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ABSTRACT

The Finnish Wind Atlas was prepared applying the mesoscale model AROME with 2.5 km horizontal resolution and the
diagnostic downscaling method Wind Atlas Analysis and Application Programme (WAsP) with 250 m resolution. The
latter was applied for areas most favourable for wind power production: a 30 km wide coastal/offshore zone, highlands,
large lakes and large fields. The methodology included several novel aspects: (i) a climatologically representative period
of real 48 months during 1989–2007 was simulated with the mesoscale model; (ii) in addition, the windiest and calmest
months were simulated; (iii) the results were calculated separately for each month and for sectors 30° wide; (iv) the WAsP
calculations were based on the mesoscale model outputs; (v) in addition to point measurements, also radar wind data were
applied for the validation of the mesoscale model results; (vi) the parameterization method for gust factor was extended to
be applicable at higher altitudes; and (vii) the dissemination of the Wind Atlas was based on new technical solutions. The
AROME results were calculated for the heights of 50, 75, 100, 125, 150, 200, 300 and 400 m, and the WAsP results for the
heights of 50, 75, 100, 125 and 150 m. In addition to the wind speed, the results included the values of the Weibull distri-
bution parameters, the gust factor, wind power content and the potential power production, which was calculated for three
turbine sizes. The Wind Atlas data are available for each grid point and can be downloaded free of charge from dynamic
maps at www.windatlas.fi. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Production of a new state-of-the-art Wind Atlas for Finland is expected to help the exploitation of wind energy resources
for electricity production. Up to the end of 2009, the amount of wind energy capacity installed in Finland was only 147 MW
(www.vtt.fi/ windenergystatistics). In the governmental development plan for renewable energy, the target is to have 2000–
2500 MW of installed wind power by 2020. A feed in law came in force in 2011 guaranteeing a fixed price for electricity
production, which strongly increased the interest in wind energy. Accordingly, identification and searching for potential
sites for wind farms is a current issue in Finland.

The previous national Wind Atlas for Finland was produced in 1991.1 It was based on use of the Wind Atlas Analysis
and Application Programme (WAsP2) and wind data from 57 weather stations, using a methodology slightly modified from
that in the European Wind Atlas.3 The Finnish atlas from 1991 intended to present the long-term wind climate in the whole
country, but the number of observations available was limited. At that time, the number of offshore and coastal weather
stations was very low, whereas no wind measurements were available from the fjelds (barren, low mountains in northern
Finland). Hence, the representativeness of the wind atlas for these areas, which actually have the highest wind energy
potential, was not good. Furthermore, the results were only presented for the whole year without seasonal separation.

Copyright © 2011 John Wiley & Sons, Ltd.
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Accordingly, a strong need arose for a more accurate wind atlas. In Finland, the size of the country, its complex terrain
and large seasonal differences generate strong demands for a wind atlas. The complexity of the terrain is not so much
related to orography but to the complex shape of the almost flat coastline and archipelago, which generates a need for very
high spatial resolution. Further, the differences in wind conditions between seasons are particularly large because in winter,
the sea and lakes are frozen and the ground is covered by snow, which changes the surface roughness and stabilizes the
atmospheric boundary layer (ABL). Stable stratification favours the generation of low-level jets.4 In winter, wind power
plants are also subject to ice accretion. The production of a new Wind Atlas for Finland has also been motivated by the
need to evaluate the possible effects of climate change on wind conditions. In 2008, the Ministry of Labour and Economics
released an international tender for production of the new Finnish Wind Atlas. The tender was won by the Finnish Meteo-
rological Institute (FMI), with Risø DTU and Vaisala Ltd as subcontractors. The project started 1 June 2008, and the wind
atlas was released 25 November 2009 (www.windatlas.fi).

Many national wind atlases have recently been produced applying numerical weather prediction (NWP) models. In an
ideal approach, all possible weather conditions should be simulated. Experiments with NWP models require, however,
many computer resources. Hence, in recent wind atlas projects, the number of cases simulated has usually been limited
to a few hundred, and the results have been weighted applying various statistical methods to represent the annual mean
wind conditions. The Swedish Wind Atlas was produced applying a mesoscale model.5 The model was forced by various
geostrophic wind fields, and the seasonal variations in temperature and humidity were also taken into account. The model
results were weighted on the basis of the climatological distribution of geostrophic winds based on pressure observations
and the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanal-
ysis fields on the altitude of the 850 hPa pressure level. Also, the Portuguese6 and Spanish7 Wind Atlases were produced by
mesoscale models. Long-term wind observations were used to weight the mesoscale model results calculated for selected
geostrophic flow fields.

It has been more common to produce wind atlases applying a combination of mesoscale and microscale models. In
Denmark and Faroe Islands8 and in Egypt,9 the mesoscale model Karlsruhe Atmospheric Mesoscale Model was applied
together with WAsP. The simulated weather situations were selected on the basis of the NCEP/NCAR reanalysis data, and
the average wind climate was obtained by weighting the Karlsruhe Atmospheric Mesoscale Model results on the basis of
the frequency of occurrence of various large-scale atmospheric forcing conditions. The Irish Wind Atlas10 was based on the
mesoscale model Mesoscale Atmospheric Simulation System, the mass-consistent model Windmap and the NCEP/NCAR
reanalysis data. In Italy,11 the wind flow model WINDS was applied with wind observations and 10 years of geostrophic
wind data based on the European Centre for Medium-Range Weather Forecasts reanalysis. The Norwegian Wind Atlas dif-
fers from other wind atlases because instead of geostrophic wind data and a mesoscale model, solely the computational fluid
dynamic model WindSim was applied with long-term wind observations (http://windsim.com/wind_energy/wind_atlas/).

