate in the Baltic Sea area have been made for 
the four seasons represented by the months of January, April, July, and October with 
their climatological temperature values and daily variations. This is a fair simplification 
for the area (Bergström, 1996). For each of the four month, runs were made with six 
different values of the geostrophic wind speed; 2.5, 5.0, 7.5, 10.0, 12.5, 15.0 ms-1, and 
with 8 different wind direction sectors, all used in a number of combinations of 
weighting in order to estimate the wind climate. Further some previously made 
simulations over the same area were used for comparison. All made with three different 
values of the geostrophic wind speed; 5.0, 10.0, 15.0 ms-1, and with 8, 16 and 32 
different wind direction sectors  
 
The initial potential temperature profiles used in all runs were taken from typical 
profiles for the different seasons. For the months of April and October, runs were also 
made with two additional profiles (using three values of the geostrophic wind speeds 
and 8 different directions). In one profile the potential temperature was increased by 2 K 
and in the other it was decrease by 2 K from the ground to the model top. This was done 
to investigate any influence from air masses being warmer or colder than the average, 
but still keeping the surface temperatures at their climatological values. The 
climatological means of the sea surface temperature have been used as lower boundary 
value for temperature over water, while a surface energy balance routine gives the lower 
boundary temperature over land. 
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Further runs with a change in the mean geostrophic wind profile allowing a thermal 
wind (see Section 4.3) were made for April (geostrophic wind speed; 10 ms-1). 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 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 values for each grid 
point. 
 
In order to estimate climate averages, the simulations with different combinations in 
parameters were weighted together by the use of climatological data of the geostrophic 
wind distribution (Figure 3.1a-c, April) using bins of size 1 ms-1. The weighting was 
done by dividing the wind distribution intervals to a representative geostrophic wind 
speed in each of the different intervals and taking model runs made for different 
geostrophic winds to represent the different intervals. As an example, in the interval 
with geostrophic wind magnitudes between 0.5 – 6.5 ms-1, the model runs with the 
geostrophic wind 5 ms-1 was used, in the interval between 7.5 – 12.5 ms-1 the model runs 
with the geostrophic wind 10 ms-1 was used, and finally model runs with the geostrophic 
wind 15 ms-1 was used in the interval 13.5 – 49.5 ms-1. This example is for the wind 
climate estimate in the reference climatology (see below). With model runs for six 
magnitudes of the geostrophic wind, the distribution was divided into six more narrow 
intervals. Statistics on the probabilities of the different wind direction sectors were also 
used in the estimation of the wind climate, since the geostrophic wind speed distribution 
differs between the sectors (Figure 3.1b). 
 
Summation over all model runs and hours give us the climatological mean value for 
each month and grid point. To get the annual mean wind speed the four individual 
months must be weighted together, (Bergström and Källstrand, 2000). The results are 
presented as the mean wind speed at 48 m (model level 7) and are used for the 
comparisons in this investigation. 
 
The same surface roughness has been used for all four seasons although the roughness 
could somewhat vary over the year. In agricultural areas, a slightly larger roughness 
length could be expected during growing season, while during winter a snow cover 
would reduce the roughness length. 
 
To compare all test-runs some reference-runs were made (see Section 3.2). In all 
comparisons the reference-runs was subtracted from the test-runs. Negative differences 
between the two runs indicate lower mean wind speeds in the test-runs as compared to 
the reference-run and a positive difference indicate higher mean wind speeds. 
 
Comparisons were also made directly between test-runs, for example to investigate how 
well runs with one geostrophic wind speed could be used to represent conditions with 
another geostrophic wind speed. This was only made for two geostrophic wind speeds 
for all four months. To accomplish this comparison between two test-runs, the modelled 
wind for the test-run with the lower value of the geostrophic wind was multiplied by the 
ratio between the two geostrophic wind speeds. For instance to test if the model runs 
with Vg = 2.5 ms-1 could represent the model runs with Vg = 5.0 ms-1, the former results 
were multiplied by 2 in order to be able to skip the run with Vg = 5.0 ms-1. 
 



3.CLIMATOLOGICAL MODELLING 
 
 

 12

 
 

 

a) 
 
 

b) 
 
Figure 3.1a-b. Figure (a) shows the distribution of the mean geostrophic wind 
speed in April estimated from the sea level air pressure at the weather stations in 
Visby, Gothenburg and Lund between the years 1881 – 1995. Figure (b) shows 
the distribution of the geostrophic wind direction in April (8 sectors) for the 
same time period as estimated from the same stations. 
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Figure 3.1c. The figure shows the distribution for each of the 8 directions 
sectors of the mean geostrophic wind speed in April as estimated from the sea 
level air pressure data from the weather stations in Visby, Gothenburg and Lund 
between the years 1881 – 1995. 
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Fig. 3.2. The figure shows a statistical diagram representing the mean 
geostrophic wind speed from the stations in Visby, Gothenburg and Lund 
between the years 1881 – 1995. The marked month’s value is January, April, 
July and October representing the four seasons. 

 
 
 
3.2 Verification of the reference runs against observations 
 
Simulations made with geostrophic wind speeds at 5.0, 10.0 and 15.0 ms-1 and for 8 
wind direction sectors were used as reference. This choice has been used before in 
modelling the wind climate with the MIUU-model giving good results compared to 
observations in the Baltic Sea area by Bergström (1996), Sandström (1997) and 
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Bergström (2001) and in Sourva by Bergström and Källstrand (2000). It also covers the 
statistical mean geostrophic wind speeds found in Figure 3.1- 3.2. 
 
Verification of modelled wind climate is found in Bergström (2001) where the MIUU-
model estimates are compared to and show good agreement with observations, see Table 
3.1. 
 

Table 3.1. The table shows comparisons between modelled and observed mean 
annual wind speed ( 1 offshore site, 2 costal site, 3 inland site) (after Bergström, 
2001). 

 
Site 
 

Height 
(m) 

Observed 
(m/s) 

Model 
(m/s) 

Ölands södra 
grund1 32 8.2 8.1 
Almagrundet1 32 8.2 8.0 
Näsudden2 32 6.4 6.4 
  49 7.2 7.1 
  71 7.8 7.9 
  103 8.5 8.6 
Emmaboda3 100 6.6 6.7 
Byxelkrok2 50 6.0 6.0 
Östhammar3 50 5.0 4.9 
Uppsala3 50 5.1 5.0 

 
 
In Sandström (1997) comparisons with measurements from lighthouses at Ölands södra 
grund (ÖSG) and Almagrundet (AG) have been made. ÖSG is located 40 km east of the 
Swedish coast and 30 km southeast of the southern tip of the island of Öland and AG is 
located 15 km outside the Stockholm Archipelago (Figure 3.3). At ÖSG the 
measurements available are made between 1961 – 1970 and 1976 - 1989 at a height of 
34 m above sea level and at AG between 1976 – 1978 and 1982 – 1995 at a height of 31 
m above sea level. The results are summarized in Table 3.2. 
 
