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Wind climate from the regional climate model REMO
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ABSTRACT

Selected outputs from simulations with the regional climate model REMO from the Max Planck Institute, Hamburg,
Germany were studied in connection with wind energy resource assessment. It was found that the mean wind character-
istics based on observations from six mid-latitude stations are well described by the standard winds derived from the
REMO pressure data. The mean wind parameters include the directional wind distribution, directional and omni-directional
mean values and Weibull fitting parameters, spectral analysis and interannual variability of the standard winds. It was also
found that, on average, the wind characteristics from REMO are in better agreement with observations than those derived
from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
re-analysis pressure data. The spatial correlation of REMO surface winds in Europe is consistent with that of the NCEP/
NCAR surface winds, as well as published observations over Europe at synoptic scales. Therefore, REMO outputs are
well suited for wind energy assessment application in Northern Europe. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In searching for potential locations for wind parks, very
often it is found that observations are sparse or lacking,
especially in remote places such as offshore where many
new wind parks are expected to be built. For offshore wind
resource assessment, engineers have tested other sources
in addition to mast observations, e.g. satellite synthetic
aperture radar (SAR) wind maps;' buoy and ship observa-
tions;’> mesoscale and microscale modeling, e.g. MMS,
KAMM and WAsP;** as well as general circulation models
(GCMs) and regional climate models (RCMs).>?

While the various methodologies have their own advan-
tages and disadvantages, re-analysis data from GCMs,
e.g. the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
re-analysis data,’ have shown to be promising for present-
ing temporal and spatial variation of wind climate because
of their continuous assimilation of observations. However,

Copyright © 2009 John Wiley & Sons, Ltd.

for the purpose of finding wind park locations, the resolu-
tion of the simulated winds from GCMs is too coarse.

An RCM is nested into a large-scale forcing, which
could be provided by a GCM. An RCM run at suitable
resolution resolves small-scale atmospheric circulations,
for instance those affected by orography or by details of
the land surface;” moreover, it is able to simulate atmo-
spheric processes on climatological time scales through
the boundary conditions provided by GCM simulations.
This physically based technique was applied in the
REgional climate MOdel (REMO) from the Max Planck
Institute for Meteorology in Hamburg. In recent years,
RCMs, including REMO, have proven to be useful tools
for analysis of regional energy and water cycles, as well
as for predicting climate change at regional scale.®’

In this study, to investigate whether the REMO outputs
can be used for wind energy assessment, its characteristic
wind parameters are derived and examined to determine
whether they can provide consistent statistics with those
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given by observations from Denmark, Germany and Gulf
of Suez. The length of the observations varies from 3 to 24
full years, with the start year earliest 1978 and the end year
latest 2005. At the same time, the wind statistics from
REMO are also compared to those estimated from the
NCEP/NCAR re-analysis data. The NCEP/NCAR re-
analysis data in the period of 1979-2005 are used here.
The start year 1979 was chosen because before 1979, the
data assimilation involved a limited amount of meteoro-
logical observations, and some of these are erroneous, !
and the end year 2005 was chosen because the full-year site
observations end at 2005.

Using observations at different sites with different
periods and lengths will raise the question: how represen-
tative are they for the wind climate? The World Meteoro-
logical Organization suggests a period of 30 years, and in
the IPCC report 2007 (http://www.ipcc.ch/ipccreports/ar4-
syr.htm), 20 years were used to illustrate the climate
change. In wind energy application, 5 or more years of
data are suggested to give a reasonable wind energy assess-
ment (see e.g. Sempreviva et al.'?). Here, in order to see
the effect of limited data length and the effect of different
periods, we will examine the interannual variability of the
wind parameters derived from the observations, the REMO
and NCEP/NCAR data. The wind statistics from the three
different data sets are compared for their overlapping
period, and these statistics are again compared to the sta-
tistics calculated for the entire period of each data set.
Based on this investigation, we evaluate the simulated
surface 10 m winds from REMO in the North Sea with a
limited number of years of satellite data.

In the following, we will first give some details of the
model REMO in ‘The RCM REMO’, and then briefly
describe the observations and the stations in ‘Measure-
ments’. We introduce the ‘standard wind’ in ‘Calculating
the Standard Wind’. This parameter provides a possibility
to compare point wind observations with the spatially
averaged model values. The results of the wind parameters
based on the standard winds are presented in ‘Wind Param-
eters Based on the Standard Winds Derived from REMO
Pressures, Observations and NCEP/NCAR Re-analysis
Pressures’. In ‘Spatial Wind Variations’, the modeled
mean 10 m winds from REMO are compared to satellite
data in two limited areas in the North Sea, and the spatial
correlation of the REMO 10 m winds is studied together
with that of the NCEP/NCAR re-analysis surface winds.
Discussions and conclusions follow in ‘Summary and Dis-
cussion” and ‘Conclusions’.

2. THE RCM REMO

The RCM REMO**" is a three-dimensional, hydrostatic
atmospheric circulation model. Like most other RCMs,
REMO was developed starting from an existing numerical
weather prediction model: the Europa-Modell (EM) of
the German Weather Service DWD." Additionally, the
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physical parameterization package of the GCM ECHAM4'?
has been implemented, optionally replacing the original
EM physics. In numerical studies, the latter combination
(i.e. the EM dynamical core plus the ECHAM4 physical
parameterization scheme) proved its ability to reproduce
realistically regional climatic features and is therefore used
as the standard setup in recent applications, including the
present study.

