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Abstract. The wind climate of Ireland has been calculated using the Karlsruhe Atmospheric Mesoscale
Model KAMM. The climatology is represented by 65 frequency classes of geostrophic wind that
were selected as equiangular direction sectors and speed intervals with equal frequency in a sector.
The results are compared with data from the European Wind Atlas which have been analyzed using
the Wind Atlas Analysis and Application Program, WASP. The prediction of the areas of higher wind
power is fair. Stations with low power are overpredicted.
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1. Introduction

The best method to determine the wind energy potential of some location is to
measure the wind on site for several years. However, as this takes a lot of time, one
would like to calculate the wind power with atmospheric models. Although this is
not as exact as direct measurements it is expected that favourable and unfavourable
regions can be distinguished using numerical simulations.

However, the surface wind is a quantity that is specific for each site. The
roughness and shape of the terrain, shelter from nearby tree lines or buildings
affect most measurements and make it difficult to transfer wind observations to
another site.

These local influences are removed in a wind atlas in order to make it possible
to compare the wind potential of different regions. Wind atlases have been made
from measurements for many countries (Landberg et al., 1996). A well established
package for the creation of wind atlases is the Wind Atlas Analysis and Application
Programme, WASP (Mortensen et al., 1993; Troen and Petersen, 1989; Walmsley
et al., 1990). It allows estimation of the wind at a specific site by taking into account
the local effects at the new site plus the regional wind climatology. It can be applied
to variations on scales up to tens of kilometres. However, it cannot represent effects
on the mesoscale, such as the channeling effect of the wind by wide valleys, or
thermally induced circulations such as sea breezes, or mountain-valley systems.

In this paper, the regional wind climatology has been calculated with a full
atmospheric model, the Karlsruhe Atmospheric Mesoscale Model KAMM (Adri-
an and Fiedler, 1991; Adrian, 1994) which can simulate the above mentioned
phenomena. If the large-scale climatological forcing is specified correctly, KAMM
can be used to calculate the wind power of a region of several thousand square kilo-
metres. However, this model cannot account for local influences on scales below
the grid size.
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The so-called statistical dynamical approach has been used by several inves-
tigators (Wippermann and Gross, 1981; Frey-Buness et al., 1995; Adrian et al.,
1988, 1996; Mengelkamp et al., 1996). Here, we emphasize the importance of
carefully choosing the representation of the large-scale wind climatology. Also, a
comparison with several stations taken from wind atlases for Ireland (Troen and
Petersen, 1989; Petersen et al., 1997) is done.

2. Methodology

2.1. PRINCIPLE IDEA AND BASIC ASSUMPTIONS

The principle of the statistical dynamical approach of regionalization of large-scale
climatology is very simple. It rests on the assumption that the local surface-layer
climate is determined uniquely by a few parameters of the larger, synoptic scale
and parameters of the surface. This parameter space is decomposed into several
representative situations. Numerical simulations of these situations are performed
with a mesoscale model to calculate the mesoscale state of the atmosphere. Then,
the mesoscale climatology is calculated from the results of the simulations together
with the frequency of the typical situations. The method is used e.g., to estimate
the influence of climate variations calculated by global circulation models on the
mesoscale (Frey-Buness et al., 1995).

The main large-scale parameters to influence the surface wind at mid-latitudes
are the geostrophic wind and the stratification of the atmosphere. The main surface
parameters are surface elevation and roughness, and soil or sea surface temperature.

Here, we assume the dominating influence over Ireland is the geostrophic wind.
The mean stratification is assumed not to vary significantly because Ireland has a
moderate, oceanic climate. Also, it is assumed that thermally forced circulations are
less important than those driven by the large-scale pressure gradient. For example
the Irish Meteorological Office writes in its description of the station Dublin for the
European Wind Atlas (Troen and Petersen, 1989) that ‘apart from topographical
effects, the coastal areas bounding the Irish Sea (east of Ireland) have a marginally
different synoptic climate from the rest of Ireland’. Therefore, only a steady state
with no daily cycle of insolation of the typical situations is simulated. Soil and sea
surface temperature are kept constant during a simulation.

These assumptions are influenced by the goal to reduce the number of simula-
tions which are necessary to yield a good representation of the original parameter
space. Note that the above assumptions lead to the fact that only the mesoscale
orographic shape and differences in roughness will be simulated.