In this paper, we describe the production methodology of the Finnish Wind Atlas and present some examples of the
results. Our modelling strategy (Section 2) was based on application of two models: the mesoscale model AROME with
2.5 km horizontal resolution and the diagnostic downscaling method WAsP with 250 m horizontal resolution. Our approach
differs significantly from those previously applied in the production of national wind atlases: we simulated a much larger
number of real weather conditions than previously carried out. In the wind atlas, we also present variables based on post-
processing of the model results, which is described in Section 3. In Section 4, we summarize the validation of AROME
and WAsP, including a novel application of radar winds, and in Section 5, we evaluate climatological aspects of wind
conditions in Finland. Examples of the results of the wind atlas are presented in Section 6, and conclusions are drawn in
Section 7.

2. MODELLING STRATEGY

2.1. Selection of simulation period

The Finnish Wind Atlas was requested to represent the present wind climate. Hence, we first studied the wind speeds at
the 850 hPa pressure level utilizing the ERA-40 and ERA-Interim reanalysis of the European Centre for Medium-Range
Weather Forecasts for the period of 1958–2007. In the total period of 1958–2007, an increasing trend was found in the
850 hPa wind speed over Finland, but in the subperiod of 1989–2007, covered by ERA Interim, there was no statistically
significant trend. Hence, an objective was set that the Finnish Wind Atlas should as well as possible represent the period of
1989–2007. In lieu of time and computing power for a 19-year-long AROME simulation, we decided to simulate a repre-
sentative 48-month-long reference period. We selected the period so that the wind conditions of each month are represented
by winds of that month in four selected years. The selection was made on the basis of the ERA-Interim 850 hPa level data
on wind speed and direction.

The number of possibilities to select 4 years among 19 years is 5430 (when the same year is allowed to be selected more
than once). The selection between these alternatives was made on the basis of following criteria:
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(a) The Weibull distribution of wind speed should be as representative as possible for the period 1989–2007.
(b) The distribution of wind directions should be as representative as possible.
(c) The Weibull distribution of wind speed should be as representative as possible in the 12 wind direction sectors (each

30° wide).

The following calculations were made separately for each month at the 850 hPa pressure level at nine locations: two in
northern Finland, three at the coast of the Gulf of Bothnia, two at the coast of the Gulf of Finland and two in inland central
Finland. From the 5430 possible combinations of years, the minimum values were searched for parameters RS and RD .

RS D 6jki � kj C jAi �Aj (1)

RS measures the representativeness with respect to aspect (a): i refers to the Weibull parameter value in a combination of
4 years, and the overbar refers to the parameter value in the 19 year data set. The factor 6 is applied to make the deviations
of A and k equally important for RS.

RD D

12X
DD1

jVDi � V
D j C jPDi �P

D j (2)

RD measures the representativeness with respect to aspects (b) and (c). D is the wind direction sector: D1 D 0–30°,
D2 D 30–60°, and so on. V is the wind speed, and P is the percentage of cases in each wind direction sector. The final
parameter to be minimized is

RD 20 RS CRD (3)

where the factor 20 makes RS + RD equally weighted. Finally, the combination of years to be simulated is the one that
minimizes the sum of R over the nine locations.

In addition, 12 individual months were selected to represent the most windy hypothetical year (composed of the most
windy January, February, and so on, in the period 1989–2007) and analogously the least windy hypothetical year. The
months selected for the AROME simulations are shown in Table I.

2.2. Use of the NWP models

The NWP models HIRLAM and AROME were applied to produce the wind atlas. HIRLAM12 is the main tool of FMI
for synoptic-scale NWP; it provided initial and boundary conditions for AROME, which is described in Appendix A.
The HIRLAM and AROME runs were conducted in double-nesting manner following the operational practice at FMI
(Figure 1). All the wind atlas periods (Table I) were simulated in 6 hour sequences, storing the atmospheric state after 3
and 6 h of simulation. The 3-hourly output was chosen to adequately capture the diurnal cycle of the wind field. AROME
used a 2.5 km horizontal grid spacing and 40 hybrid terrain-following levels in the vertical, defined in terms of pressure,
of which eight levels were located in the lowest 1000 m (approximate heights above the model surface: 30, 100, 185, 280,
390, 520, 665 and 830 m).

Table I. AROME simulation periods selected on the basis of the ERA-Interim reanalysis.

Month The combination that best represents the Most windy Least windy
wind climate in the period 1989–2007 reference year* reference year*

January 1991 1993 2000 2007 1989 2004
February 1989 1992 1998 2006 1989 1994
March 1991 1994 2002 2006 1997 2006
April 2000 2003 2005 2005 2007 2004
May 1991 1996 2000 2005 2000 1994
June 1989 1991 1992 1994 2000 1997
July 1992 2000 2002 2006 1999 1997
August 1994 1997 2001 2007 2005 2006
September 1991 1996 2003 2006 2005 1993
October 1995 1997 1998 1999 2005 1992
November 1992 1997 2004 2005 1999 2002
December 1989 1990 2000 2002 1992 2000

*The most windy reference year is a hypothetical year composed of the most windy months in the period 1989–2007. Analogously
for the least windy reference year.
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Figure 1. Modelling strategy for the Finnish Wind Atlas. �h denotes the horizontal resolution and �t is the model time step.

The initial state for the HIRLAM runs (and consequently for AROME) was produced by using both surface (2 m
temperature and relative humidity, surface pressure, snow depth and sea surface temperature) and upper-air observations
(TEMP/PILOT soundings and AMDAR aircraft observations, if available) within a variational data assimilation scheme.
The data required at the edges of the HIRLAM domain were taken from the ERA-Interim reanalysis, which has an 80 km
horizontal resolution. With the available computing resources, the modelling task was carried out in 8 months.

In the Finnish Wind Atlas, the AROME results are presented in a 2.5 km horizontal grid, and the data are linearly
interpolated at eight levels above the Earth surface: 50, 75, 100, 125, 150, 200, 300 and 400 m.