The lateral boundary conditions for REMO are pro-
vided by the European Center for Medium-range Weather
Forecasting (ECMWF) re-analysis data (ERA-15) for the
period 1979-1993, and by the operational analysis of the
ECMWEF for the period 1994-2003, applying a one-way
nesting technique. This means that observations were not
assimilated directly into REMO, only indirectly through
the ECMWF data. Hereinafter, we use the term ‘the
ECMWEF data’ to refer to both the ERA-15 and the opera-
tional analysis of the ECMWE.

The ECMWEF data have a resolution of T106 (~120 X
120 km). REMO was first nested in the ECMWF data with
a horizontal resolution of 50 X 50 km, which covers the
entire European continent. Then, the results from the first
nesting were used to derive the lateral boundary conditions
for the second nesting by using a double nesting strategy.
The second model domain covers the region of Germany,
Austria, Switzerland and a part of Denmark with a hori-
zontal resolution of 10 x 10 km. Output from both resolu-
tions was saved every hour.

3. MEASUREMENTS

Information about the measurements is given in Table I.
Among them, Horns Rev, FINO and Sprogg are offshore
sites. At Horns Rev, the given period of data is free of
wake effects from the wind park. The locations of the five
Danish sites and FINO are displayed in Figure 1. Abu
Darag is a measurement station in the Gulf of Suez, located
west to the Gulf (location in Figure 2(a)). Here, controlled
by the channeling effect of the gulf, about 75% of the time
winds are northerly. This site is selected to represent wind
dominated by mesoscale processes.

Figure 1 shows the model grid points of REMO 10 km
(small dots) and REMO 50 km (medium dots), as well as
NCEP/NCAR Gaussian grid (1.875°x 1.904°, large dots).
The relaxation zones of both the 10 and 50 km REMO are
of thickness of eight grid boxes on each side. In this zone,
the values from REMO are not independent from the
driving fields, i.e. the ECMWF data for the 50 km domain,
and the 50 km resolution REMO data for the 10 km
domain. Therefore, for the stations located in these zones
(Jylex, Horns Rev and Sprogg), the results from the 10 km
REMO data will not differ from those from the 50 km
REMO data. At Sprogg, which is 10-grid boxes away from
the 10 km domain boundary, the data from the fifth grid
box are needed to derive the wind parameters according to
the method used in this study (see ‘Standard Winds from
the Pressure Records’ for details of the method). Jylex is
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Table I. Measurement sites.

Site Location Observation period Data coverage (%) Height (m)
Horns Rev (7.875 E, 55.508 N) 1999-2002 100 62
FINO (6.588 E, 54.014 N) 1993-2003 98.7 100
Sproge (10.974 E, 55.331 N) 1977-1999 97.8 70
Tystofte (11.33 E, 55.24 N) 1982-2005 96.1 39.3
Kegnees (9.936 E, 54.856 N) 1991-2004 99.3 24.3
Jylex (8.449 E, 55.942 N) 1982-2002 90.7 24
Abu Darag (32.599 E, 29.280 N) 1991-2001 86.4 24.5
winds directly with point wind measurements unless the
58t surface conditions are homogeneous over the whole grid
box. It is possible that a large part of the grid box which
contains the observation site represents a very different
57¢ landscape. The finer the resolution of the model, the larger
the chance the surface conditions are homogeneous.
of s6l However, for most of the cases, 10 km is by far not fine
:'é enough for land sites to make the direct comparison of
b winds possible.
= 55}
4.1. Standard winds derived from the
54 observed winds
~ Because of the issue mentioned earlier, most studies limit
53 6 38 10 12 “14 the comparison of the modeled and observed winds over
Longitude’N water surfaces, e.g. Weisse et al.'® and Winterfeldt.' The

Figure 1. Grid points from different models and the locations
of stations, marked by crosses and the site name initials
(H stands for Horns Rev, F for FINO, S for Sproge, T for
Tystofte, K for Kegnaes, J for Jylex). The biggest bullets are
the National Centers for Environmental Prediction/National
Center for Atmospheric Research grid points. The medium
and small dots are grid points for REMO 50 and 10 km
resolution, respectively.

too close to the 10 km resolution REMO domain bound-
ary, and there are not sufficient grid points to provide the
10 km resolution data to calculate the wind parameters. At
Abu Darag, the REMO outputs are only available at the
50 km resolution.

The measured time series are 10 min averages of wind
speed and direction. Missing data are found by linear inter-
polating between the data gap.

Information about the roughness length, roughness
change and orography at Sprogg, Tystofte, Kegnas and
Jylex can be found in Kristensen et al.,'® and that at Abu
Darag can be found in Mortensen et al."’

4. CALCULATING THE
STANDARD WIND

Maps of the modeled wind are useful in locating wind-rich
areas. However, for validation, critically speaking, it is
meaningless to compare the spatially averaged model

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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WASP technique provides a possibility to extend the com-
parison between modeled values and point measurements
to not-too-complex terrain (see Troen and Petersen;
www.wasp.dk). In this section, we explain how to use the
WASP technique to convert the observed wind speed to
the so-called ‘standard wind’. The standard wind is
defined as winds at a common height, here 10 m, over a
homogeneous surface with a roughness length, here
0.05 m; it is denoted by uy. In ‘Standard Winds from the
Pressure Records’, we introduce how to obtain u, from
model outputs of pressure. The flow diagram in Figure 3
shows the two processes through which the observed
wind speed at height z, u,_ (the thin arrow flow) and the
modeled pressures (the thick arrow flow) are used to
calculate u.