 

Table 3.2. Modelled climatological mean wind speed compared to measurements 
at Ölands södra grund and Almagrundet at a height about 30 m above sea level 
(after Sandström, 1997). 

 

  
Ölands södra 

grund Almagrundet  

Month 
Measured 

(m/s) 
Model 
(m/s) 

Measured 
(m/s) 

Model 
(m/s) 

Jan 9.4 9.8 9.5 9.6 
Apr 7.7 7.9 7.8 7.3 
Jul 6.7 7.1 6.7 7.0 
Oct 8.4 8.5 8.8 8.6 

Year 8.2 8.3 8.2 8.1 
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Figure 3.3. A map over the Baltic Sea showing three of the wind measuring sites 
in the model area, where comparisons are made with good results. 
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4. RESULTS 
 
4.1 Results from varying the number of geostrophic wind speeds modelled 
 
The main issue in this Section is to compare the wind climate estimates using a variety 
of parameter combinations, and to investigate the sensitivities in and the differences 
between the climatological calculations. This means that the climatological results 
arrived at using different geostrophic wind speed combinations are estimated and 
plotted, and to compare the results a further plot is made showing the deviation between 
the two. The idea is to find as small differences as possible between the estimated wind 
climates calculated from the test-runs and the reference-runs using as few model runs as 
possible. Negative results thus means that the test-run has lower wind speeds than the 
reference-run. Runs are made for four months representing the year with its four 
seasons. 
 
 

4.1.1 Reference results 
 

  
a)        b) 

  
c)        d) 
 

Figure 4.1. The figures show the modelled monthly average wind speeds at 48 m 
height in the Baltic Sea area as estimated from the reference-runs: a) January, 
b) April, c) July and d) October. The highest wind speeds are found in January 
and the lowest in July (cf. Figure 3.2). 
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Calculations from the runs made with the geostrophic wind speed Vg = 5.0, 10.0 and 
15.0 ms-1, and for 8 wind directions, are used as reference, and all other estimates are 
compared to this (cf. Bergström, 1996 and Sandström, 1997). 
 
The choice to use this combination for reference is made using Bergström (1996), 
Sandström (1997) and Bergström and Källstrand (2000), where it has been shown to 
give good agreement with observations (Table 3.1 and Table 3.2). The climatological 
monthly averages using these runs are shown in Figure 4.1 and as in Figure 3.2 the 
highest mean wind speeds are found in January and the lowest in July. 
 
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. 
 
 

4.1.2 January 
 
The month of January represents the winter season with low temperatures over both sea 
and land. It is the month with the highest wind speeds according to the wind climate 
reference-run and with a mean geostrophic wind speed Vg approximately equal to 12.5 
ms-1 according to Figure 3.2. 
 
Calculating the climatological monthly average using just the model runs made with 
Vg = 12.5 ms-1 and compare this with the monthly average reference, the resulting 
deviations varied between -0.82 and 0.38 ms-1, while using the two sets of model runs 
made with Vg =10.0 ms-1 and 15 ms-1 the deviation became smaller, -0.5 – 0.15 ms-1 
(Figure 4.2). Non-linear response in the modelled wind to variations in the geostrophic 
wind is probably the main reason for this difference The largest deviation in the 
calculation using model runs with Vg = 10.0 and 15.0 ms-1 is found over land and the 
result shows lower mean wind speeds compared to the reference-run. All climatological 
calculations using only high values of Vg give lower wind speeds than the reference-run. 
Thus low values of Vg seem to generate relatively higher wind speeds, which could be 
due to e.g. thermally driven circulations, which in turn could increase the total monthly 
mean wind speed. This can be seen in Table 4.1. 
 
Climatological calculations made using model runs with Vg equal to just 10.0 ms-1 or 
15.0 ms-1 gave even larger deviations compared with results from the reference 
climatology, the differences being in the range -0.72 - 0.98 ms-1 and -1.36 – 0.44 ms-1 
respectively. 
 
A climatological monthly average estimate was also made using 6 sets of model runs 
with the geostrophic wind speeds; 2.5, 5.0, 7.5, 10.0, 12.5, 15.0 ms-1, as input to see the 
difference compared to the reference-run with 3 geostrophic wind speeds for January. 
The result showed very small differences compared to the reference climatology, with a 
deviation varying between -0.15 and 0.15 ms-1, where more than 99% of the data was 
found to be within ± 0.1 ms-1. 
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a)        b) 
 

Figure 4.2. Differences in January monthly average wind speed between: a) 
estimates based solely on runs with Vg = 12.5 ms-1, and b) estimates based on 
model runs with Vg = 10.0 and 15.0 ms-1, compared to the monthly average wind 
speed reference (Figure 4.1). 

 
 
 

Table 4.1. Differences in January monthly average wind speed between 
calculations based on model runs with Vg = 10.0 ms-1, Vg = 10.0 and 15.0 ms-1, 
Vg = 12.5 ms-1, Vg = 15.0 ms-1, and calculations where all 6 values of Vg were 
used, compared to the monthly average wind speed reference. Both ranges and 
cumulative distributions in percent are given. 

 
January 10-ref 10, 15-ref 12.5-ref 15-ref All 6-ref 
<-1,0 m/s 0,0% 0,0% 0,0% 1,0% 0,0% 

<-0,75 m/s 0,0% 0,0% 0,1% 13,2% 0,0% 
<-0,5 m/s 0,2% 0,0% 7,0% 58,9% 0,0% 
<-0,4 m/s 1,0% 2,2% 19,2% 70,1% 0,0% 
<-0,3 m/s 3,1% 28,1% 40,4% 73,6% 0,0% 
<-0,2 m/s 7,1% 67,5% 63,1% 76,6% 0,0% 
<-0,1 m/s 12,7% 78,1% 80,2% 82,2% 0,4% 

<0 m/s 19,7% 92,0% 90,1% 88,1% 59,0% 
<0,1 m/s 34,8% 99,6% 96,1% 93,2% 99,8% 
<0,2 m/s 55,5% 100,0% 99,0% 97,5% 100,0% 
<0,3 m/s 70,9% 100,0% 99,9% 99,5% 100,0% 
<0,4 m/s 82,1% 100,0% 100,0% 99,9% 100,0% 
<0,5 m/s 88,8% 100,0% 100,0% 100,0% 100,0% 

<0,75 m/s 98,6% 100,0% 100,0% 100,0% 100,0% 
<1,0 m/s 100,0% 100,0% 100,0% 100,0% 100,0% 
>1,0 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 
Range 
(m/s): 

-0,72 - 
0,98 

-0,5 –  
0,15 

-0,82 - 
0,38 

-1,36 - 
0,44 

-0,15 - 
0,15 
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4.1.3 April  
 
The month of April is taken to represent the spring period. During this time of the year 
the land areas are typically warmer while the sea-surface temperature is lower. Therefore 
spring represents a season with predominantly stable conditions over the sea. 
 