2.3. Wind generalization and the use of WAsP

The AROME-based winds in the ABL strongly depend on the roughness length (z0) and orography applied in the model.
Because of the limited resolution, AROME presents a simplified version of the real terrain. To apply the modelled surface
winds outside of the AROME framework, a so-called generalization process is needed. The process, developed at Risø
DTU and applied in many wind atlas calculations,8,13 standardizes the AROME surface winds providing hypothetical sur-
face winds for a flat terrain with homogeneous roughness. Hence, the generalized surface winds no more depend on the
z0 and orography of AROME and can be applied utilizing the WAsP model together with more detailed information on
the local terrain. WAsP2 (see also www.wasp.dk) contains a suite of microscale models originally developed for prediction
of wind resources over the area surrounding a meteorological station, taking into account the effects of local changes in
roughness14,15 and elevation.16 An obstacle model is also included in WAsP but not used in this study. The following
paragraphs describe how the generalization is performed on AROME winds.

The generalized wind climate comprises of profiles of sector-wise wind speed distributions given at a number of gen-
eralization heights (here 10, 25, 50, 100 and 200 m) for a set of generalization z0 values (here 0.0002, 0.03, 0.1 0.4 and
1.5 m). In practice, the generalized winds were obtained using the AROME results for wind velocity (interpolated to the
heights of 50, 100 and 200 m) and surface fluxes of momentum and heat, as well as AROME values for surface elevation
and z0. For the generalization heights of 10 and 25 m, the winds were calculated on the basis of the Monin–Obukhov
similarity theory applying the AROME 50 m winds and the surface momentum and heat fluxes. For each of the generaliza-
tion heights, a topographic correction was calculated using the linear flow model LINCOM.17 The correction accounts for
changes in wind speed due to changes in elevation (orographic speed up) and z0. Once the generalization was performed
for all simulations, wind speed distributions were fitted to the Weibull distribution.

The topographic corrections were applied to the interpolated winds at the generalization heights to provide winds over
a flat terrain with homogeneous roughness. The homogeneous z0 depends on the location and wind direction. To calculate
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the winds for the generalized roughness lengths (independent of direction and location) at a specific generalization height
z, neutral conditions and a logarithmic profile were assumed to solve u� corresponding to the z0 in AROME, and then the
geostrophic wind speed Vg was calculated using the geostrophic drag law:

Vg D
u�

�

s�
ln

�
u�

f z0

�
�AG

�2
CB2 (4)

where f is the Coriolis parameter and AG and B are empirical constants, here taken as 1.8 and 4.5, respectively, appropri-
ate for neutral conditions. Then the geostrophic drag law was applied iteratively to solve for u�, given Vg, for each of the
generalization roughness lengths. Finally, the logarithmic profile was applied to give the wind speed at the generalization
height in question. The procedure had to be carried out 25 times, for each of the five generalization roughness lengths and
for each of the five generalization heights. At this point in the generalization process, the framework was neutral stratifi-
cation. However, the wind at each generalization height was considered separately. Hence, the profile of generalized wind
can depart from the logarithmic profile. This is indeed an advantage of the method, as the features of the wind profile in
the mesoscale model are to some extent preserved.

The generalization calculations were made for all AROME output. Then the sector-wise distribution of the general-
ized winds was obtained. This distribution was partitioned into 12 direction sectors, and the Weibull distribution, with
parameters A and k, was fitted to the wind speed distribution in each sector.

By using the principles of the generalization system, WAsP is typically used in the framework where the effects of the
local orography and z0 fields at the measurement site are first removed. In the Finnish Wind Atlas, however, the first step
was to remove the effects of the orography and z0 fields of AROME to calculate the monthly generalized wind climate. For
each of the generalization heights and roughness lengths and for each sector, the histogram of the wind speed distribution
was calculated, and a Weibull distribution was fitted. The generalized wind climates (WAsP LIB-files2), calculated for the
2:5 � 2:5 km2 grids from the AROME results, were then given as input for WAsP, which were applied at selected areas
at 250 � 250 m2 horizontal resolution. The roughness maps applied in WAsP were made on the basis of Coordination of
Information on the Environment land use data. In the roughness maps, the minimum size of a roughness area was 25 ha,
and the minimum feature width was 100 m. For a smooth wind resource surface to be obtained, simple inverse-distance
weighted interpolations between the three nearest AROME grid points were performed for every set of WAsP calculations.

If a user needs results at a resolution better than 250 � 250 m2, these can be calculated by using the WAsP LIB-files
or the AROME wind data from a suitable height as input wind climate for microscale modelling. An interpolation tool for
LIB-files is included in WAsP version 10.

3. POST-PROCESSING OF AROME RESULTS

Here, we describe the calculation of the Weibull distribution parameters, gust factor, potential power production and power
content, presented in the wind atlas with a 2.5 km resolution. The AROME results were first linearly interpolated to the
wind atlas output heights, and the post-processing was made at these heights.

Following Garcia,18 the scale (A) and shape (k) parameters of the Weibull distribution were calculated in each model
grid point on the basis of the relative standard deviation of the wind speed distribution.A and k were calculated for all cases
in each month and separately for stable, neutral and unstable stability classes. The stability criterion was chosen on the basis
of the bulk-Richardson number, calculated on the basis of the potential temperature and wind speed differences between
adjacent model levels. The following stability criteria were applied: stable, Ri > 0:05; near-neutral, �0:15 � Ri � 0:05;
and unstable,Ri < �0:15. At the height of 50 m, averaged over Finland and the 48 month simulation period, the categories
of stable, neutral and unstable stratification included 51%, 35% and 14% of the simulated cases, respectively. The Weibull
A and k parameters were largest for neutral stratification and smallest for unstable stratification.