When applying this technique to a nearby wind farm
site, the observation has to go through the technique in two
steps; see Figure 3. In step 1, we calculate the geostrophic
wind at the measuring site from the surface wind by using
the geostrophic drag law. First, the speedups caused by
orography and roughness should be cleaned out from the
wind speed at height z, u,_; the flat homogeneous terrain
wind speed u, can be obtained from u, = u, /[(1 + s,)(1 +
s.)], where s, and s, are speedup coefficients caused by
orography and roughness change, respectively. The surface
friction velocity u-, is then determined from u, and the
area-averaged surface roughness length, zo:

Kl
7 In(z/20)

1
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Figure 2. Twenty-five-year mean modeled wind at 10 m height over the entire domain: (a) REMO 50 km resolution; (b) REMO
10 km resolution. The location of Abu Darag (32.599°E, 29.280°N) is marked with white cross in (a).

where k (= 0.4) is the von Karman constant. Neutral strat-
ification is assumed. A geostrophic wind speed G can then
be calculated from u. by using the geostrophic drag law
(e.g. Tennekes"):

2
G="4 (ln;‘* —Aj +B? 2)
K <20

where f; is the Coriolis parameter, and A and B are dimen-
sionless parameters; here, we use those of Landberg
etal.,”» A=1.8and B=4.5.

In step 2, we assume that the geostrophic forcing over
the measuring site and the turbine site are the same. Once
again, we use the drag law, equation (2), now with a new
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roughness length of 0.05 m, to obtain a new friction veloc-
ity u«, by iteration. With the new roughness length and
new friction velocity, the ‘standard wind’ uy is now
obtained by using equation (1).

This technique was applied to all observations, but in a
slightly different manner to the two offshore sites FINO
and Horns Rev. At these two offshore sites, in the trans-
formation of the observed wind to u, the effects of rough-
ness change and topography over the water body are
not considered (i.e. we use u, = u,_). Instead, we corrected
only the roughness length calculated from the Charnock
formulation.”

When applying u, to the turbine site, the programWAsP
can take into account of the local effects of roughness,

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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REMO 10 km geostrophic balance

REMO 50 km| P
NCEP/NCAR

uZ:uoz/((I-%—xO)(I+s’/)

observations | - s u

0,z z

Step 1

G
(2 eq. (2)
ed- (2) z =0.05 m
eq. (1) eq. (1)
—>| % o
Step 2

Figure 3. Flow diagram showing how the standard wind uy, is obtained from observed wind speed uy, (thin arrow flow) and modeled

pressure P (thick arrow flow). Here, s, and s, are speedup coefficients caused by orography and roughness change, u, is the flat

homogeneous terrain wind speed at height z, u* is the friction velocity over the area averaged surface roughness and u* , is the friction
velocity over the new roughness length 0.05 m with the same geostrophic wind G.

roughness changes and orography around the site to obtain
the realistic wind.

The WASP technique is limited to not-too-complex
terrain. WASP uses the ruggedness index of a site to
measure the steepness or ruggedness, and hence the com-
plexity of the terrain around a site. According to this index,
the stations used here are in the category of ‘flat terrain’
(the mid-latitude sites) and ‘moderate complex terrain’
(the Abu Darag site), so the observations can be handled
by the WASsP technique. However, these limitations also
restrict our validation of the REMO data to areas of such
terrains.

In the transformation of the observed wind to u,, the
effect of stratification is not taken into account; see equa-
tions (1) and (2), and the Charnock formulation. This will
introduce uncertainty to the eventual estimation of wind
power potential. However, the effect of stratification is not
introduced either to u, through the derivation from the
pressure data. The bias induced by the assumption
of neutral stability should be small in the comparison to
uy derived from modeled pressure data and from
observations.

4.2. Standard winds from the
pressure records

If we treat the simulated winds from a model, either an
RCM or a GCM, as the actual wind and apply the cleaning
technique as described in ‘Standard Winds Derived from
the Observed Winds’, we need appropriate input of orog-
raphy, surface roughness and roughness change. This
information is not directly obtainable from these models.
In REMO, the corresponding roughness over a land grid
box includes vegetation and orographic variances. A test
of using this roughness for transformation gave completely
unrealistic numbers (see Larsén and Mann'' for more dis-
cussions on this topic). In order to avoid this problem, we
derived uy from the pressure field; the procedure of the

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
DOI: 10.1002/we

derivation is indicated in Figure 3 by the thick arrow flow.
This method of deriving uy from the pressure data has
proven to be useful in the wind engineering field."**%*

The mean sea level pressures from the grid points ( j +
x, 1), (j—x,10), (j,i+x)and (j,i—x) were used to obtain
the geostrophic wind at sea level Gy at the grid point ( j,
i), where x is the number of grid points away from ( j, i).
The geostrophic balance is used, which restricts the appli-
cation of this method to non-tropical regions and low
terrains.

With REMO 10 km data from 2003, a sensitivity test of
G, was taken with x ranging from 2 to 5 (corresponding
to the pressure gradient over 40-100 km). For all grid
points in the entire domain with elevation less than 300 m,
on average, the mean geostrophic wind calculated with the
pressure gradient over 40 and 60 km differs from that
calculated with pressure gradient over 100 km by about
1.7 and 0.7%, respectively. Based on these results, we
chose to calculate the pressure gradient over a distance of
100 km for both the REMO 10 and 50 km data. For the
NCEP/NCAR re-analysis data, we use x = 1, which cor-
responds to wind gradient over about 400 km.