According to Figure 3.2 the geostrophic mean wind speed in April is approximately 9.1 
ms-1. Calculations of the April average wind speed using only the model runs made with 
Vg = 10.0 ms-1 gave a deviation compared to the reference for April in the range -0.41 to 
0.24 ms-1 as seen in Table 4.2. Almost 95% of the grid points have differences as 
compared to the reference climatology within the range ± 0.2 ms-1. The small deviations 
indicate that the use of model runs made with just Vg = 10.0 ms-1 gives a fair result and 
represents a quite good approximation for April. 
 
 

  
a)        b) 

  
c)        d) 
 

Figure 4.3. Differences in the April monthly average wind speed between 
calculations based on runs made with: a) Vg = 10.0 ms-1, b) Vg = 7.5 and 
10.0 ms-1, c) Vg = 2.5, 5.0, 7.5, 10.0, 12.5, 15.0 ms-1 and d) with Vg = 5.0 ms-1, 
compared to the reference-run. Figure (d) represents an example of calculations 
with a too low Vg compared to the mean geostrophic wind speed for the month 
(cf. Figure 3.2). 
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When making new runs with Vg = 7.5 and 10.0 ms-1 the deviations in the climatological 
estimates became even smaller in comparison with the reference run; -0.21 – 0.44 ms-1 
with 92% of the data between ± 0.1 ms-1, which is a very good approximation to use for 
April. 
 
Using model-runs made with other values at Vg, that are not as close to the value of the 
mean geostrophic wind speed found in Figure 3.2, the deviation from the reference wind 
climate estimation became much larger. For instance with Vg = 2.5 ms-1, the maximum 
deviation became as large as 7.68 ms-1 compared to the reference. Same comparison 
between the reference and the results with Vg = 5.0 ms-1 also gave large deviations with 
differences varying between -0.17 and 2.83 ms-1. As seen in January, low geostrophic 
wind speeds generate relatively seen higher wind speeds, and the use of such model runs 
for climatological purposes will increase the total monthly mean wind speed. 
 
Climatological wind estimates were also made using runs for all six geostrophic wind 
speeds, as in January and the result shows even smaller differences compared to the 
reference climatology, being in the range -0.05 – 0.11 ms-1. Thus model runs for three 
geostrophic wind speeds are quite enough to get the climatological wind estimates when 
modelling the mean wind field. 
 
 

Table 4.2. Differences in April monthly average wind speed between calculations 
based on model runs with Vg = 2.5 ms-1, Vg = 10.0 ms-1, calculations where all 6 
values of Vg were used, Vg = 7.5 and 10.0 ms-1, Vg = 5.0 ms-1, compared to the 
monthly average reference. Both ranges and cumulative distributions in percent 
are given. 
 

April 2.5-ref 10-ref All 6-ref 7.5, 10-ref 5-ref 
<-1,0 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 
<-0,75 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 
<-0,5 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 
<-0,4 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 
<-0,3 m/s 0,0% 0,2% 0,0% 0,0% 0,0% 
<-0,2 m/s 0,0% 4,8% 0,0% 0,0% 0,0% 
<-0,1 m/s 0,0% 48,4% 0,0% 0,4% 0,0% 

<0 m/s 0,0% 86,9% 15,4% 16,0% 0,0% 
<0,1 m/s 0,0% 98,5% 99,9% 92,2% 0,0% 
<0,2 m/s 0,0% 100,0% 100,0% 98,2% 0,1% 
<0,3 m/s 0,0% 100,0% 100,0% 99,8% 0,1% 
<0,4 m/s 0,0% 100,0% 100,0% 100,0% 0,3% 
<0,5 m/s 0,0% 100,0% 100,0% 100,0% 0,5% 
<0,75 m/s 0,0% 100,0% 100,0% 100,0% 2,2% 
<1,0 m/s 0,1% 100,0% 100,0% 100,0% 10,8% 
>1,0 m/s 99,9% 0,0% 0,0% 0,0% 89,2% 
Range  
(m/s): 

0,68 –  
7,68 

-0,41 - 
0,24 

-0,05 - 
0,11 

-0,21 - 
0,44 

-0,17 - 
2,83 
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4.1.4 July 
 
In July we have summer in the northern hemisphere. The sea and land temperature is 
high and the mean geostrophic wind speed according to Figure 3.2 is about 7.6 ms-1 in 
the Baltic Sea area. This is the lowest geostrophic mean wind speed in this study. May 
has approximately the same and only June has a lower geostrophic mean wind speed 
(Figure 3.2). 
 
With the starting point that the mean geostrophic wind speed for July is 7.6 ms-1, 
climatological wind estimates were made with Vg = 7.5 ms-1. Table 4.3 gives the 
resulting deviations compared to the reference climatology, -1.55 - 0.65 ms-1, which 
means that the geostrophic wind speed used in the model must be lower than 7.5 ms-1 
since the dominance of negative deviations indicate too high winds using only runs with 
7.5 ms-1. The result is also presented in Figure 4.5a. When using model runs made for 
Vg = 5.0 and 10.0 ms-1 in the calculation of the July average wind speed, the deviations 
decreased to -0.16 – 0.54 ms-1, with almost 95% of the data between 0.0 - 0.3 ms-1 
(Figure 4.5b), which is obviously smaller than the calculation that was made using only 
model runs made for Vg = 7.5 ms-1. 
 
 

  
a)        b) 
 

Figure 4.5. Differences in the July monthly average wind speed between 
calculations based on a) Vg = 7.5 ms-1, b) Vg = 5.0 and 10.0 ms-1 compared to the 
reference-runs (Figure 4.1). In (b) the colours are smoother and shows of 
smaller deviations compared to (a). The minimum in (a) is found in the lake 
Vänern, with a greyish colour. Grey represents negative wind speed deviation 
with an absolute value larger than 1. The maximum in (b) is found north of the 
island of Åland in a small area. 
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Table 4.3. Differences in July monthly average wind speed between calculations 
based on model runs with Vg = 5.0 and 10.0 ms-1, Vg = 7.5 and 10.0 ms-1, 
calculations where all 6 values of Vg were used, Vg = 7.5 ms-1, Vg = 5.0 ms-1, 
compared to the monthly average reference. Both ranges and cumulative 
distributions in percent are given. 
 

 
 
Using model runs with Vg = 7.5 and 10.0 ms-1, the results show that the deviation 
compared to the reference climatology (-0.7 – 0.3 ms-1, 80% of the data between 
-0.3 - 0.0 ms-1) increased in comparison to the result using Vg = 5.0 and 10.0 ms-1, but 
decreased compared to the result using Vg = 7.5 ms-1. This again indicates that model 
runs with geostrophic winds lower than 7.5 ms-1 must be used since the negative part of 
the deviation is larger. Using only model runs with Vg = 5.0 ms-1 the deviation, however, 
became strongly positive with differences compared to the reference wind speeds 
varying between -0.47 and 2.33 ms-1, almost like in April. 
 
Climate wind estimates using model runs for all six geostrophic wind speeds gave 
differences compared to the reference climatology in the range -0.6 - 0.35 ms-1 with 93% 
± 0.2 ms-1, which is not as good as in January and April, but quite satisfactory. 
 