2.2. THE SIMULATIONS

The numerical simulations were done with the non-hydrostatic Karlsruhe Atmos-
pheric Mesoscale ModelKAMM (Adrian and Fiedler, 1991; Adrian, 1994). The
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model is initialized with a hydrostatic and geostrophic basic state. This large-scale
pressure gradient and the daily cycle of radiation represent the external forcing of
the model.

The model domain consisted of 50�60 points in the horizontal with a resolution
of 10 km. It covered the whole island plus several grid points over water in each
direction. In the vertical direction 30 levels were used from the surface to 5000 m
height with the first 2 levels above the surface approximately at 21 m and 53 m.
The stratification was stable with a vertical gradient of the potential temperature of
3.5 K km�1, and 10 �C surface temperature at sea level. The soil and sea surface
temperature were kept constant. They were equal to the air temperature at the start
of the simulation. Hence, the soil temperature decreases with height above sea level
like the temperature of the base state.

The orography was generated from a 1:625,000 scale map (Ordnance Survey,
1972) with height contours with a 300 ft (91 m) resolution. See Landberg and Wat-
son (1994) for further details. The roughness has been generated from the CORINE
land-use database. In the CORINE Programme (Coordination of Information on
the Environment) a series of databases describing the environment in the European
Community has been created. Each land-use category of the database has been
assigned a roughness value and the roughness at each grid point is derived by
logarithmically averaging the neighboring roughnesses.

For each situation 6 h real time were simulated. The geostrophic wind was
constant and uniform throughout the model domain. Wind speed, surface stress and
surface heat flux were averaged from 3 h to 6 h representing stationary, adapted
conditions. The wind climate was constructed from the different simulations by
calculating the weighted mean of the simulated wind at each grid point. The weights
are the frequencies assigned to the geostrophic wind classes.

2.3. COMPARISON WITH WIND ATLAS DATA

The results are compared with wind data for Ireland from the European Wind Atlas
(Troen and Petersen, 1989) and for a new Irish Wind Atlas (Landberg and Watson,
1994). The wind atlas contains the measured wind climate transformed to standard
heights and standard roughness values over a uniform plane with no obstacles under
neutral stratification. As real observations are not usually taken under such ideal
conditions the actual observations have to undergo some processing. This has been
done with the Wind Atlas and Analysis Programme, WASP (Troen and Petersen,
1989; Mortensen et al., 1993; Walmsley et al., 1990). Naturally, this transformation
is far from perfect. Almost certainly, these transformation errors are greater than
actual measurement errors. However, we think a comparison of simulations to
processed observations is better than to real observations because the simulations
represent only idealized conditions and local effects on scales of less than a few
kilometres were not simulated for this big area.
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Therefore, the simulations are processed in a similar way as the data. The
geostrophic drag law is used to transform the simulated friction velocity u�, tem-
perature scale ��, and local roughness length z0 to a logarithmic wind profile in a
neutrally stratified atmosphere over a given standard roughness z0r. The parame-
ters A and B of the drag law depend on stratification as in Jensen et al. (1984).
A logarithmic wind profile is used to calculate the transformed wind speed at a
specified height.

The simulations are performed for a constant geostrophic wind. However, the
strength of the mean geostrophic wind increases approximately by 1 m s�1 per
400 km from SE- to NW-Ireland (see also Figure 3). The simulated mean wind and
wind power potential are corrected for this effect in a rough, approximate method.

The deviation of the local mean geostrophic wind speed from a uniform
geostrophic wind speed is small. Therefore, assuming that the frequency distri-
bution of the geostrophic wind does not change significantly across Ireland, the
difference of actual surface wind speed, s, from the simulated surface wind with
uniform geostrophic wind, su, is approximated to be proportional to the difference
between the local value of the non-uniform geostrophic mean speed, sg, and the
uniform geostrophic mean speed, sgu. Similarly, the deviation of wind power from
the value for uniform geostrophic wind is assumed to be proportional to the differ-
ence of the cubes of actual and mean geostrophic speed: s � su / sg � sgu, and
E �Eu / s3

g
� s3

gu
.

The factor of proportionality is the ratio of the mean surface wind averaged over
all grid points over land and all simulations to the mean geostrophic wind averaged
over all simulations, and similarly for wind power. For a mean geostrophic speed
of 12 m s�1 changes of the wind power are less than 32 Wm�2, or less than
approximately 13%.