5. WIND PARAMETERS BASED ON
THE STANDARD WINDS DERIVED
FROM REVMIO PRESSURES,
OBSERVATIONS AND NCEP/NCAR
RE-ANALYSIS PRESSURES

In order to avoid confusion, whenever we use the term
‘REMO surface winds’, we mean the simulated 10 m
winds from REMO, and ‘NCEP/NCAR surface winds’, we
mean the simulated 10 m winds from the NCEP/NCAR
re-analysis data.® By ‘REMO u’, we mean the standard
wind u derived from the REMO pressure data. All results
in this section are based on the standard wind as calculated
in ‘Calculating the Standard Wind’.
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The statistics presented in ‘Interannual Variability of
the Mean Standard Wind’ and ‘Spectrum’ are not particu-
larly sensitive to the data length, so the entire data periods
are used. This means that, for observations, the data period
is as given in Table I, for REMO data, the data period is
1979-2003, and for NCEP/NCAR re-analysis data, the
data period is 1979-2005. In ‘Mean Standard Wind and
the Weibull Fitting Parameters’, we compare observed
and modeled wind statistics both for the intersecting period
and the entire data sets. In general, for the long observation
periods we use, the differences are insignificant.

5.1. Interannual variability of the mean
standard wind

It is often worthwhile to correlate short wind time series
measured at a potential wind park site to longer re-analysis
series. This is done to avoid being biased by unusual years
present in the short time series. It is therefore of utmost
importance to judge whether re-analysis models and
regional models are able to account for the interannual
variation of the mean wind speed.

The interannual variation of the annual mean u, based
on 6 h values, denoted as iz, is presented in Figure 4. The
effect of using different disjunct sampling intervals on the
mean values is discussed later in ‘Mean Standard Wind
and the Weibull Fitting Parameters’. The mean difference
between the observed iy, and that of the different models
was calculated for the overlapping period, and the numbers
are given in Table II. The table also lists the correlation
coefficients of i, between different data sets. iy, derived
from the REMO 10 km data is almost indistinguishable
from those from the 50 km data.

Figure 4 shows that u, derived from REMO seems to
have captured the interannual rise and fall, as well as the
overall trend of annual mean u, as suggested by that
derived from the observations for the overlapping period.
Table II (third row) shows that for the six mid-latitude
sites, iy, from observation and REMO are rather well
correlated, although slightly less satisfying at FINO, and
there is also a very good correlation between iy, from
REMO and NCEP/NCAR (last row). However, at Abu
Darag, while ity from REMO can still capture the interan-
nual variability, the strength of the wind is underestimated;
see Figure 4. On the other hand, #g, from NCEP/NCAR
data totally missed the interannual variability (with cor-
relation coefficient = 0.29) and the wind strength.

For most sites, the mean difference in g, is smaller
between REMO and observations than that between
NCEP/NCAR and observations, but the interannual varia-
tions are captured slightly better by NCEP/NCAR.

5.2. Spectrum
The temporal variations of the wind are important for the

ability to forecast the energy production from a wind
turbine park. The spectrum is a statistical measure of these
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variations. The power spectra of the wind time series for
each of the sites and the closest grid point were calculated
from the time series of u using fast Fourier transform. The
averaging time for the observations is 10 min. The REMO
data are saved each hour, and the NCEP/NCAR data every
6 h. The presentation of the spectrum is not sensitive to
the data length, although short time series normally brings
larger scatter, especially in the low frequency ranges, for
which the short data set from Horns Rev is an example.

Figure 5 shows that at the mid-latitude sites, both the
spectra from REMO and the NCEP/NCAR data capture
the energy containing range as suggested by the spectrum
from observations. The peak showing the seasonal varia-
tion of uy, at 1 year, i.e. f=0.0027 day™, is well captured
by both the REMO and NCEP/NCAR u,. However, the
diurnal wind speed variation at f=1 day™" at the three land
sites from Denmark is absent in the spectra derived from
the REMO and NCEP/NCAR ug. The variations of u at
scales smaller than half day are of course absent in the
NCEP/NCAR data, and quite surprisingly, vanishingly
small in both REMO 10 and 50 km data. At Abu Darag,
the REMO spectrum describes well the wind variation,
while the NCEP/NCAR spectrum significantly underesti-
mates the level of the wind variation as suggested by the
observed spectrum, clearly showing the favorable effect of
the higher resolution of REMO.

5.3. Mean standard wind and the weibull
fitting parameters

The following mean wind parameters are examined: the
omni-directional mean standard wind speed 7 and its stan-
dard deviation o,,, Weibull fitting scale parameter A,, and
shape parameter k. In addition, for each site, the sector-
wise distribution of frequency, mean u, and theWeibull
fitting shape parameter k are plotted in Figure 6. The
sector-wise scale parameter is very similar to the sector-
wise mean u and is therefore not plotted. Data are divided
into 12 sectors 1, 2, 3, ..., 12, corresponding to direction
intervals 345-15°, 15-45°, 45-75°, ..., 315-345°.

Because of the time resolution of the NCEP/NCAR
data, we used 6 h values for all. Thus, there is a risk that
the effect of the local diurnal variation may be missed, and
also the information with f> 2 day™ in the spectra was in
fact neglected. Accordingly, the numbers shown in Table
II1, as well as in Figure 6, do not contain information of
winds with scales smaller than 6 h. The ratios of the mean
uy at different time stepping ranging from 10 min to 6 h
were calculated for observations and the REMO data. The
difference caused by different time stepping turns out to
be very small; it is on average less than 1% and it reaches
2% in the observations at Abu Darag where the half-day
variation is strong (see the spectrum in Figure 5).