 

4.1.5 October 
 
The autumn is here represented by the month of October with colder land and warmer 
sea water, which creates unstable conditions over sea. The mean geostrophic wind speed 
for October found in Figure 3.2 is about 11 ms-1, giving the first climate wind estimation 
from the model runs with Vg = 10.0 ms-1. The resulting differences compared to the 

July 5,10-ref 7.5, 10-ref All 6-ref 7.5-ref 5-ref 
<-1,0 m/s 0,0% 0,0% 0,0% 0,1% 0,0% 

<-0,75 m/s 0,0% 0,0% 0,0% 0,6% 0,0% 
<-0,5 m/s 0,0% 0,4% 0,1% 3,2% 0,0% 
<-0,4 m/s 0,0% 3,5% 0,1% 7,9% 0,0% 
<-0,3 m/s 0,0% 18,3% 1,0% 15,8% 0,0% 
<-0,2 m/s 0,0% 54,7% 6,4% 27,4% 0,1% 
<-0,1 m/s 0,1% 86,4% 28,6% 48,3% 0,2% 

<0 m/s 2,4% 96,7% 82,5% 71,2% 0,4% 
<0,1 m/s 30,9% 99,4% 97,2% 88,6% 0,7% 
<0,2 m/s 88,3% 99,8% 99,6% 96,5% 1,2% 
<0,3 m/s 96,0% 100,0% 100,0% 98,9% 2,0% 
<0,4 m/s 99,5% 100,0% 100,0% 99,8% 2,8% 
<0,5 m/s 99,9% 100,0% 100,0% 100,0% 4,1% 

<0,75 m/s 100,0% 100,0% 100,0% 100,0% 10,1% 
<1,0 m/s 100,0% 100,0% 100,0% 100,0% 21,5% 
>1,0 m/s 0,0% 0,0% 0,0% 0,0% 78,5% 
Range  
(m/s): 

-0,16 - 
0,54 

-0,7 –  
0,3 

-0,6 –  
0,35 

-1,55 - 
0,65 

-0,47 - 
2,33 



4. RESULT 
 
 

 24

reference climate are in the range -0.21 – 0.69 ms-1 with about 85% in the range 0.0 - 0.3 
ms-1 (Table 4.4). The estimation using model runs with Vg = 10.0 ms-1 thus seems to 
give too low winds. Further wind climate calculations using model runs with Vg = 10.0 
and 12.5 ms-1 gave average wind speeds with smaller deviations compared to the 
reference, -0.27 – 0.48 ms-1 and the cumulative distribution gave 97% of the deviation 
within ± 0.3 ms-1. 
 
 

  
a)        b) 
 

Figure 4.4. Differences in the October monthly average wind speed between 
calculations based on a) Vg = 10.0 ms-1, b) Vg = 10.0 and 12.5 ms-1, compared to 
the monthly average reference. The largest (positive) deviations are found in (a) 
lakes and bays, (b) in the same places as in (a) but not as large values. 

 
 
Estimating the wind climate for October using only model runs made with Vg = 5.0 ms-1 
gave a deviation compared to the reference run varying between -2.07 and 4.43 ms-1. 
This is in line with the above given results for the other months, since Vg = 5.0ms-1 is 
much lower than the mean geostrophic wind speed for the month, giving large positive 
deviation. 
 
The last comparison using model runs made for all six geostrophic wind speeds. The 
resulting difference compared to the reference average wind speed for October varied 
between 0.08 and 0.28 ms-1 (100% of the data found between 0.1 and 0.3 ms-1), which is 
the only result with six geostrophic wind speeds that gives exclusively positive 
differences. This means that the resulting mean wind speed is slightly higher using 
model runs for six than for three values for Vg, but within the margins. 
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Table 4.4. Differences in October monthly average wind speed between 
calculations based on model runs with Vg = 10.0 ms-1, Vg = 5.0 ms-1, calculations 
where all 6 values of Vg were used, Vg = 10.0 and 12.5 ms-1 and the reference-
run. Both ranges and cumulative distributions in percent are given. 

 
 

October 10-ref 5-ref All 6-ref 10,12.5-ref 
<-1,0 m/s 0,0% 2,1% 0,0% 0,0% 
<-0,75 m/s 0,0% 3,5% 0,0% 0,0% 
<-0,5 m/s 0,0% 5,0% 0,0% 0,0% 
<-0,4 m/s 0,0% 5,5% 0,0% 0,0% 
<-0,3 m/s 0,0% 6,0% 0,0% 0,0% 
<-0,2 m/s 0,0% 6,7% 0,0% 2,4% 
<-0,1 m/s 0,4% 7,4% 0,0% 23,2% 

<0 m/s 3,1% 8,1% 0,0% 59,8% 
<0,1 m/s 22,3% 9,0% 0,1% 77,2% 
<0,2 m/s 60,2% 10,4% 84,1% 89,1% 
<0,3 m/s 85,5% 11,7% 100,0% 97,2% 
<0,4 m/s 95,7% 13,2% 100,0% 99,7% 
<0,5 m/s 99,1% 14,7% 100,0% 100,0% 
<0,75 m/s 100,0% 18,5% 100,0% 100,0% 
<1,0 m/s 100,0% 21,8% 100,0% 100,0% 
>1,0 m/s 0,0% 78,2% 0,0% 0,0% 

Range (m/s): -0,21 - 0,69 -2,07 – 4,43 0,08 - 0,28 -0,27 - 0,48 
 
 

4.1.6 Direct comparison of model runs with different Vg  
 
From the above it is clear that the actual choice of geostrophic wind in the model runs 
are quite important to and influences the finally estimated wind climate. Especially the 
low geostrophic wind speed runs often seem to play an important role, probably as in 
those cases the thermally driven mesoscale flows become of greater importance. A 
comparison was thus made between modelled wind speeds from runs using Vg = 5.0 ms-1 
and Vg = 2.5 ms-1. Before comparing the winds, the results from the model runs with Vg 
= 2.5 ms-1 was multiplied by two, the ratio between the two geostrophic wind speeds. 
This was done in order to make a simple test of the possibility to take the modelled 
winds from one run to represent the results from model runs made for another 
geostrophic wind speed. The plots in Figure 4.5 show the differences between the two 
runs (with wind speeds from the low Vg run multiplied by two) and gives a good picture 
of the significance of the mesoscale flow modifications and thermally driven 
circulations for low wind cases and also point at their increased importance for a smaller 
Vg. 
 
Looking at the results for April and July (warmer air masses), (Figure 4.5a and Figure 
4.5b) the same pattern occurred with maximum differences over the sea. Looking at the 
results for January and October (colder air masses), the maxima were not over sea, as in 
April and July, but were instead found over land and less concentrated. 
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This part of the investigation shows the importance of using lower geostrophic wind 
speeds in the wind climate estimate, since low Vg contributes to increase the monthly 
average wind speeds due to the strong occurrence of locally mesoscale phenomena, such 
as thermally driven circulations. 
 