The mean wind and wind power from the transformed simulations are compared
to the wind atlas data at stations in Ireland. The grid values are interpolated to the
position of the observations. The values of the four nearest grid points are weighted
by exp(�r=(0:25�x)), where r is the distance from the observation station to a
grid point and �x is the grid size of the simulation. Only grid points over land are
included in the interpolation because the transformation from roughness of water
to roughness of land gives unrealistically low wind speed at grid points over water.

Using only land values to interpolate to one point will result in a 5 km wide
strip of land with constant wind power potential near the coast.

Another method of interpolation would be to take data from the one of the four
nearest grid points which is the most climatologically similar. For example, if a
place is close to the coast but not at the coast, it makes more sense to use one of the
neighboring inland points rather than the nearest grid point at the coast. However,
this method is difficult to implement automatically.

The Weibull parameters were fitted to the simulated wind speeds as in WASP,
i.e. such that the wind power and the frequency of winds above the mean wind are
the same for the original distribution and for the fitted distribution.
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To do this for individual sectors becomes complicated because each simulation
represents a 30� sector of geostrophic wind direction, and the rotation of the surface
wind relative to the geostrophic wind is different for each case. If a modeled
surface wind lies close to the boundaries of one sector than it should be weighted
partly in this sector and partly in the neighboring sector. This was achieved by
randomizing the simulated surface winds using a Weibull distribution for speed and
two uniform distributions for direction in one class. The shape and scale parameters
for randomization were calculated from the mean speed and mean power of the
surface wind corresponding to a geostrophic sector. The maximum and minimum
directions were linearly interpolated between the simulated direction and those
of the neighboring geostrophic sectors depending on the random speed. Half of
the random directions were distributed uniformly to the right of the simulated
direction and the other half lay to the left of it. 40000 random surface winds were
generated for a grid point. A histogram with 1 m s�1 bins was created and the
Weibull parameters for each sector were calculated exactly as in WASP.

3. Geostrophic Wind Data

3.1. FREQUENCY DISTRIBUTION IN EQUIANGULAR DIRECTION SECTORS AND
NON-UNIFORM SPEED CLASSES

The large-scale climatology is represented by the geostrophic wind. As the geo-
strophic wind is difficult to measure it is replaced by the observed wind at 850 hPa.
We used the frequency of the winds at 850 hPa at Valentia Observatory in SW
Ireland for the years 1970–79. This is the same period as most of the Irish data
analyzed for the European Wind Atlas (Troen and Petersen, 1989). Mean compo-
nents, speed, direction, second and third moments of the data are listed in Table
I. Also, a Weibull distribution was fitted to wind speeds of all sectors. The shape
parameter k of this fit is also given in the table.

The original distribution of winds at 850 hPa at Valentia was given by 454
classes with 1 knot speed intervals and direction sectors of 45�. The objective is
to express this frequency distribution by relatively few representative classes in
such a way that the shape of the distribution is well represented, the moments are
conserved, and the range of values in one class is not too big. Also the method of
calculating averages should be simple.

We used non-overlapping speed classes and direction sectors. The angular dis-
tribution is resolved by equiangular intervals of 30�. This seems an almost natural
choice if the simulations are to be compared with the data in the European Wind
Atlas which is also given in 30� sectors. Therefore, the original frequency distrib-
ution was randomized and resampled in intervals of 0.5 m s�1 and 30�.

The fit to the shape of the frequency distribution of wind in one sector is divided
in a few speed classes of equal frequency. This gives higher resolution where the
frequency density function is greater. The representative wind speed of a class is the
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Table I
Mean wind components, speed, second and third moments of speed of different data
sets: Radiosonde wind at 850 hPa at Valentia observatory from 1970–79, wind at 850
hPa from the ECMWF analysis at the grid point northeast of Valentia for different years,
the representation of the observations at Valentia and of the ECMWF analysis by 65
classes, and a cluster representation of two years of wind from the ECMWF analysis.
The years 1982–84 are only two full years from September 1982 to August 1984. All
the others are full years. Direction is the direction of the vector (u; v) against north.
Here, k is the Weibull shape parameter

Data u v s s2 s3 dir. k

m s�1 m s�1 m s�1 m2s�2 m3 s�3 �

Valentia 1970-79 4.89 1.02 11.79 179.1 3196 258 2.00
ECMWF: 1983–91 5.89 1.27 12.05 189.2 3556 258 1.87
ECMWF: 1982–84 5.47 0.29 11.38 175.8 3322 267 1.71
ECMWF: 1984/85 5.60 1.01 11.48 172.5 3125 260 1.83
ECMWF: 1986/87 5.33 1.18 12.29 190.8 3488 258 1.94
ECMWF: 1988/89 6.30 1.75 11.99 186.5 3457 255 1.96
ECMWF: 1990/91 6.60 1.55 12.68 212.5 4272 257 1.82