The method to calculate the gust factor was derived from Brasseur.19 The original Brasseur method assumes that surface
gusts result from deflection of air parcels flowing higher in the boundary layer and brought down by turbulent eddies.
Instead of surface only, here we want to estimate the gust factor at several heights. For this purpose, the method was gen-
eralized assuming that the air parcel that can reach the surface should also be able to reach the levels above the surface.
However, the mixing layer can be detached from the surface by a surface-based temperature inversion. In this case, the air
parcel can only reach the levels above the inversion layer. The Brasseur method was first modified to define the mixing
layer above each level individually. The second modification implemented is based on the fact that the turbulence transports
momentum not only downward but also upward. Hence, a parcel flowing at some height below or above the level of interest
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is able to reach the level, if the mean turbulent kinetic energy of large turbulent eddies is greater than the buoyant energy
between the level of the air parcel and the level of interest. This can be formulated by the following pair of equations:

1

zl � zp

zlZ
Zp

E dz �

zlZ
Zp

g
��v

�v
dz for zp < zl

1

zp � zl

zpZ
Zl

E dz �

zpZ
Zl

g
��v

�v
dz for zp � zl (5)

where zl is the level of interest, zp is the height of the air parcel and ��v is the difference of virtual potential temperature
over a given layer. AROME results for E were not available at the surface and were thus extrapolated using a cubic spline
polynomial. Spline-based extrapolation was used as the turbulent kinetic energy profile near the surface is often non-linear.
Following Brasseur,19 the wind gust estimate was then chosen as the maximum wind speed for all parcels satisfying (5).
The gust factor was calculated as the ratio of the wind gust estimate to the wind speed at the level of interest. The gust factor
was calculated at each level at each 3 h of model simulations, after which the monthly and annual means were calculated.

Under unstable and neutral conditions, the wind gust profiles resulting from the original and generalized methods were
not essentially different, but under stable stratification, they sometimes differed greatly. Above the stable surface layer the
wind speed often strongly increased with height.

The potential power production for each month (in megawatt-hour) was calculated for three types of wind turbines: (i)
WinWinD 1 MW with rotor diameter of 56 m, (ii) WinWinD 3 MW with rotor diameter of 90 m and (iii) REpower 5 MW
with rotor diameter of 126 m (WinWinD and REpower are manufacturers). The calculation was made using a linear inter-
polation between the tabulated values of wind speed and corresponding values of power output indicated in the technical
specifications for each turbine. For all three wind turbine types, the power production was calculated for all temperatures;
for WinWinD 3 MW, additional calculations were made separately for temperatures less than �15°C and less than 17°C.
The threshold of �15°C was chosen to identify power production under cold weather conditions (a general statement used
against wind energy has been that there is not enough wind energy available during cold periods when the electricity
demand is high). The threshold of 17°C corresponds to the heating power demand of buildings (S17).

The average wind energy flux density (P D 1=2 ¡ V 3, where � is the air density) or shortly the power content (in Watt
per square meter) was calculated for the whole wind speed spectrum and separately for 4 to 25 m s�1, which represents a
typical range between cut-in and cut-off speeds for large wind turbines.

4. VALIDATION OF MODEL RESULTS

Wind measurements made in weather stations and high (50–300 m) masts were not used directly for production of the wind
atlas, but they were used to validate the methodology used. This was based on verification of operational AROME runs and
related WAsP calculations in 2008–2009.

4.1. AROME validation

4.1.1. Application of radar and rawinsonde observations.
The AROME 6 and 12 h wind forecasts were compared to weather radar and rawinsonde wind observations for the

period of July 2008–May 2009. Rawinsonde wind observations are considered to be of high quality, but their spatial and
temporal resolution is poor. Doppler weather radars, on the other hand, provide wind information with a high spatial and
temporal resolution. The FMI radar network consists of eight Doppler weather radars that cover most of the country.20

The radar wind observations used in the validation have a 1000 m resolution in range, which corresponds to approxi-
mately 35 m resolution in height. In practice, however, the vertical resolution is decreased because the radar measurement
volume increases with increasing measurement range from the radar. The validation makes use of an observation operator,21

which produces the model counterpart for the observed quantity. The radar radial wind observation operator takes into
account the broadening and bending of the radar pulse path.

The bias estimation method introduced in Salonen et al.22 was applied. Figure 2 shows the wind speed bias and standard
deviation calculated against rawinsonde observations, as well as the wind speed bias and the standard deviation of the radial
wind component calculated against the radar observations. The period considered is September–November 2008. In both
comparisons, the wind speed bias varied within˙0:6m s�1 and the standard deviation varied from 2 to 3.5 m s�1. Further
details about the assessment are presented by Salonen et al.23
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Figure 2. Locations of mast observations in southern Finland. The numbers correspond to the station numbers in Table II.

In general, the validation results indicated that the AROME wind forecasts are of good quality. The wind speed bias
and standard deviation did not depend on the season. The number of radar observations used in the validation was approx-
imately 4000 times larger than the number of rawinsonde observations. The large number of radar observations increases
the statistical significance of the results. In conclusion, radar wind observations are a very useful source of independent
observations to be used in wind forecast validation.

4.1.2. Application of mast observations.
The purpose of the validation was to estimate how well the model wind speed in a grid point corresponds to the observed

wind speed at the mast. Because a mesoscale NWP model has been used to provide the detailed wind climate, the validation
was made according to forecast verification framework.24–26 The validation period was from the beginning of July 2008 to
the end of July 2009. The measurement height was about 30 m at the sea and coastal areas and between 60 and 100 m in
Helsinki Testbed masts (http://testbed.fmi.fi/index.html). More than 20 stations were available.

The wind speed of a grid point on a certain level corresponds to a mean value of a 2:5�2:5 km2 square. Also, the model
orography corresponds to a mean orography of the same area. In hilly areas, the difference between the model orography
and real orography is sometimes significant. The interpolation of wind speed from model levels to constant height levels
may also introduce error. Both model results and observations include errors; a quality control was performed to all data,
and indistinct observations and outliers were excluded. The validation of wind speed was made separately to every avail-
able station to find out if there are differences in the error structure between masts in inland, near the coastline and in sea
areas. The mean error (ME) and standard deviation of error (STDE) were calculated for all stations (Figure 3; Table II).
The ME corresponds to the difference between model mean wind speed and observed mean wind speed if the data sample
is the same. The comparison of results between different masts is not easy because the number of observations differed
from station to station. Some masts had only 10% of all possible observations, whereas some Helsinki Testbed stations had
more than 75%.