The statistics has been calculated with u, from observa-
tions, REMO and NCEP/NCAR data for each of their
entire period and their overlapping period. The results are
presented in Table III and Figure 6.

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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Figure 4. Time series of the annual mean ug; at the seven sites.

285



Wind climate from the regional climate model REMO

X. G. Larsén et al.

Table Il. Mean annual wind bias (first two rows) and correlation coefficient (the following three rows) among different data.

Site HO Fl SP TY KE JY AB
Ust,y,0BS — Ust,y,REM50km (MS™") 00-03 93-03 79-98 82-03 91-03 83-02 91-01
-0.05 0.41 0.01 -0.04 -0.09 -0.38 1.39
Ust,y,0BS — Ust,yNCEP/NCAR (MS™') 00-03 93-03 79-98 82-05 91-04 83-02 91-01
0.42 0.79 0.41 0.35 0.31 0.13 2.64
Correlation coefficientogs remosokm 00-03 93-03 79-98 82-03 91-03 83-02 91-01
0.89 0.64 0.73 0.85 0.90 0.76 0.54
Correlation coefficientogs ncepacar 00-03 93-03 79-98 82-05 91-04 83-02 91-01
0.99 0.82 0.83 0.88 0.84 0.78 0.29
Correlation coefficientremosomnceracar 79-03 79-03 79-03 79-03 79-03 79-03 79-03
0.85 0.81 0.87 0.86 0.86 0.86 0.58

The overlapping data period for each calculation at each site is indicated above the results, where '79-03" means from 1979
to 2003. The sites are indicated by the first two letters of their names: Horns Rev, FINO, Sprogg, Tystofte, Kegnaes, Jylex and

Abu Darag.

In Table III, the mean difference of all sites in 7y
between the overlapping period and the entire period is
negligible for observations, being 0.7% for REMO 10 km
data, 0.8% for REMO 50 km data and 0.5% for NCEP/
NCAR data, and the maximum difference is 1.7% for
REMO 10 km data, 1.4% for REMO 50 km data and 0.9%
for NCEP/NCAR data. The statistics shown in Figure 6
are for the entire period of each data set; it is similar for
the overlapping period. Instead of using the NCEP/NCAR
data from 1979 to 2005, truncating the data to the same
period as the REMO data, i.e. 1979-2003, gives a differ-
ence in iy 0.001 ms™' or less at the six mid-latitude sites,
and 0.01 ms™ at Abu Darag. In short, the statistics in the
overlapping period are almost the same as that in the entire
period. This is a clear indication that the different data
length and period as given by the observations here will
not give bias in wind energy estimation for these sites, and
such data length and period are able to represent a reason-
able wind climate in this region.

Table III also suggests a general good agreement
between wind parameters derived from observations and
from the REMO data. At Abu Darag, REMO performs
better than the NCEP/NCAR data, but still underestimates
uy by ~17%. The width of the Gulf of Suez is about 50 km,
and only less than 10 grid points cover the entire Gulf. The
50 km resolution of REMO in this region is not enough to
resolve entirely the channeling effect. The REMO-derived
u, deviates from the observation-derived u, by up to 8%
at other sites.

Figure 6 suggests that, for the six mid-latitude sites,
wind parameters derived from the REMO and NCEP/
NCAR pressure data capture well the sector-wise data
distribution, with the prevailing winds from sectors 8§—11
and a second peak of wind occurrence in sectors 4 and 5.
All curves suggest that the winds are strongest in the pre-
vailing wind sectors. The Weibull fitting shape parameter
k derived from the REMO data in some cases showed
rather considerable difference from the observations, a
difference which was absent in the omni-directional cases.
The cause were the small samples used in some of the
sectors.”®
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The plots for Abu Darag (last row of Figure 6) show
that in the prevailing wind sectors (sectors 1 and 12), u
derived from the observations is larger than that from the
REMO data, which again is larger than that from the
NCEP/NCAR data.

In brief, the difference in the mean wind parameters
based on u from the two REMO outputs, 10 and 50 km,
is small, and for the mid-latitude sites, REMO gives better
estimation of the mean u than the NCEP/NCAR data. At
Abu Darag, the magnitude of u, is underestimated by the
REMO 50 km data and by NCEP/NCAR data.

6. SPATIAL WIND VARIATIONS

In contrast to ‘Wind Parameters Based on the Standard
Winds Derived from REMO Pressures, Observations and
NCEP/NCAR Re-analysis Pressures’, which was based on
the standard wind, the analysis in this section was based
on model simulations of the 10 m wind speeds and satellite
data of the 10 m wind speed which is also a spatial
average.

6.1. Mean surface wind distribution
of REMO

The simulated 10 m wind speeds from REMO are aver-
aged over the period 1979-2003, and are presented in
Figure 2(a) (50 km resolution) and (b) (10 km resolution),
respectively, for the full model domains. In Figure 2(a),
the eight outmost points toward all four boundaries are in
the relaxation zone; they should be disregarded when ana-
lyzing the data. The contour lines of the mean values of
the simulated wind speeds for the North Sea offshore area
are displayed in Figure 7(a).

There is consistency between Figure 7(a) and the mean
wind map derived from ERS-2 SAR images in Hasager
et al.' (their figure 6(b)) where the 10 m wind above sea
level was presented for the water region 55.2-55.8 N and
7.5-8.3 E. In quantifying offshore wind resources with
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Table Ill. Omni-directional mean wind parameters at the seven sites.