 

  
a)        b) 

  
c)        d) 
 

Figure 4.5. Differences between the wind speed modelled with Vg =2.5 and 5.0 
ms-1, where the results from the 2.5 ms-1 runs were multiplied by two in order to 
test their ability to represent the 5.0 ms-1 runs. Plots are shown for the months a) 
April, b) July, (c) January and (d) October. 

 
 

4.1.7 Annual 
 
The technique used to calculate the climatological annual average wind speed, was 
simply to take the average of the four months representing 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 ms-1) and 8 wind 
directions (cf. Bergström, 1996). These annual averages were then used as reference 
estimates. Other calculations were made with different combination of model runs when 
estimating the annual average wind speed. 
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It was first tested to calculate the annual average wind speed using just modelled wind 
data for January and July. Those months are each others opposites in properties and the 
climatological estimate was made exactly as for the reference calculation using four 
months, but instead using data from two months. The result shows that the difference 
between this simplified calculation and the reference climatological estimate for the year 
varied between -0.12 and 0.38 ms-1 as shown in Table 4.5 and Figure 4.6a, with 85% of 
the data between 0.0 and 0.2 ms-1. The same thing was made using April and October on 
the same premises, in which case the resulting differences were in the range -0.38 – 0.12 
ms-1, Figure 4.6b, and now 85% of the differences were between -0.2 and 0.0 ms-1. 
These two results are each others 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.  
 
 

  
a)        b) 

  
c)        d) 

 
Figure 4.6. Differences in annual average wind speed between the reference-
runs and calculations based on model runs with: a) January and July, b) April 
and October, c) and d) is the same as (a) and (b) but with monthly mean 
statistics from three surrounding months instead of one from each month.. 

 
 
Another method is to once again just use the runs from January and July, but use the 
climatological mean statistics concerning the geostrophic wind speed and wind direction 
distributions from three months surrounding both January and July. For example in 
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January the statistics for December, January and February are used and in July the 
statistics for June, July and August are used. The resulting annual average wind speeds 
were then compared to the results from the reference climatology for the year (Figure 
4.6c-d). The resulting differences were in the range -0.4 – 0.08 ms-1, with almost 97% 
between -0.3 - 0.0 ms-1. 
 
 
The same method was utilized to calculate the annual average wind speed using model 
runs for just April and October, but taking into account the statistics on the geostrophic 
wind from the three surrounding months. The resulting annual averages show deviations 
compared to the reference case in the range -0.18 – 0.28 ms-1, 99% within ± 0.2 ms-1. 
 
 

Table 4.5. Differences in annual average wind speed between the reference 
climatology and calculations based on model runs for:  January-July, April-
October, January-July (3 months’ statistics), April-October (3 months’ statistics) 
and the individual months January, April, July and October together with 
statistics on the geostrophic wind for all 4 months to weight the modelled wind to 
make it represent the annual average. Both ranges and cumulative distributions 
in percent given. 
 

Annual 
JJ- 
ref 

AO- 
ref 

JJ3- 
ref 

AO3-
ref Jan4 Apr4 Jul4 Oct4 

<-1,0 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 
<-0,75 

m/s 0,0% 0,0% 0,0% 0,0% 0,2% 0,0% 0,0% 0,3% 
<-0,5 m/s 0,0% 0,0% 0,0% 0,0% 8,7% 0,0% 0,0% 5,8% 
<-0,4 m/s 0,0% 0,0% 0,0% 0,0% 14,0% 0,1% 0,0% 17,4%
<-0,3 m/s 0,0% 0,8% 0,0% 1,9% 18,2% 1,3% 0,0% 29,0%
<-0,2 m/s 0,0% 6,6% 0,0% 12,6% 22,1% 21,3% 0,7% 56,5%
<-0,1 m/s 0,0% 41,1% 2,4% 59,7% 30,7% 44,5% 7,0% 95,0%

<0 m/s 8,0% 92,0% 32,3% 98,5% 46,1% 73,3% 20,0% 100,0%
<0,1 m/s 58,9% 100,0% 84,6% 100,0% 63,9% 91,7% 41,1% 100,0%
<0,2 m/s 93,4% 100,0% 98,9% 100,0% 78,2% 98,1% 64,6% 100,0%
<0,3 m/s 99,2% 100,0% 100,0% 100,0% 87,2% 99,7% 80,2% 100,0%
<0,4 m/s 100,0% 100,0% 100,0% 100,0% 93,3% 100,0% 87,4% 100,0%
<0,5 m/s 100,0% 100,0% 100,0% 100,0% 98,0% 100,0% 94,9% 100,0%

<0,75 
m/s 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 99,9% 100,0%

<1,0 m/s 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 100,0%
>1,0 m/s 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 
Range 
(m/s): 

-0.12 - 
0.38 

-0.38 - 
0.12 

-0.18 - 
0.28 

-0.4 - 
0.08 

-0.84 - 
0.86 

-0.51 - 
0.44 

-0.28 - 
0.92 

-0.87 - 
-0.02 

 
 
Finally the annual wind speed climate was also made in four test calculations. One for 
each of the four months: January, April, July and October, using the model run results 
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for each month. In each calculation the statistics on the geostrophic wind for all four 
months were, however, used. This is the same as saying that the modelled winds for any 
one of the four months could be taken to represent the other months. The resulting 
differences compared to the reference climatology became for: 
 

January:  -0.84 – 0.86 ms-1, median 0.03 ms-1, 56% within ± 0.2 ms-1 
April:  -0.51 – 0.44 ms-1, median 0.03 ms-1, 77% within ± 0.2 ms-1 
July:  -0.28 – 0.92 ms-1, median 0.12 ms-1, 64% within ± 0.2 ms-1 
October:  -0.87 – -0.02 ms-1, median -0.22 ms-1, 44% within ± 0.2 ms-1 

 
 
 
4.2 Influence from the number of geostrophic wind directions modelled 
 
In the reference calculations 8 wind direction sectors were used (Figure 3.1b). To test 
the importance of the number of wind directions used for the wind climate estimates, 
previously made model runs from the area with 8, 16 and 32 wind direction sectors were 
used. New calculations were made with only 4 wind direction sectors (north, east, south 
and west) for further comparisons. 
 
The first comparison made was between the wind speed climates estimated using 32 and 
8 wind directions. The results presented are only from April, due to lack of modelled 
data for the other months. The deviation was in the range -0.27 – 0.53 ms-1, with 86% 
between ± 0.2 ms-1. When comparing wind climate estimates using model runs with 16 
and 8 wind directions, the results for all four months was close to each other, except for 
January, which gave somewhat lower wind speeds than the other months for 16 wind 
directions. The wind speed differences between estimates based on 16 and 8 wind 
directions were: 
 
January:  -0.48 – 0.42 ms-1, median -0.05 ms-1, 97% within ± 0.2 ms-1 
April:   -0.17 – 0.43 ms-1, median 0.15 ms-1, 77% within ± 0.2 ms-1 
July:   -0.19 – 0.56 ms-1, median 0.15 ms-1, 68% within ± 0.2 ms-1 
October:  -0.24 – 0.51 ms-1, median 0.05 ms-1, 90% within ± 0.2 ms-1 
 
 
When reducing the number of wind directions to 4 and comparing them to the wind 
speed estimates using 8 wind directions, the resulting differences increased. Again 
January gave a larger difference than the rest of the months. The wind speed differences 
between estimates based on 4 and 8 wind directions were: 
 
 
January:  -2.36 – -0.86 ms-1, median -1.15 ms-1 
April:    0.23 – 0.78 ms-1, median 0.48 ms-1 
July:    0.78 – 1.98 ms-1, median 1.19 ms-1 
October:  -0.96 – 0.31 ms-1, median -0.49 ms-1 
 
 
Both January and October gave lower wind speeds with just four wind directions used 
for the wind climate estimates, while April and July gave higher. 
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Table 4.6. Differences in monthly average wind speed using calculations based 
on model runs for different numbers of wind directions (32, 16, 8 and 4 wind 
directions). The result is presented as a deviation and a cumulative distribution 
in percent. 