65 classes 1970–79 4.76 1.00 12.03 182.2 3199 258 1.95
65 classes 1983–91 5.84 1.28 12.18 188.1 3383 258 1.90
60 clusters 1982–84 2.46 �1:14 9.50 115.8 1812 295 1.11

Table II
Frequency (%) of a representative class of geostrophic wind speed calculated from the observed wind
at Valentia in 12 direction sectors from 0� to 330�. The bottom line is the frequency of geostrophic
wind from that sector

0 30 60 90 120 150 180 210 240 270 300 330

1.46 0.97 0.80 0.75 0.91 1.14 1.68 1.86 2.16 2.54 2.01 1.67
7.30 4.85 4.00 3.75 4.55 5.70 8.40 11.16 12.96 15.24 12.06 10.02

third root of the third moment in that class since we want to calculate wind power.
A sector is divided into 5 speed classes if its frequency is below 10%. Otherwise it
is divided into 6 classes.

The analysis yields 65 new frequency classes. The sectors with a westerly wind
component, from 210� to 330� have 6, and the other sectors only 5 speed classes.
The frequencies of the classes range from 0.75% to 2.54% (Table II and Figure 2).
The values are shown in Figure 1. The mean wind and moments of this distribution
are also listed in Table I. As expected they agree almost perfectly with those of the
original distribution. The Weibull shape parameters are practically the same, too.
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Figure 1. Representative values for the geostrophic wind distribution. The distribution of winds at
850 hPa at Valentia observatory from 1970–79 is indicated by grey squares. Dots show the centres of
60 clusters (see text). The size of the symbols is proportional to the frequency.

3.2. ECMWF DATA

To see the sensitivity of the method to the input data the surface wind climate
was recalculated using large-scale winds from the European Centre for Medium-
Range Weather Forecasts (ECMWF) analysis at 850 hPa. However, in this case
no new representative speed classes were calculated. Only new frequencies were
determined for each representative speed using the same class limits as for the
observed 850 hPa wind at Valentia.

Data from September 1982 to 1991 were analyzed. Mean values for the ECMWF
grid point northeast of Valentia are listed in Table I. These ECMWF values are
shortly compared with the measurements at Valentia observatory to get an impres-
sion of how much difference between measured and simulated wind power potential
could be expected only by using different input data.

The years 1970–79 had approximately 10% less wind power (s3) than the years
1983–91, or the ECMWF analysis yields consistently higher wind speed than
the observations at Valentia. This could be differences between observations and
the analysis procedure. The frequency distribution from the ECMWF analysis is
somewhat wider than the measurements at Valentia from 1970–79 because the
shape parameter k is smaller. The mean direction is the same.
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Figure 2. Frequencies of the representative classes of geostrophic wind. The direction in one sector
is the same, and the speed increases from left to right. RAWIN sonde data for Valentia 1970–79, and
ECMWF analysis for 1983–91. Each line element for the RAWIN sonde data represents an average
for the 5 or 6 classes in that sector.

The representation of the ECMWF data by the 65 speed classes is good. Mean
components, speed, direction, and shape parameter agree almost perfectly with
the original distribution. However, some power (5%) is lost. The frequencies are
shown in Figure 2. The ECMWF analysis yielded a higher frequency of westerly
and southwesterly winds, most pronounced at high winds from these directions.
The frequency of southern and northern winds is less.

The variation across Ireland will be briefly described for the 9 years 1983–91.
The mean wind increases by 1 m s�1 from 11.4 m s�1 in the SE to 12.6 m s�1 in
the NW. The maximum deviation from the areal mean is approximately 5%. The
third moment of speed increases from 3100 m3 s�3 to 4000 m3 s�3 (Figure 3). The
maximum deviation from the areal mean is approximately 14%.

Mean wind direction backs slightly from 260� in the SE to 255� in the NW. This
means that the sector with the highest frequency and with the greatest contribution
to the mean speed and power is at 270� in the SE corner, and at 240� in the NW
corner. However, the differences are small.

The Weibull shape parameter is 1.79 in the SE and 1.88 in the NW. For individual
sectors the distribution is also wider in the SE of Ireland. However, there is not
such a uniform trend as for mean speed and power.