Site Data Overlapping period Entire period
[T Oy A k U Oy, A, k
Horns Rev
Observations 5.85 2.72 6.59 2.28 5.85 2.72 6.59 2.28
REMO 10 km 5.92 3.01 6.58 2.06 5.82 2.98 6.51 2.05
REMO 50 km 5.90 2.93 6.54 212 5.83 2.92 6.53 2.10
NCEP/NCAR 5.42 2.78 5.93 2.04 5.47 2.84 6.08 2.02
FINO
Observations 6.13 2.92 6.89 2.22 6.13 2.92 6.89 2.22
REMO 10 km 5.75 2.95 6.45 2.04 5.79 2.96 6.47 2.05
REMO 50 km 5.68 2.96 6.36 2.00 5.73 2.98 6.39 2.01
NCEP/NCAR 5.30 2.81 5.91 1.98 5.33 2.82 5.95 1.96
Sproge
Observations 5.568 2.66 6.40 2.22 5.58 2.66 6.40 2.22
REMO 10 km 5.53 2.87 6.17 2.02 5.51 2.86 6.15 2.02
REMO 50 km 5.51 2.83 6.16 2.04 5.48 2.82 6.14 2.04
NCEP/NCAR 5.13 2.73 5.75 1.96 5.10 2.71 5.71 1.96
Tystofte
Observations 5.48 2.55 6.12 2.27 5.47 2.55 6.11 2.27
REMO 10 km 5.41 2.79 6.04 2.03 5.38 2.78 5.99 2.02
REMO 50 km 5.50 2.82 6.17 2.05 5.48 2.81 6.12 2.04
NCEP/NCAR 5.11 2.71 5.72 1.96 5.10 2.71 5.71 1.96
Kegnees
Observations 5.46 2.75 6.06 2.09 5.45 2.75 6.06 2.10
REMO 10 km 5.56 2.88 6.25 2.02 5.57 2.87 6.24 2.03
REMO 50 km 5.55 2.85 6.23 2.04 5.58 2.85 6.24 2.05
NCEP/NCAR 5.13 2.71 5.71 1.98 5.15 2.73 5.73 1.97
Jylex
Observations 5.45 2.79 6.07 2.04 5.45 2.79 6.07 2.04
REMO 50 km 5.82 2.91 6.54 2.10 5.78 2.89 6.48 2.10
NCEP/NCAR 5.32 2.80 5.95 1.98 5.29 2.78 5.90 1.99
Abu Darag
Observations 6.52 2.55 7.75 2.1 6.52 2.55 7.75 2.11
REMO 50 km 5.21 2.15 5.76 2.60 5.14 213 5.68 2.60
NCEP/NCAR 3.96 1.80 4.43 2.33 3.94 1.82 4.39 2.30

The unit for the mean uy (&), the standard deviation of ug, (o,,) and the Weibull fitting scale parameter A, is ms™; k is the
Weibull fitting shape parameter. Here, the numbers are obtained with the different data from the overlapping period (varying by
site as shown in Table Il), as well as for the entire record length, which, for the observation, can be found in Table |, for REMO
data is 1979-2003 and for the NCEP/NCAR data is 1979-2005.

satellite maps in the North Sea, Hasager et al.”’” used 85
SAR images in the period 1999 to 2003 to visualize the
mean wind variation from coastline to offshore (their
figure 2); two transects, south and north to the wind farm
Horns Rev, were selected and they were drawn in Figure
7(a) as thick gray lines. The average wind of the two
transects from the 85 SAR images shows an increase from
about 5 m s™' at the coastline to 7 m s™' at about 40 km
offshore. Hasager et al.”’ recommended recent calculations
with the ENVISAT data from the period 2003 to 2007 (not
published), which give wind speed of about 6.5 m s at
the coastline to 8 m s™' at about 40 km offshore, with the
number of samples varying from about 200 close to the
coast to 120 out in the ocean. The new horizontal wind
profiles for the two transects from these maps were repro-
duced in Figure 7(b). There is a difference in the mean
wind magnitude of about 1 m s™ between the wind from

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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Hasager et al”’ and Figure 7(b), although the horizontal
wind gradient is similar. The difference is believed to be
induced by difference in sampling. Barthelmie and Pryor®®
found that for an uncertainty of £10% at a confidence level
of 90%, 50-70 randomly selected perfectly accurate
images are required to characterize the mean wind speed
and the Weibull fitting scale parameter A,,. But in order to
obtain the Weibull fitting shape parameter k with the same
certainty, Pryor et al.*® suggested that approximately 250
samples are needed. Here, we examine only the mean wind
speed, so the samples (assuming perfect accuracy) are
sufficient to give an uncertainty within 10%.

The bullets in Figure 7(b) are the simulated 10 m winds
from REMO at 10 km resolution, averaged over 1979—
2003, from a row of the grid points that lies approximately
between the two transects, marked with white crosses in
Figure 7(a). The REMO winds and the satellite winds
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Figure 7. (a) Left, contour lines of the 25 year mean modeled wind at 10 m height fromm REMO 10 km data. Crosses are the transect

selected for study of wind profile simulated from REMO offshore. The two gray solid lines are the two transects from Hasager

et al.,”” where the satellite data are available. (b) Right, variation of wind speeds at 10 m height with distance from the shore. Bullets:

REMO 10 km winds from the grid points marked with white crosses in (a). Curves: ENVISAT winds from 2003 to 2007 for the two
transects: solid for the northern and dashed for the southern.

agree very well. Although the wind speeds are still increas-
ing 20 km from the coast in this area, the increase is very
small, suggesting that in terms of maximizing wind
resources at this location, it is not necessary to go beyond
this distance.