 
Wind 
dir. 

Jan 
16-8 

Apr 
16-8 

Jul 
16-8 

Oct 
16-8 

Apr 
32-8 

Jan  
4-8 

Apr  
4-8 

Jul  
4-8 

Oct  
4-8 

<-1,0 
m/s 0,0% 0,0% 0,0% 0,0% 0,0% 88,6% 0,0% 0,0% 0,0% 

<-0,75 
m/s 0,0% 0,0% 0,0% 0,0% 0,0% 100,0% 0,0% 0,0% 21,6% 

<-0,5 
m/s 0,0% 0,0% 0,0% 0,0% 0,0% 100,0% 0,0% 0,0% 55,6% 

<-0,4 
m/s 0,0% 0,0% 0,0% 0,0% 0,0% 100,0% 0,0% 0,0% 89,9% 

<-0,3 
m/s 0,6% 0,0% 0,0% 0,0% 0,0% 100,0% 0,0% 0,0% 100,0%

<-0,2 
m/s 4,2% 0,0% 0,0% 0,2% 0,1% 100,0% 0,0% 0,0% 100,0%

<-0,1 
m/s 24,8% 0,1% 0,4% 1,9% 1,5% 100,0% 0,0% 0,0% 100,0%
<0 
m/s 67,4% 1,8% 4,1% 19,1% 9,5% 100,0% 0,0% 0,0% 100,0%
<0,1 
m/s 92,5% 25,1% 23,8% 66,3% 44,9% 100,0% 0,0% 0,0% 100,0%
<0,2 
m/s 97,6% 76,6% 68,5% 89,5% 86,1% 100,0% 0,0% 0,0% 100,0%
<0,3 
m/s 99,4% 98,4% 94,2% 96,9% 98,8% 100,0% 0,5% 0,0% 100,0%
<0,4 
m/s 99,9% 99,9% 99,4% 99,3% 99,9% 100,0% 13,2% 0,0% 100,0%
<0,5 
m/s 100,0% 100,0% 99,9% 99,8% 100,0% 100,0% 52,2% 0,0% 100,0%

<0,75 
m/s 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 99,8% 0,0% 100,0%
<1,0 
m/s 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 100,0% 12,0% 100,0%
>1,0 
m/s 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 88,0% 0,0% 

Range 
(m/s): 

-0,48 - 
0,42 

-0.17 - 
0.43 

-0,19 - 
0,56 

-0,24 - 
0,51 

-0,27 - 
0,53 

-2,36 – 
-0,86 

0,23 - 
0,78 

0,78 - 
1,98 

-0,96 – 
-0,31  
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4.3 Importance of a thermal wind 
 
So far no thermal wind has been used in the model runs. The same mean geostrophic 
wind speed and wind direction have been applied in the model from z0 up to the model 
top at 10 000 m. 
 
With sounding data received from University of Wyoming*, covering the years 
1989 - 2002, from the weather stations in Riga, Visby and Bromma, mean wind profiles 
have been calculated. As in Figure 4.7a-b profiles for April covers the troposphere 
between 500 – 10 500 m. It starts at 500 m to avoid influence from the friction of the 
ground and other boundary layer effects. 
 
 

 
Figure 4.7a. Mean wind direction profiles for April for each of the 8 wind 
directions used when modelling the wind. The profiles were calculated from 
soundings at Bromma, Riga and Visby. 
 

                                                 
* http://weather.uwyo.edu/upperair/sounding.html 
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Figure 4.7b. Mean wind speed profiles for April for each of the 8 wind directions 
used when modelling the wind. The profiles were calculated from soundings at 
Bromma, Riga and Visby. 
 
 

The sounding profiles were then assumed to represent the geostrophic wind profiles. 
From these profiles mean wind directions and mean wind speeds were calculated in 
layers of 2 000 m, starting at 2 000 m and up to 10 000 m, for each of the eight wind 
directions. They where put in the MIUU-model for a set of model-runs representing 
April with Vg = 10 ms-1. The choice in geostrophic wind speed was made with 
background from the good agreement with the reference climatology for April, 
presented previously in this thesis using just model runs with Vg = 10 ms-1, (Table 4.1). 
 
The new April average wind speed results, using a thermal wind, was compared with the 
previous calculation from the model run representing April with Vg = 10 ms-1, and also 
with the result from the reference climatology (Figure 4.1). The results are presented in 
Table 4.7. A slight influence may be seen, such that the model runs with a thermal wind 
gives a slightly higher average wind speed. 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 momentum 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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Table 4.7. Differences in April average wind speed using calculations based on 
model runs with a thermal wind and: the reference climatology, calculations 
based on model runs only with Vg = 10.0 ms-1. 

 
April 10tw-ref 10tw-10 

<-1,0 m/s 0,0% 0,0% 
<-0,75 m/s 0,0% 0,0% 
<-0,5 m/s 0,0% 0,0% 
<-0,4 m/s 0,0% 0,0% 
<-0,3 m/s 0,0% 0,0% 
<-0,2 m/s 0,2% 0,0% 
<-0,1 m/s 3,9% 0,0% 

<0 m/s 21,9% 0,7% 
<0,1 m/s 46,7% 12,5% 
<0,2 m/s 75,6% 52,9% 
<0,3 m/s 92,9% 84,6% 
<0,4 m/s 98,4% 98,7% 
<0,5 m/s 99,5% 100,0% 

<0,75 m/s 100,0% 100,0% 
<1,0 m/s 100,0% 100,0% 
>1,0 m/s 0,0% 0,0% 

Range. (m/s): -0.29 - 0.61 -0.13 - 0.47
 
 
 

  
a)        b) 
 

Figure 4.8. Differences in April average wind speed between estimates using 
model runs with Vg = 10.0 ms-1 including thermal wind and (a) the reference 
calculation, (b) the model runs with Vg = 10.0 ms-1 excluding thermal wind. 
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4.4 Influence from changes in the potential temperature profile 
 
The potential temperature profiles used in all runs to initialize the model were taken 
from typical profiles for the different seasons, and should represent the temperature 
characteristics of the different air masses. For the months of April and October, model 
runs where also made with both a warmer and a colder atmosphere, keeping the surface 
conditions (ground and sea-surface temperatures) as in the original model runs. In the 
warmer air case the potential temperature was increased by 2 K, and in the cold air case 
the temperature was decrease by 2 K. In both cases the changes were made through the 
whole atmosphere. 
 