The results of the validation indicate that the error differs from mast to mast (Table II). The wind speed is overestimated
at some stations and underestimated at others. At stations near coastline, the model seems to underestimate the wind speed
more than in open sea or inland areas. Also, the day–night difference is large. The wind speed in the afternoon seemed to
be too strong and in early morning hours too weak (not shown). The ME over all representative masts was calculated (Table
II). The representativeness was estimated according to the number of observations and the level of STDE. If the number of
available observations was 45% or less, or if the level of STDE was higher than 2.1, the mast was excluded from further
calculations. Corresponding results from coastal SYNOP stations are shown in Table III. The SYNOP wind data were truly
independent, since these were not used in the data assimilation procedure of the NWP models.

The results show that there is a small positive bias in AROME wind speed at levels 30–100 m. The mean positive bias
is around 0.2–0.3 m s�1. The level of STDE in masts and SYNOP stations is similar. The AROME model showed slightly
better performance when the values of STDE were compared with the verification results of other operative NWP models
at FMI.

4.2. Validation of the combined use of AROME and WAsP

For the combined AROMECWAsP method to be validated, the wind data produced by the operationally run AROME for
the period of 1 June 2008 to 31 September 2009 were used as input data for WAsP. AROME winds at one altitude (80 or
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Figure 3. Wind speed bias (above) and standard deviation (below) as a function of height calculated against rawinsonde
observations at Jyväskylä and radar observations at Vimpeli, both in central Finland. In the case of radar observations, the standard

deviation is calculated for the radial wind component only. The period is September to November 2008.

Table II. Summary of comparison of AROME winds and mast observations over the period from 1 July 2008 to 31 July 2009.

Station No H N A O ME STDE

Hanko 1 73 2535 7.8 6.9 0.9 (2.4)
Vänö 4 80 2496 8.4 8.3 0.1 1.8
Bågaskär 5 83 (1377) 8.6 8.9 �0:3 (2.2)
Padva 7 79 1935 7.4 7.1 0.3 (2.3)
Degerö 8 81 2128 7.3 6.2 1.1 1.8
Suvisaaristo 10 61 1854 6.8 5.9 0.9 1.9
Pirttisaari 12 61 (988) 9.2 8.4 0.8 1.8
Roihuvuori 15 100 2030 7.0 6.5 0.6 2.0
Oulunkylä 16 92 1499 6.6 6.6 �0:0 (2.9)
Essvik 19 86 2089 6.9 6.3 0.6 1.9
Boxby 20 80 (1047) 6.3 5.6 0.7 1.8
Luhtaanmäki 23 61 2203 4.7 5.2 �0:5 1.5
Monnikylä 27 80 (1481) 5.4 5.7 �0:3 1.6
Viirilä 28 81 2125 5.6 5.8 �0:2 1.5
Isosaari 36 83 1905 7.6 7.5 0.1 1.9
Isosaari 36 62 1905 7.3 7.1 0.2 1.9
Isosaari 36 42 1905 7.1 6.7 0.4 1.9
Mean value 0.34

The explanation of columns: H = height (m); N = number of observations; A = AROME mean wind speed; O = observed mean
wind speed; ME = mean error; STDE = standard deviation of error. Parentheses in column N indicate that the number is less than
45% of potential observations, and the station is therefore not included in the calculation of ME. Parentheses in column STDE also
indicate that the station is excluded from the calculation of ME or error over stations. The stations included in the calculation of the
station-averaged ME are marked by a bold number in the ME column.

100 m) at the grid point nearest to the measurement mast were used. Helsinki Testbed masts, FMI’s other measurement
masts and measurement masts of commercial companies were used in the validation. We were, however, not allowed to
publish some of the commercial mast data.

Table IV shows the mean wind speeds on the basis of the mast measurements and the AROMECWAsP method for the
entire validation period, and Table V presents the results for summer (from June to September) and winter (from November
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Table III. Summary of comparison of AROME winds and SYNOP observations over the period from 1 July 2008 to 31 July 2009.

Station H N A O ME STDE

Helsinki lighthouse (WMO: 02989) 32 3033 7.8 7.4 0.4 1.9
Kalbådagrund (WMO: 02987) 32 3036 7.7 7.7 �0:0 1.9
Utö (WMO: 02981) 15/31 3028 7.9 7.1 0.8 1.9
Hanko (WMO: 02982) 27/40 3022 7.8 8.1 �0:3 2.0
Kemi I (WMO: 02863) 26 3014 7.1 7.0 0.1 1.9

The explanation of columns: H = height (m); N = number of observations; A = AROME mean wind speed; O = observed mean wind
speed; ME = mean error; STDE = standard deviation of error.

Table IV. Validation of wind speeds based on the AROME CWAsP method for the period 1 June 2008 to 31 September 2009.

Mean wind speed

Observation Anemometer
Observation site Area height a.g.l (m) heating Observations (m s�1) Model (m s�1) Difference (m s�1)

Vätingen Åland 36 No 6.5 7.1 �0:6
Långnappan Åland 45 No 5.3 5.5 �0:2
Isosaari Archipelago 83 Yes 7.5 7.6 �0:1

Archipelago 62 Yes 7.1 7.2 �0:1
Archipelago 42 Yes 6.7 6.7 0

Bågaskär Archipelago 27 Yes 6.1 6 0.1
Mäkiluoto Archipelago 18 Yes 6.8 6.5 0.3
Vänö Archipelago 80 Yes 8.3 8.3 0
Monninkylä Inland 83 No 5.9 5.9 0
Viirilä Inland 81 No 6.1 6.2 �0:1
Luhtaanmäki Inland 61 No 5.3 5.3 0

Table V. As Table IV, but separately for summer and winter.