Unfortunately, the overlapping period of the REMO
data and the satellite data is too short: only 2003. This
means there are too few satellite images to make meaning-
ful averages. In making the comparison, we have assumed
that both the REMO surface winds (1979-2003) and the
satellite winds (2003-2007) are representative of the mean
wind climate. Based on the interannual variability of the
mean standard winds throughout 1978-2005 as presented
in ‘Interannual Variability of the Mean Standard Wind’,
this assumption could be considered reasonable, and it
suggests that using 5 years of data (the length of the satel-
lite data) will not give significant deviation from the 25
year mean.

In addition to the sample size, the satellite-derived
winds suffer from uncertainties because of spatial resolu-
tion of the images and the techniques, etc. The uncertain-
ties in relation to the sample size are usually not evenly
distributed over a larger area, and that is the reason we
cannot make such a comparison of the satellite-derived
winds with the REMO simulated winds over the entire
North Sea, but restrict it to quite limited areas where the
wind climate has already been well studied.

In this section, the satellite-derived winds are only com-
pared to the REMO simulated 10 m winds because such a
fine resolution variation of wind speed could not be seen
in the NCEP/NCAR re-analysis data of about 200 km
resolution, nor is it expected in the ECMWF data of
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120 km resolution. Such a spatial variation of the surface
wind speed simulated from the REMO is clearly an added
value to the ECMWF data.

6.2. Spatial correlation of the
surface winds

Spatial correlations of winds at large scales are important
for the estimation of wind power fluctuations from wind
parks scattered over a region.”** In this section, the spatial
correlation is examined for the simulated 10 m winds from
REMO. It is compared to that of the NCEP/NCAR
re-analysis 10 m winds. We examine the spatial correla-
tion of the surface winds in different climatological zones.
It will be demonstrated that the spatial correlation is
dependent on the surface conditions, by studying areas
with only water surface and areas with land—water mixed
surface within the different zones. The averaging time is
another factor that affects the wind correlation in space.
Therefore, the correlation parameters are estimated from
time series of the surface winds with the averaging time
ranging from 1 year to the original time resolution of the
data (i.e. it is 1 h for the REMO surface winds, and it is
6 h for the NCEP/NCAR re-analysis surface winds).

Three different regions are depicted in Figure 8: North-
ern Europe (zone A); Southern Europe (zone B); and an
area covering most of Europe, 35-68°N and 17°W-35°E
(zone C). The correlation parameters for every pair of grid
points inside each zone are calculated. The following is
the list of zones and corresponding grid points from REMO
and the NCEP/NCAR model.

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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with water surface in zone B, each containing 9 NCEP/NCAR grid points. (b) Within zone A, REMO 10 km data over water, 20 by 20
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® In zone A, A, and A, from NCEP/NCAR grid points
in zone A (Figure 8(a));

e In zone A, 20 by 20 water grid points from REMO
10 km, starting from the model domain boundary in
the north to the coastline in the south (Figure 8(b));

e In zone A, 8 by 8 water as well as mixed land—water
grid points from REMO 50 km (see Figure 8(c));
and

e In zone B, subzone B,, containing 9 NCEP/NCAR
grid points in Figure 8(a), and 8 by 8 water grid points
from REMO 50 km in Figure 8(d).

Two correlation parameters are used. Normally, the cor-
relation coefficient, here denoted as cc, is used to describe
the spatial correlation (e.g. Pope®):

CC(Z., ]):ninzt 1 (ufm_uim)(uim_ujm)
t m=1 — .
\/mzi(uim_uim) ;{Zj(”jnz_”j:n)
i=,LN-1;j=i+1,N .

where n, is the length of the time series; u;, and u;, are
wind speed u at locations i and j, respectively, at time m;
and N is the total number of locations in the area of inter-
est. For the hourly time series from REMO, n, = 219,144,
and for the 6 h time series of the NCEP/NCAR re-analysis
winds, n, = 39,448.

The mean absolute difference (MAD) is another param-
eter to describe the correlation between two time series
(e.g. Robeson and Shein®):

R
MAD =— |ty —w;l, i=LN=1j=i+LN (4
Ny =
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The slow temporal variation in the time series at two
sites tends to dominate over smaller-scale variations
(Robeson and Shein®?). MAD offsets the well-correlated
slow variation in the two time series, and therefore, is
expected to present better the local variations.

The difference between the cc and MAD can clearly be
seen in Figure 9. The figure shows cc and MAD for every
pair of grid points in zone A; (water) and A, (mixed water—
land), calculated as a function of distance d,, based on
daily average and 6 h NCEP/NCAR re-analysis surface
winds. Over water (A;), both cc and MAD show a clear
dependence on d,. Over the mixed surface (A,), cc with
the same d, contains very little scatter, indicating a uniform
dependence of cc on d, regardless of the surface rough-
ness. At the same time, MAD increases with d, with large
scatter, reflecting the local scale effects. Moreover, Figure
9 suggests that using 1 day as the averaging time gives
higher cc and smaller MAD than 6 h. This is a consequence
that normally using longer averaging time gives smaller
standard deviations.

This is also true with the REMO 50 km 10 m winds. It
was found that the values of cc and MAD are no longer
sensitive to the averaging time when this is reduced to
about 6 h, which characterizes the local weather time
scale.

Figure 10(a),(b) shows the spatial correlation of the
REMO surface winds, at 10 km as well as 50 km resolu-
tions, together with that of the NCEP/NCAR surface
winds. The dependence of both cc and MAD on the dis-
tance d, agrees well between the REMO and the NCEP/
NCAR winds. This suggests that for zone A, in the North
Sea, REMO and the NCEP/NCAR model give consistent
variability in both the synoptic (in terms of cc) and local
(in terms of MAD) wind systems.