 

  
a)        b) 
 

Figure 4.9. Differences in April average wind speed between estimates using 
model runs with: (a) an increase in potential temperature by 2 K and (b) a 
decrease in potential temperature by 2 K, compared to the reference climatology 
for April. 

 

  
a)        b) 
 

Figure 4.10. Differences in October average wind speed between estimates using 
model runs with: (a) an increase in potential temperature by 2 K and (b) a 
decrease in potential temperature by 2 K, compared to the reference climatology 
for October. The grey areas in (b) represent areas with negative values lower 
than -1 ms-1. 
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The resulting climatological average wind speed from the runs made with the increased 
and decreased potential temperatures were compared to the reference climatology for 
respective month and the results are presented in Table 4.8. 
 
 

Table 4.8. The table shows the differences in monthly average wind speed using 
model runs with increased/decreased potential temperature profile by 2 K, 
compared to the reference climatology for each month. 

 
Pot.temp Apr(+2K)-ref Apr(-2K)-ref Oct(+2K)-ref Oct(-2K)-ref 
<-1,0 m/s 0,0% 0,0% 0,0% 1,2% 
<-0,75 m/s 0,0% 0,0% 0,0% 3,3% 
<-0,5 m/s 0,0% 0,0% 0,0% 5,8% 
<-0,4 m/s 0,0% 0,0% 0,0% 8,1% 
<-0,3 m/s 0,0% 0,0% 0,0% 12,0% 
<-0,2 m/s 0,7% 3,0% 0,1% 21,1% 
<-0,1 m/s 16,2% 26.5% 3,0% 48,6% 

<0 m/s 88,3% 93,3% 20,5% 91,6% 
<0,1 m/s 99,1% 99,5% 73,4% 99,2% 
<0,2 m/s 100,0% 100,0% 92,3% 99,9% 
<0,3 m/s 100,0% 100,0% 96,7% 100,0% 
<0,4 m/s 100,0% 100,0% 97,8% 100,0% 
<0,5 m/s 100,0% 100,0% 98,8% 100,0% 
<0,75 m/s 100,0% 100,0% 100,0% 100,0% 
<1,0 m/s 100,0% 100,0% 100,0% 100,0% 
>1,0 m/s 0,0% 0,0% 0,0% 0,0% 

Range (m/s): -0.2 - 0.28 -0.31 - 0.19 -0.29 - 0.66 -1.18 - 0.22 
 
 



5. SUMMARY AND CONCLUSION 
 
 

 36

5. SUMMARY AND CONCLUSIONS 
 
To get a good survey over the potential of wind energy at sea and in coastal areas a 
model has to be used since there are too few wind-measuring stations to get a detailed 
offshore wind climate mapping. One other aspect is that most wind-measuring stations 
measure at 10 m and in the view of wind energy this is a too low height since the hub 
height at a wind turbine often is between 30 – 60 m and in some cases even higher. 
 
Here the MIUU-model has been used to investigate the wind climate. The MIUU-model 
is a three-dimensional mesoscale numerical higher-order closure model that takes 
special notice of the atmospheric boundary layer. The model is rather computer time 
consuming and therefore some choice regarding the most important flow forcing 
parameters has to be made since it is impossible to model all meteorological situations. 
In this thesis the main idea is to evaluate which flow forcing parameters that can be 
adjusted or simplified while still keeping a good credibility of the results. 
 
The flow forcing parameters identified are: geostrophic wind (magnitude and direction), 
thermal stratification (the daily temperature variation), land-sea temperature differences 
(seasons), thermal wind and daily variations in cloud cover. The primary factor that 
influences the wind field is the geostrophic wind, and in this thesis the importance of 
geostrophic wind, thermal stratification and thermal wind have been studied. 
 
Since this study does not use or rely on observations, some reference runs were made. 
They where chosen with regard to the results in previous studies using the MIUU-model. 
In 1997 a study of the wind climate over the Baltic Sea was made using the MIUU-
model (Sandström, 1997), and in 2000 another wind climate study with the model was 
made over a mountain area in northern Sweden (Sourva) (Bergström and Källstrand, 
2000). The results in both studies showed good agreement with observation, and 
consequently the same technique and parameter combinations were used here as a 
reference case. The present results also show a good agreement with observations in the 
modelled area. The reference runs were made with three values of the geostrophic wind 
speed; 5.0, 10.0, 15.0 ms-1, and with eight wind direction sectors for each of the four 
months; January, April, July and October. The climatological means of the sea surface 
temperature was used over water. 
 
All climatological wind calculations were based on the distribution of the mean 
geostrophic wind speed 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. The resulting average wind speeds received, using 
just one geostrophic wind speed close to the average of the specific months, gave larger 
differences (January, Vg = 12.5 ms-1, -0.82 – 0.38 ms-1) than results using model runs 
made with two (January, Vg = 10.0, 15.0 ms-1, -0.5 – 0.15 ms-1), three or six (January, 
Vg as all six wind speeds, -0.15 – 0.15 ms-1) wind speeds, compared to the average wind 
speeds received in the reference climatology. This is probably 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 geostrophic 
wind. 
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When comparing climate wind estimates with climate wind references a deviation by 
± 0.5 ms-1 sound small, but in calculations of the wind energy the geostrophic wind 
affects the wind energy by a power of three. That can give rather large errors in wind 
energy calculations. The largest modelled deviations are often found in lakes like 
Vänern and bays like the Finnish bay and Riga bay, but not as often to say for sure. Also 
measurements made at weather stations can easily give variations by ± 0.2 ms-1, which 
means that the wind climate may not be constant. 
 
Thus the results indicate that to cover the most important meteorological conditions 
governing the atmospheric wind field, model runs representing two or more values of 
the geostrophic wind speed have to be used. In some cases, however, like for April, the 
differences between the climatological average wind estimated using model runs for just 
one geostrophic wind speed and the reference wind speed climate estimate became 
rather small (Vg = 10.0 ms-1, -0.41 – 0.24 ms-1). The reason for this is not obvious, and 
probably depends on a number of imperfections in the climate estimates that more or 
less cancel each other giving an acceptable result using only one set of geostrophic wind 
speed runs. 
 
To be sure to get as accurate estimate of the wind climate as possible, it is 
recommendable to use model runs representing two or three magnitudes of the 
geostrophic wind speeds. To be on the safe side the three values of the geostrophic wind 
speeds used in the reference case are a good starting point, covering the geostrophic 
mean wind speed distribution for the Baltic Sea area. To save computer time the 
monthly averages shown in Figure 3.2 may be a good guide in the choice of the 
geostrophic wind speeds, limiting the number of modelled cases to two speeds. In this 
case it could be recommended to choose one wind speed on each side of the mean 
geostrophic wind speed for the specific month. 
 