WIND CLIMATE OF IRELAND 367

Figure 3. Third moment of geostrophic wind at 850 hPa in m3 s�3 over Ireland from the ECMWF
analysis for 1983–91. Also shown are the positions of the ground measurements.

3.3. REPRESENTING THE GEOSTROPHIC WIND BY CLUSTERS

Cluster analysis is another widely used method to identify representative wind
classes. Actually, this had been tried first for this work. However, the result was
very disappointing, and we want to report it briefly.

For the two years September 1982 to August 1984 60 clusters with frequencies
between 0.1% and 5.2% were determined. The centres and frequencies of the
clusters are plotted in Figure 1. The clusters are concentrated between 5 to 9 m s�1.
Weak winds and easterly winds are poorly represented. The clusters include values
with higher speed than the equidistant angular distribution. However, these have
only very low frequencies. For example the highest west wind of the 65 classes
with 23.4 m s�1 has a frequency of 2.5% assigned to it. The three cluster values
near it have a combined frequency of only 0.7%.

The cluster analysis loses almost half the power (43%) of the original data
(Table I). The mean wind direction is almost NW. The shape parameter yields
a very wide fitted distribution function owing to a few clusters with very high
northwesterly winds and relatively high frequency. Clearly, the 60 clusters are not
a good representation of the original data. In addition, the period from September
1982 to August 1984 is an unrepresentative sample for the years 1983 to 1991.
Its distribution is wider, and the mean direction is west whereas the mean wind
of the 9 years has a stronger southern component. Also, this two year period has
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the greatest amount of missing data. Most notably, there are almost no data for
December 1983. Two years of data are not a reliable estimate for the mean wind,
and naturally worse for the mean wind power. There is a factor 1.37 for the ratio
of the greatest and smallest third moment.

It is not totally clear why the clusters yielded such a bad representation. One
reason certainly is that the analysis was done for velocity components u and v.
Therefore, cluster means yield mean vector winds, whereas the wind power depends
on the cube of the mean magnitude.

4. Wind Atlas Data

Data from the European Wind Atlas for Ireland (Troen and Petersen, 1989, p. 40)
and from a reanalysis for a new Irish Wind Atlas (Landberg and Watson, 1994)
covering most of the Republic of Ireland have been used. They are from 14 synoptic
stations of the Irish Meteorological Service and four masts operated by the Uni-
versity College Dublin and the Electricity Supply Board for three years (1992–94).
The measurements have been taken every hour. A description of the anemometers
and masts can be found in Watson (1993) and Landberg and Watson (1994).

Data from most stations in the old wind atlas covered 10 years, mostly from
1970–79. For the four newly included stations data from 20 years have been
used to make the estimate as climatologically stable as possible. However, at the
beginning of the 1980’s the mean wind was somewhat higher at most stations. The
surroundings of the station might have changed during a period of 20 years, resulting
in corrections which were not optimal for the entire period. For most stations no
trend could be found, however at the station Belmullet in the northwest of Ireland
the area around the anemometer was built up after 1976 yielding approximately
10% less wind power than before 1976.

The wind power potential at a height of 50 m, over roughness length z0 = 3 cm
at 18 stations in Ireland from a wind atlas reanalysis of the observations is listed
in Table III. It is not known why the observed wind power at the Cork Airport
and Kilkenny stations was so much higher during the years 1974–93 than during
1970–79. It seems that either the anemometers did not work properly during the
seventies, or there was some major modification of buildings or vegetation near the
site.

5. Results

5.1. RESULTS WITH FREQUENCIES FROM RADIOSONDE DATA AT VALENTIA
OBSERVATORY

A map of the simulated and processed wind power at 50 m height for roughness
length z0 = 3 cm is shown in Figure 4. At each grid point of the model the mean
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Table III
Comparison of wind power from a wind atlas analysis of observations
and from simulations with KAMM at 18 stations in Ireland. The height
is z = 50 m above ground, and roughness length z0 = 3 cm. EI is
the reanalysis of the old wind atlas (Troen and Petersen, 1989), and
EII for the new irish wind atlas (Landberg and Watson, 1994). E is the
simulated wind power for non-uniform geostrophic wind averaged from
3 h to 6 h simulation time. E6 is the simulated wind power calculated
after 6 h simulation time.EECM is the simulated wind power from 3-6 h
with the frequencies from the years 1983-91 of the ECMWF analysis.
All values are in Wm�2