Summer mean wind speed Winter mean wind speed

Observation Area Observations Model Difference Observations Model Difference
site (m s�1) (m s�1) (m s�1) (m s�1) (m s�1) (m s�1)

Vätingen Åland 5.9 6.6 �0:7 6:9 7.5 �0:6
Långnappan Åland 4.9 5 �0:1 5:5 5.8 �0:3
Torp Åland 5:7 6:1 �0:4
Degersand Åland 6.6 6.3 0.3
Isosaari Archipelago 6.8 7.2 �0:4 7.8 7.9 �0:1

Archipelago 6.4 6.8 �0:4 7.5 7.6 �0:1
Archipelago 6 6.4 �0:4 7.2 7.1 0.1

Bågaskär Archipelago 5.7 5.6 0.1 6.4 6.5 �0:1
Mäkiluoto Archipelago 6.1 6.2 �0:1 7.5 6.8 0.7

to March). There was very good agreement between the wind speeds predicted by the AROMECWAsP method and obser-
vations at Isosaari and Vänö islands. However, the difference between observations and the AROMECWAsP results varied
between masts in the costal area and archipelago. The error was typically˙0:3m s�1. At inland sites, the AROMECWAsP
method worked very well; the error was approximately 1% only (Table IV).

5. CLIMATOLOGICAL ASPECTS

5.1. Fifty year maximum winds

The wind atlas represents the monthly and annual wind climate during the period 1989–2007, but users are also interested
in the probability of extreme winds. Hence, the maximum wind speed for a 50 year return time (V50) was calculated for
each 2:5 � 2:5 km2 grid cell at the heights of 10 and 100 m. The analysis was based on the 850 hPa level winds obtained
from the ERA-40 data in the period 1958–2001. The method to downscale from 850 hPa level to 10 m above ground level
was the same as in Kristensen et al.27 and Mann et al.28: the geostrophic drag law (3) was applied, and V50 at the height
of 10 m was calculated for a flat and homogeneous area with a z0 of 0.05 m, which corresponds to engineering standards
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for structural design. Calculating V50 for the height of 100 m, the real local z0 was estimated for each 2:5 � 2:5 km2

grid cell, using the Coordination of Information on the Environment land use data with 25 m resolution with an averaging
function. A stepwise orographic height level correction function was implied to each V50 wind speed value; the correction
was significant (up to 40%) for locations higher than 400 m a.s.l. A logarithmic profile was used to calculate the wind speed
at 100 m.

Comparison of the extreme wind climate obtained from ERA-40 with the observed 50 year maximum wind at several
Finnish weather stations is presented in more detail in Clausen et al.29 At six of eight weather station sites, the predicted V50
was within the confidence limits of the Gumbell analysis on ERA-40 extreme wind data. At two sites, the ERA-40 extreme
wind data clearly differed from the observed maximum wind, which was at least partly due to an inaccurate description of
the local surroundings.

Using the real z0, the highest V50 values at the height of 100 m were above 30 m s�1, occurring in the sea areas, along
the coasts, over a few larger lakes and over the northern fjelds (Figure 4; to produce the plot, the z0 values of each grid
cell were smoothed over a 10 km radius). The lowest V50 values were 18–22 m s�1, found in the forested mainland. A few
field areas in western Finland had maximum V50 values in the bin of 22–26 m s�1.

5.2. Impact of climate change

Numerical simulations applying global climate models (GCMs) project significant changes in the occurrence and tracks of
extratropical cyclones during this century.30–33 For instance, Leckebusch and Ulbrich31 using the Met Office Unified Model
(HadCM3) and Bengtsson et al.32 employing the Max Planck Institute coupled atmosphere–ocean model (ECHAM5)
found that the storm track in the northernmost part of the Atlantic Ocean and the Norwegian Sea in winter will weaken
until 2100, whereas in the region covering the British Isles and the area towards Scandinavia and Finland, there will be a
distinct increase in the cyclone activity.

These findings motivated us to explore the impact of climate change on winds in Finland. The surface geostrophic wind
speeds in Finland have been investigated by employing nine GCMs (BCCR-BCM2.0, CGCM3.1 (T63), CNRM-CM3,
ECHAM5/MPI.OM, GFDL-CM2.1, IPSL-CM4, MIROC3.2 (hires), MRI-CGCM2.3.2, NCAR-CCSM3) forced by three
Special Report on Emission Scenarios34 greenhouse gas scenarios. Among these scenarios, the A2 scenario represents a
pessimistic future with the atmospheric carbon dioxide concentration increasing up to about 840 ppm by 2100. In the opti-
mistic B1 scenario, the corresponding concentration is approximately 540 ppm, and in the intermediate A1B scenario, it is

Figure 4. Spatial distribution of the 50 year maximum wind at the height of 100 m.
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700 ppm. Simulations with the A1B scenario were available for all the nine models, A2 for seven models, and B1 for eight
models. The grid size of the individual models varied from 100 to 300 km. The periods studied were 1971–2000, 2046–
2065 and 2081–2100. The surface geostrophic wind speeds were deduced from the simulated sea level pressure fields; for
details, see Gregow et al.35 By comparing the model-inferred geostrophic winds with the corresponding observation-based
(ERA-40) estimates, the observed monthly mean wind speeds were found to differ from the multimodel mean by less than
one standard deviation of the modelled changes.

Inside the boundaries of Finland, no statistically significant changes in the mean surface geostrophic wind speeds were
found until 2046–2065 compared with the baseline period 1971–2000. By the end of the century (2081–2100), there is an
increase of 2% to 4% in the September to April mean in southern Finland according to the A1B and A2 scenarios. Even
larger increases are projected for the southern Baltic Sea. The response to the B1 forcing is weaker and statistically less
significant, but the patterns of change are qualitatively similar for all three scenarios. Changes in the extreme winds on the
10 and 50 year return level are of the similar order of magnitude, but the largest increases are concentrated on northern
Finland and north-western Russia.

On the basis of Gregow et al.,35 the monthly mean changes can be even larger. The time-mean surface geostrophic wind
speeds were projected to strengthen most in October to February. Especially November seems to become windier: by the
end of the century, according to the model ensemble, the increase is 5% to 10%. However, the scatter among the model
simulations is quite large, ranging from �5% to approximately C15%. In summer, the mean geostrophic wind speeds
generally manifest no statistically significant change.