Even geostrophic wind of low speed can give rise to rather high modelled mean wind 
speeds. The reason for this is that during such conditions the wind is often driven by 
mesoscale phenomena, such as thermally modified circulations which sometimes 
strengthen the flow giving higher boundary layer winds than might be expected only 
taking the geostrophic wind into account (April, Vg = 2.5 ms-1, 0.68 – 7.68 ms-1). Those 
phenomena modify the flow also for higher geostrophic winds, but then their rolls are of 
secondary importance. A lower Vg gives ‘more room’ for the mesoscale phenomena to 
be of importance than a higher Vg. Examples of this is found in Figure 4.5 where 
modelled mean winds with Vg = 2.5 ms-1 are compared to what is modelled with Vg = 5.0 
ms-1. The thermally modified circulations are of greatest importance for the low 
geostrophic wind speed case why, as can be seen in the figure, multiplying the 2.5 ms-1 
run wind speed by 2 to make them representative for the 5 ms-1 runs, will overestimate 
the wind speed. 
 
To calculate the mean wind speed for the whole year, the results for the four months 
January, April, July and October were utilized. This result was then used as reference in 
comparison with other and simplified approaches to calculate the annual average wind 
speed. For all calculations each of the months had its own statistics for the geostrophic 
wind. As an example, the statistics for April are found in Figure 3.2a-c. To minimize the 
number of runs used for the calculations of the annual mean geostrophic wind speed, 
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tests were done where only two months were used. The combinations were January and 
July, April and October since they are each others opposites in properties as regards the 
temperature conditions. The results from these calculations showed, as expected, the 
same magnitudes in difference compared to the reference statistics, but with reversed 
sign compared to each other.(Jan-Jul, -0.12 – 0.38 ms-1, Apr-Oct, -0.38 – 0.12 ms-1). 
This is expected since the two results taken together should cancel one another as 
regards the difference compared to the reference climatology. Both of the two resulting 
annual averages are, however, good approximations to the ‘true’ values as given by the 
reference case if no other model runs are made. If possible, it could be recommended to 
use all four months for the annual wind climate calculations. 
 
Another calculation was also made with the same two combinations of months, but this 
time using three months of geostrophic wind statistics together with each of the two 
monthly model runs. This method gave almost the same size of the deviation compared 
to the reference climatology, but this time no symmetry was observed in the sign of the 
differences comparing the two sets of months as more information enters the weighting 
of the annual mean in this method of calculating the annual mean compared to the 
reference case. (If the annual reference was calculated using statistics from the three 
surrounding months for all four months the deviations would show reversed signs also in 
this case). 
 
The last calculation made for the annual mean wind speed was to use the runs from a 
single month but the statistics from all four month. This did not turn out as well since the 
properties of the individual months are too different from each other. The deviations 
became larger (January, -0.84 – 0.86 ms-1) and therefore this is not an applicable method 
to calculate the annual mean wind speed. 
 
When comparing the average wind speed estimates using model runs made with 4, 8, 16 
and 32 wind direction sectors, the results show that the differences were generally rather 
small. The deviation between the results using 16 and 8 wind directions, revealed no 
significant differences and proves that the use of 8 wind direction sectors are enough for 
wind climate modelling, at least in offshore areas (April, -0.17 – 0.43 ms-1). When using 
32 wind directions and comparing the resulting mean winds to the results using 8 wind 
directions, the same small deviations were found, although the calculations in this case 
was only made for April since no runs where made with 32 wind directions for any other 
month. Again, however, this result indicates that to make model runs for 8 wind 
directions is enough for offshore conditions. 
 
The last comparison made was between wind climate estimates using model runs with 4 
and 8 directions of the geostrophic wind. Here the differences increased compared to the 
earlier calculations where a larger number of geostrophic wind directions were used 
(January, -2.36 - -0.86 ms-1). This means that 4 wind directions do not cover all 
meteorological situations of importance to the wind climate in this type of area. In a 
more complex terrain a larger number of wind directions could be expected to be 
necessary to use. Wind climates made using a larger number of wind directions in the 
model runs could be expected to show more coherent areas with maxima and minima in 
the average wind speed. With 8 directions there are 45° between each modelled 
direction, which can give an artificial division of the resulting average wind field. The 
largest differences were noticed between 4 and 8 directions. In January and October the 
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mean wind speed also decreased quite a lot as compared to the reference climatology, 
while in April and July the mean wind speed increased. It is obviously not enough using 
only model runs for 4 wind direction sectors. 
 
The introduction of a thermal wind (a geostrophic wind varying with height) in the 
model simulations did not give any surprises or large changes of the resulting average 
wind speeds. The model was run with a thermal wind only for April and with Vg = 10.0 
ms-1 at the surface. The resulting average wind climate was compared to the reference 
climatology for April and also to the wind climate estimated using only the model runs 
for April with Vg = 10.0 ms-1 but without a thermal wind. The differences were small 
with approximately 93 % of the material within ± 0.3 ms-1 in the first case and 85 % 
within ± 0.3 ms-1 in the second. The conclusions from this are that the approximation 
made in the reference climatology, which only uses model runs made with a geostrophic 
wind constant with height as regards both speed and direction, is an applicable 
approximation modelling lower heights. 
 
The average wind speed arrived at in using the model runs with a potential temperature 
profile which was increased or decreased by 2 K, made for April, showed deviations 
from the reference cases which were rather small (increase -0.2 – 0.28 ms-1, decrease 
-0.31 - 0.19 ms-1), leading to the conclusion that the model and the estimated wind 
climate is not that sensitive to the exact magnitude of the temperature profiles used to 
initialize the model. For the month of October the deviations were larger; especially with 
the decreased potential temperature profile (decrease -1.18 – 0.22 ms-1) Since October is 
the month with commonly unstable conditions over the sea, a decrease in the potential 
temperature profile, which is the same as to say that the air mass is colder, would lead to 
increased unstable conditions offshore, which in turns give a lower wind speed. An 
increase of the potential temperature profile would on the other hand lead to higher wind 
speeds, which is shown in Figure 4.10. It could be noted that the observed changes were 
found in the same areas for both runs in April, and similarly in the same areas for both 
runs in October. In April the largest differences as compared to the reference 
climatology were found over the sea in bays, and in October over the sea north of 
Poland and also between Gotland and Estonia. 
 
To summarise the study in a few lines, one can be say that there seem to be only a few 
shortcuts when modelling the mean wind speed. The question is if these shortcuts are 
worth the trouble to find in the specific model area. The results arrived may not be the 
same in another area, e.g. with more complex terrain and less water. To find out this, 
further investigations need to be done for other areas. Also further investigations on the 
remaining flow forcing parameters, as daily variations in cloud cover, are needed to 
complete the investigation of how many model runs which are needed to optimize the 
modelled wind climate estimation. 
 
The study points at a recommendation to continue to run the model with the same three 
geostrophic wind speeds as was previously made for the reference climatology. The only 
shortcut worth keeping in mind is to use just two geostrophic wind speeds when making 
the model runs if statistics for the area is available. 
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