Station name EII EI E E6 EECM

Belmullet (Bel) 457 483 594 557 640
Birr (Bir) 225 — 397 368 410
Carnsore Point (CSP) 476 — 545 502 578
Casement Aerodrome (Cas) 725 — 552 534 603
Clady (CDY) 637 — 585 555 630
Claremorris (CM) 389 329 387 354 405
Clones (Clo) 304 — 412 393 434
Cork Airport (Cor) 449 349 379 338 384
Dublin Airport (Dub) 430 429 356 344 387
Knocknagarhoon (KAG) 462 — 508 461 543
Knockanore (KAN) 523 — 463 415 491
Kilkenny (Kil) 270 202 371 339 379
Malin Head (Mal) 649 622 615 585 665
Mullingar (Mul) 332 381 422 400 444
Roches Point (Roc) 344 341 387 348 392
Rosslare Harbour (Ros) 346 — 477 442 499
Shannon Airport (Sha) 325 358 393 350 402
Valentia Observatory (Val) 613 625 555 497 554

Mean 442 412 467 432 491

power is shown by a small, grey square. For comparison, the values taken from
the wind atlas (Troen and Petersen, 1989; Landberg and Watson, 1994) are written
at the position of the station. The terrain height is indicated by isolines at 100 m
intervals.

In Figure 5 and Table III, data from the wind atlases for Ireland are compared
with the KAMM results interpolated to the positions of the stations. The station
name and a symbol are plotted at the interpolated value. The range of wind power
at the four nearest grid points is shown by error bars. This can also be interpreted
as a range of uncertainty of a value. The data from the new wind atlas are indicated
by a horizontal line. At the stations Carnsore Point (CSP), Clady (CDY), Knockna-
garhoon (KAG), and Knockanore (KAN) the power derived from the measurements
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Figure 4. Wind power in Wm�2 at a height of 50 m and roughness length z0 = 3 cm over Ireland
calculated by KAMM. At the position of the stations the values of the reanalyzed European Wind
Atlas, or if not possible those from the new wind atlas, are written. The distribution of radiosonde
winds at Valentia at 850 hPa represented by 65 classes was used as input for KAMM. The simulation
results have been processed as described in the text.

at 30 m above ground is indicated by the triangle and the horizontal line connects
to the value from the 10 m measurements.

First, it must be stated that the wind atlas data can have uncertainties over 20%
(see Troen and Petersen, 1989, Ch. 8.10). It is noted that the range of values for the
KAMM data at these stations is much less than for the wind atlas data. However,
the range of the KAMM data at all grid points over land goes from 269 Wm�2 to
816 Wm�2; i.e., only the stations with low wind power in the wind atlas are outside
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Figure 5. Wind power in Wm�2 at z = 50 m, z0 = 3 cm at 18 stations in Ireland calculated
by KAMM compared to values taken from the reanalyzed European Wind Atlas ( ) and from the
new Irish Wind Atlas (4). Shown is the range of the 4 grid points nearest to the stations, and the
interpolated value with an abbreviation of the name. Old atlas and new atlas value are connected by
a horizontal line. At CSP, CDY, KAG, and KAN the horizontal line connects the value derived from
measurements at 30 m and 10 m above ground.

the range of the numerical simulations. If only the values after 6 h simulation are
used to calculate the wind climate the calculated wind power is a bit lower. For all
grid points over land it ranges from 258 Wm�2 to 780 Wm�2.

The overprediction of the low values is related to the frequency of observed
very low winds. The three stations Kilkenny (Kil), Birr (Bir), and Clones (Clo)
have the highest frequency of wind below 1 m s�1 with 21.6%, 19.4%, and 14.7%
in the period 1974–93. Stable stratification in the surface layer might result in a
partial decoupling of the near surface flow from the large-scale flow. This was not
simulated here because there was no thermal forcing. The simulations were done
with a standard atmosphere and a fixed soil surface temperature. The soil model of
KAMM should be used to capture these phenomena.

The accuracy of measuring low winds is less than for high winds. The wind must
be higher than the calm threshold of the anemometer in order that it is registered.
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These might be some of the causes why the wind power potential in the new atlas
at Kilkenny is 34% higher than the power in the old atlas.