6. RESULTS OF THE WIND ATLAS

The wind atlas data are disseminated through the dynamic wind atlas maps, available at www.windatlas.fi. The map system
is built on top of an open-source Mapserver map engine, originally developed in the University of Minnesota. The web
user interface is a modified version of an open-source Ka-Map JavaScript package. The total amount of the Finnish Wind
Atlas data is about 60 GB, which is stored into PostgreSQL/Postgis database. There are 130 different data layers for a
user to view on top of some basic geographic layers. When a user is browsing data, visualization is carried out on the fly,
and created map tiles are stored on disk cache to speed up following similar requests for the same map area. A user can
also make data requests from database by selecting an area from the map, and the user obtains data in a table format for a
spreadsheet application or in WAsP LIB-file format.

We may expect that the spatial distribution of near-surface wind speed is controlled by the distributions of the geostrophic
wind speed, orography, roughness and stratification. As examples of the wind atlas results, in Figures 5 and 6 we present
the distributions of these variables (using wind at the 850 hPa level as an estimate of the geostrophic wind) in May and
December, which represent the opposite months from the point of view of land–sea temperature difference (the constant
orography and almost constant roughness are only shown for December). We see that the monthly mean wind speed at
the height of 100 m (V100 m) is strongly controlled by z0 (Figure 5(b)) with strongest winds over the sea and, to some
extent, lakes in the eastern Finland (Figure 6(a), (b)). In northernmost Finland, the local maxima in V100 m are due to
combined effects of higher orography and reduced roughness. In December, the stratification is most unstable over the sea
(Figure 5(d)), which enhances the maximum in V100 m (Figure 6(b)). In May, the stratification is stable over the sea and
lakes but unstable over most land areas (Figure 5(c)), which reduces the sea–land difference in the wind speed close to the
surface (not shown) but the effect is no more evident at the height of 100 m (compare Figures 6(a), (b)). Compared with
V100 m, the effects of roughness and stratification are amplified in the distribution of potential power production at the
height of 100 m (Figure 6(c), (d); calculated for WinWinD 3 MW turbine). Spatial variations in the geostrophic wind speed
are minor (Figure 5(c), (d)) without detectable effects on V100 m and the power production.

7. DISCUSSION AND CONCLUSIONS

The production of the Finnish Wind Atlas represents a new approach to analyse wind and wind energy climate. The
AROME model was run with a 2.5 km horizontal resolution for a total of 72 months. The amount of mesoscale model runs
was accordingly much larger than made for any other wind atlas (see Section 1). In any case, the wind atlas could not have
been produced solely on the basis of AROME: if a horizontal resolution of 250 m instead of 2.5 km were used in AROME,
the model runs with the same amount of computing resources would have taken more than 600 years instead of 8 months.
Hence, the wind generalization and application of WAsP was essential. It required a new strategy for the use of WAsP.
Instead of giving local wind observations from masts as input for WAsP, AROME winds were applied. They represent
grid-averaged results and accordingly the roughness lengths applied in AROME grid cells had to be taken into account in
the wind generalization. The development of this new strategy opens possibilities for wider applications of WAsP.

Compared with previous national wind atlases, a new approach in the Finnish Wind Atlas was that the results were
calculated separately for each month and for sectors 30° wide. The sector-specific wind climatology is essential for coastal
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Figure 5. Spatial distributions of (a) orography, (b) aerodynamic roughness length, as well as the monthly mean Richardson number
(colour scale) and 850 hPa wind speed (isolines with numbers) in (c) May and (d) December.

regions, and the monthly division is particularly important in high latitudes, where the seasonal changes in ABL stratifi-
cation are large. Over the Baltic Sea, the ABL stratification is usually stable during spring, near-neutral during summer,36

unstable during autumn and stable over sea ice but unstable over the open sea in winter.37 Sea ice usually has a larger z0
than the open sea, but the stratification effect is even more important for the wind speed.38 Over the mainland, the roughness
varies depending on the state of vegetation and presence of snow cover. The latter also strongly affects the ABL stratifica-
tion. Under the same pressure gradient, the near-surface winds are stronger under unstable than stable ABL stratification,
but stable stratification favours the generation of low-level jets.4

To demonstrate the magnitude of inter-annual variability, we also included in the Finnish Wind Atlas statistics for the
windiest and calmest months in the period of 1989–2007. Climate models cannot reliably predict the inter-annual and
decadal variability. The climate change in the time scale of 50–100 years is, however, more predictable, and we have anal-
ysed GCM projections for the changes in the surface geostrophic wind during this century. The models predict an increase
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Figure 6. Spatial distributions of the wind speed at the height of 100 m in (a) May and (b) December and the potential power
production for the WinWind 3 MW turbine for (c) May and (d) December.

of 2–4% in the annual mean geostrophic wind by the end of the century. The relationship between the geostrophic wind and
the true wind speed in the ABL depends, however, on the roughness and stratification. Hence, via changes in wintertime
ABL stratification, the expected reduction of sea-ice cover39 may have even larger effects on the true wind speed than
changes in the geostrophic wind.

We used an extensive set of coastal, archipelago and lighthouse stations for the wind atlas validation. Validation of model
predictions for wind speed at heights up to 400 m is a challenge, and only a small number of point measurements have
usually been available for that. The application of Doppler weather radar winds in the AROME validation was a novel
aspect in the Finnish Wind Atlas. The number of radar observations used in the validation was approximately 4000 times
larger than the number of rawinsonde observations, strongly increasing the statistical significance of the results. Moreover,
radar winds provided independent observations for the validation. Using new methods to derive the wind speed (instead
of the radial wind component only) from the radar data,22,23 a satisfactory accuracy of the AROME results (bias within
˙0:6 m s�1) was found.