Dublin Airport (Dub) and Casement Aerodrome (Cas) are strongly underpre-
dicted by KAMM. However, the difference between the stations agrees quite well
with the difference from the atlas data. The predicted wind power potential increas-
es strongly up the slope of the Wicklow mountains south of Dublin. This can also
be seen from the big ‘error bars’ of these stations. Also, at both stations the pre-
dicted wind power increases most if a frequency distribution with more and higher
westerly geostrophic wind is used (see Section 5.3).

At Malin Head (Mal) the correct value to choose is clearly the one with the
highest value because it represents the most northerly grid point. The station lies
on this peninsula directly at the coast. On the gridded map it lies between this
grid point and the grid points to the south because of errors in the maps and the
averaging to 10 km resolution. Similarly, the representative grid point for Valentia
(Val) is on the peninsula west of the station and not just the interpolated value. The
calculated wind power at this point is 555 Wm�2 which is higher than at any of the
four grid points nearest to the station. In the mountainous southwest of Ireland a
resolution of 10 km is too coarse. A smaller grid size would be needed to achieve
a better overlap with the scales resolved by WASP.

This is also a problem at the station Knockanore (KAN) which lies on a hill
east of the several kilometres wide estuary of the Shannon river. This estuary
was not resolved by the coarse grid. The predicted wind power is less than at
Knocknagarhoon (KAG) which is just the opposite of the atlas values. However, at
both stations the orographic corrections calculated by WASP are over 30% in many
sectors. Essentially, both stations yield the same wind atlas value, which happens
to be the case for the power derived from the measurements at 10 m above ground.

5.2. CALCULATION OF WEIBULL PARAMETERS

The wind power calculated from the Weibull parameters is almost the same as
the original simulated power because it is one of the two parameters which are
fitted. Therefore, it is more interesting to compare the shape parameters k of the
simulation results and the wind atlases. Unfortunately, the average wind direction
between 3 and 6 h simulation time was not available. Instead the Weibull parameters
were fitted to the results at the end of the 6 h simulation time.

For the station Claremorris (CM) the simulated Weibull parametersA and k are
compared with the values from the reanalyzed European and from the new Irish
Wind Atlas (Table IV). Claremorris is an inland station which lies almost on a grid
point of KAMM, and is reasonably well predicted by KAMM. In almost all sectors
the k-parameter of the new wind atlas is greater than in the old wind atlas. This
means that the wind distribution for the new data is narrower than for the old data
(Figure 6). A major reason for this is the lower frequency of winds below 1 m s�1

with 11.7% in the new data, and 14.2% in the old data.
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Figure 6. Frequency density distributions of wind speed in all sectors for Claremorris with different
shape parameter k: old wind atlas, k = 1:90; new wind atlas, k = 2:01; fit to KAMM simulations,
k = 2:31; fit to KAMM simulations with 5% calms added, k = 2:23.

The simulated wind speed distributions are narrower than those from the atlases.
This is not surprising because we performed only stationary simulations. Therefore,
variations by transient disturbances like fronts, or through the diurnal cycle were
not simulated.

As stated previously the main deficiency is the underestimation of the frequen-
cy of weak winds. Therefore, 5% frequency of calms was arbitrarily added to
the simulated frequency distribution of speeds of all sectors at Claremorris. This
reduced the Weibull shape parameter from k = 2:31 to k = 2:23. This demon-
strates the importance of low speed cases for the calculation of the shape of the
frequency distribution, although they are not so important for the mean wind power
calculation.

It was thought that already a fit of Weibull parameters to the 65 classes of
wind at 850 hPa would yield greater shape parameters k because high speeds
might be under-represented. For most direction sectors the shape parameters of the
representative classes are greater than those of the resampled original distribution.
However, the difference is usually only approximately one tenth.

In conclusion it can be said that the numerical simulations yield too narrow a
distribution of wind speeds. To a minor degree, it is due to the input distribution
of geostrophic wind. Mostly, however, it is the neglect of transient disturbances,
diurnal cycles, and the underestimation of the frequency of weak winds. These
occur during situations with surface inversions which were not simulated here.
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Fuentes and Heimann (1996) had the same difficulties in predicting low wind
speeds at stations in the Po valley in northern Italy in winter when strong inversions
decouple the surface from the flow above and the air is often stagnant. Either
different stratification and stable surface layers have to be simulated, or some
estimate of the frequency of very low winds at a place must be obtained to better
calculate the Weibull shape parameter.