In addition to the results directly based on AROME and WAsP, we included in the wind atlas several quantities based
on post-processing of the model results: the Weibull distribution parameters, gust factor, potential power production and
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power content. The parameterization of the gust factor was based on a novel approach because the existing parameterization
methods were not directly applicable for heights up to 400 m.

Wind conditions over fjelds still represent a challenge, both for modelling and representativeness of observations.40 We
did not have much data for validation of the results over fjelds. Further efforts are accordingly needed in this field. An issue
not included in the Finnish Wind Atlas is the ice accretion in wind power plants.41 This is addressed in an ongoing study.

Disseminating and distributing the wind atlas data with visual and freely zoomable webservice allows users to select
data for viewing and downloading from the area they are interested. Compared with static images from fixed areas, this is
novel and flexible approach allowing large data downloads from a file transfer protocol server. It is also possible to obtain
the data through a Web Map Service protocol. In addition to applications related to wind power production, the wind atlas
has also been used in planning of land use.

As a summary, the methodology applied in the Finnish Wind Atlas included the following novel aspects: (i) a clima-
tologically representative period of 48 months was simulated with the mesoscale model; (ii) in addition, the windiest and
calmest months during the period of 1989–2007 were simulated; (iii) the results were calculated separately for each month
and for sectors 30° wide; (iv) instead of point measurements, the WAsP calculations were based on the mesoscale model
outputs; (v) in addition to point measurements, also radar wind data were applied for the validation of the mesoscale model
results; (vi) the parameterization method for the gust factor was extended to account for gusts at the heights up to 400 m;
and (vii) the dissemination of the wind atlas was based on new technical solutions.
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APPENDIX A. AROME MODEL

AROME42 is a non-hydrostatic spectral model of which the dynamical core is based on a two-time-level semi-implicit
semi-Lagrangian discretization of the fully compressible Euler equations.43 The model uses a mass-based terrain-following
hybrid coordinate system in the vertical. In the frame of its horizontal and vertical resolution, the AROME model can
resolve and thus treat explicitly motion systems down to the scale of 4–6 times the grid spacing (in this application about 10–
15 km). A variety of subgrid-scale physical processes are taken into account by parameterization schemes. Here, we briefly
summarize the schemes that most directly affect the results of the wind atlas: the surface, ABL and shallow convection
schemes.

In AROME, the subgrid scale vertical flux FS of a resolved variable S is expressed as

FS DKS @S=@zCM.SU � S/ (A1)

where the first term on the right-hand side represents small-scale turbulence and the second term accounts for the vertical
transport by shallow convection. Here, KS is a turbulent diffusivity for the property S , M is an effective updraft veloc-
ity and SU stands for the value of S in the updrafts. The diffusive part is parameterized according to Cuxart et al.44 KS
depends on a mixing length, diagnosed non-locally from the (prognostic) turbulent kinetic energy and static stability, as
described by Bougeault and Lacarrère.45 The contribution of shallow, non-precipitating cumulus convection and dry ther-
mal (second term on the right-hand side of (1)) is parameterized in terms of the vertical mass flux and properties in the
convective updrafts.

The turbulent surface fluxes of momentum, heat and moisture are parameterized by the surface module SURFEX,46

which applies the Monin–Obukhov theory with stability-dependent exchange coefficients. Subgrid-scale surface hetero-
geneities are treated using a tiling approach, where surface characteristics, such as the aerodynamic roughness length z0,
and stability functions depend on the tile. Four surface tiles are allowed in each model grid box: nature, town, sea and
lake. The sea and lakes may be frozen, and nature and town may be covered by snow, which is described by a prognostic
snow scheme. The nature tile is treated according to the Interaction Soil-Biosphere-Atmosphere formulation47,48 with up
to 12 vegetation types, each having their own z0 and other physical characteristics. These are then used to calculate surface
fluxes for each tile. For the whole grid, the fluxes are calculated as area averages. So, the atmosphere is sensing only the
grid-averaged fluxes. In most of the 12 vegetation types z0 depends on the leaf-area index (LAI) and height of trees (HT).
LAI is a climatological value and chances during the year, whereas the HT is constant in time but depends on the latitude.
The most essential nature tiles in Finland are deciduous broad-leaved and needle-leaved forests. The z0 for vegetation is
calculated as follows:49

z0 Dmax.0:001; zref � exp.�1=
p
zsum// (A2)
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Table AI. Vegetation height zi applied in AROME.

Vegetation type zi (m)

Crops Min(2.5,exp((LAI-3.5)/1.3)
Irrigated crops Min(2.5,exp((LAI-3.5)/1.3)
Broadleaf forest HT
Coniferous forest HT
Grassland LAI/6
Irrigated parks LAI/6
Bare ground 0.1
Permanent snow 0.01
Rocks 1

HT is the height of trees in metres and LAI is the leaf-area index.

where

zsum D
X
i

fi

.ln.0:13� zi=zref//2
(A3)

where zref is a reference height of 10 m and zi is a height of vegetation as given in Table AI. fi stands for the fraction of a
vegetation type i . Values of LAI and HT are described in the ECOCLIMAP global database having a spatial resolution of
1 km.50 In Finland, the HT in ECOCLIMAP varies from 10 to 15 m, which results in z0 ranging from 1.3 to 1.95 m.

The surface temperature of the sea and lake tiles remain constant during the forecast, the spatially variable values being
set in the initial conditions, obtained as described in Section 2.2. In the present application, the sea surface temperatures are
based on actual data, whereas the lake temperatures represent climatological conditions. The Charnock51 formula is used
for calculating roughnesses for the sea and lake:

z0sea D 0:015
u2�
g

(A4)

For ice-covered sea/lake, the roughness is constant: z0ice D 10
�3 m. The sea or lake is assumed to be ice-covered when

the surface temperature is less than �2°C. The town tile is based on the Town Energy Budget scheme.26 Physiographic
data for land surfaces are obtained from ECOCLIMAP. AROME includes nine different town types, but only one of these
exists in Finland: this suburban town type has a constant roughness: z0town D 1 m.
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