5.3. FREQUENCIES FROM 9 YEARS OF ECMWF DATA

The same analysis has been repeated using frequencies of the representative situa-
tions which were obtained from the years 1983–91 of the ECMWF analysis at 850
hPa. The calculated power is listed in the last column of Table III. For most stations
the calculated power is slightly greater than the previous result, E. This could be
expected because the third moment of geostrophic speed with frequencies from the
ECMWF analysis is 6% greater than with frequencies from the radiosonde data,
i.e., 3383 m3 s�3 compared to 3199 m3 s�3.

However, the rate of increase is regionally quite different. In the south at Cork,
Roches Point, and Valentia it hardly changes or it even decreases. In the north
and northwest (Malin Head, Belmullet, Clady) the power increases more than the
power of the input data. The highest increase with over 10% occurs at Dublin
Airport and Casement Aerodrome. Both stations have a strongly deformed surface
wind rose with a much greater frequency of westerly winds owing to the presence
of the Wicklow mountains to the south. Obviously, this effect has been captured
well by KAMM where a higher frequency of strong westerly geostrophic winds
produced a much higher power of the mean surface wind.

The regional effects of a different frequency distribution are clearly related to
mesoscale mountain ranges in the south, east and northwest of the island.

The shape parameters at Claremorris are smaller in the sectors with high fre-
quencies. Therefore, the shape parameter for all classes is also smaller than with
the frequencies from the radiosonde data.

6. Conclusions

A method to model the wind power potential of Ireland has been described. It
is assumed that the surface wind climatology is mainly determined by the large-
scale geostrophic wind climatology, the topography and roughness of the surface.
Numerical simulations with the Karlsruhe Atmospheric Mesoscale Model KAMM
have been performed for different geostrophic winds. Then, the mean surface wind
power is calculated from the modelled surface winds and the frequencies of the
geostrophic winds.

It has been pointed out how important it is to check whether the representative
situations of the large-scale climatology reproduce the mean large-scale wind and
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power. A first attempt using cluster analysis to determine geostrophic wind classes
proved unsuccessful. Therefore, the geostrophic wind was represented by 65 classes
in 12 direction sectors of 30� with equal frequencies of speed classes of the same
sector.

The results have been compared with data from the old and new Irish wind
atlas. The comparison is fair. The model does not capture the lowest power values
reported in the wind atlas. These are observed at stations with a high frequency of
very weak winds. Probably, they are caused by a decoupling of the surface from the
large scale flow in stable surface inversions. These situations were not simulated
here because all simulations were integrated to almost stationarity with a mean
stratification of the standard atmosphere.

Several improvements can be made in the future. Probably, the severest simpli-
fication of the simulations is the neglect of different stratification and of thermally
forced circulations. However, this requires many more individual simulations. With
a greater dimensionality of the space of significant parameters a carefully done
cluster analysis might be necessary to determine representative combinations of
parameters.

It should be necessary to simulate a daily cycle only for the cases with a weak
geostrophic wind. In high wind speed cases thermal influences are less important.
As the classes of geostrophic wind were chosen to yield a good representation of
the third moment of speed, high wind cases were more strongly emphasized than
low wind cases. This is another reason why the predictions are worse at stations
with low mean power.

A smaller grid size with only a few kilometres resolution is expected to yield
better agreement with the Wind Atlas data. Then the overlap with the local scales
resolved by WASP is greater. Again this requires more computing resources.

One problem which remains to be solved is the question of how much of the
orographic variation should be included in KAMM and how much in the local
analysis done by WASP. It is important to find the point, where the mesoscale
effects are modelled by the mesoscale model and the sub-mesoscale effects are
modelled by the local model in order that a comparison of the model results and
the atlas data can be done. The influence of a small hill on measurements near it
is removed by WASP. Therefore, it should not be present in the orography for the
simulations with KAMM. We believe that with the resolution used in KAMM, we
are close to that point.

It might be possible to improve the interpolation of the grid point values to a
specific site if some information on the terrain is included. However, this interpo-
lation becomes less important as the grid size of the numerical model decreases.
Similarly, an interpolation method near the coast could be developed.

The fact that the classes of geostrophic wind are clearly separate makes it easy
to assign new frequencies to them. This can be used to investigate the effect of
non-uniform geostrophic wind on the simulated wind power. Not surprisingly, it
has a stronger influence near mountains than in relatively flat terrain.
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In the future this method will be applied to calculate the wind climate in
Denmark, northern Portugal, central Italy, and the Greek island of Crete. Probably,
it is essential to include thermally forced circulations in the Mediterranean regions.
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