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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Figure 10. Spatial correlation parameters cc and MAD for A, (a and b), and for B, (c and d), based on 6 h averaging 10 m height

winds. For the REMO surface winds, mean values of cc and MAD in different bins of distance d, were plotted together with one

standard deviation. (e) and (f): cc varying with distance d,, for zone C, from National Centers for Environmental Prediction/National
Center for Atmospheric Research (e) and REMO 50 km (f) surface winds.

However, in the west Mediterranean Sea zone B,, the
surface winds correlation in the NCEP/NCAR model
shows slightly larger than in REMO, as suggested by both
cc and MAD (Figure 10(c),(d)). This is possibly a result of
the difference of the wind field between the NCEP/NCAR
data and the forcing to REMO (i.e. the ECMWF data).
Seemingly, the simulated winds from REMO are better
correlated in the North Sea area than in the west Mediter-
ranean Sea.

In Figure 10(e),(f), the large-scale wind variability
across Europe is examined with both the REMO and

Wind Energ. 2010; 13:279-296 © 2009 John Wiley & Sons, Ltd.
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NCEP/NCAR surface winds. A different averaging time is
used ranging from 1 year to 1 h (or 6 h for the NCEP/
NCAR winds). It seems that in this area, the average wind
patterns are best correlated at the monthly time scale. For
averaging time shorter than 1 day, the variation of cc with
d, is almost identical for the REMO and NCEP/NCAR
surface winds, and the corresponding curves in Figure
10(e),(f) are in perfect agreement with that from measure-
ments collected over Europe, given as figure 28 in Gielbel.”
The annually averaged winds become negatively corre-
lated at distances larger than about 2000 km, which is the
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typical weather pattern scale over Europe. The scale of the
Icelandic-low and Azores-high phenomenon contributes to
this. The signal of the negative correlation is slightly stron-
ger in the NCEP/NCAR surface winds. Note, if the cor-
relation is calculated over the entire domain of REMO
50 km (see Figure 2(a)), the mean negative cc at distance
2000-4000 km weakens in NCEP/NCAR data and disap-
pears in REMO data. The mean cc depends on the selected
area where it reflects a combined effect of the scales of the
different weather systems within it.

7. SUMMARY AND DISCUSSION

Characteristic parameters that are closely connected to
wind energy resource assessment are derived from the
output of the RCM REMO.

First, the wind statistics based on the standard wind u,
that are derived from the REMO data, observations and
NCEP/NCAR re-analysis data are compared. The standard
wind is introduced here, not only because it is directly
relevant to wind energy application for a particular wind
farm in connection with the WAsP method, but also
because it provides a possibility to validate the spatially
averaged model values with the point wind measurements
in inhomogeneous terrain. Because of the limitation of the
WASP technique, the validation of the model outputs is
limited to not-too-complex terrain.

When comparing models to observations, it should be
remembered that there are uncertainties involved in the
measuring systems. We compare directly the wind statis-
tics obtained from 25 year REMO and NCEP/NCAR
re-analysis data with observations that are normally shorter
than 25 years. Thus, it has been assumed that the observa-
tions of different lengths are long enough to represent a
stationary wind climate. Different data length could easily
introduce bias to the mean energy prediction, but its impact
on the analysis of interannual mean wind variation and the
spectra is small. Both the interannual mean wind variation
and the mean wind statistics clearly suggest that the dif-
ferent data length and period as given by the observations
here will not give bias in the wind energy estimation for
these sites.

We use variables that are directly relevant to wind
energy applications. The characteristics of u,, variability,
as given by the observations at the mid-latitude sites, are
satisfactorily described by that derived from the REMO
pressure data, including its spectrum, its omni-directional
and directional mean values and its Weibull fitting param-
eters, as well as its interannual variability. The accurate
reproduction of the spectrum up to 1 day™ has encouraged
engineers to consider using the outputs from REMO in
modelings of wind turbine cutouts in a power system
region.™ At the same time, u, derived from the NCEP/
NCAR re-analysis pressure data also describes well the
spectrum up to f=2 day™', but the mean u, is significantly
underestimated in comparison to the observations. The
results are less accurate at the Gulf of Suez site Abu Darag.
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Although its variance is well captured by the REMO, as
shown by its spectrum, including the peaks at f = 1,
2 day™', the wind intensity is underestimated, as suggested
by the mean values of the REMO u.

Second, the spatial distribution of the simulated 10 m
winds from REMO has been examined. It showed consis-
tency to earlier studies on North Sea offshore wind energy
based on satellite data. Here, we only compared the REMO
10 m winds with the satellite 10 m winds in very limited
areas (55.2-55.8 N, 7.5-8.3 E) and two transects across
the North Sea around the offshore wind park Horns Rev.
These areas have been of interest for Danish offshore wind
energy assessment. In the future, such a comparison could
be considered to be made over a larger area where the
satellite data exist. However, when larger area of satellite
data is considered, more significant uncertainties will be
involved, with the unevenly distributed satellite images
being one of the causes.

The spatial variation and correlation of the wind affect
significantly the wind energy integrability into an electri-
cal grid. It was found here that, for Europe, the wind vari-
ability, as described by the spatial correlation coefficient
cc in the REMO surface wind outputs, is consistent with
that in the NCEP/NCAR re-analysis surface winds, and
both are in agreement with measurements provided by
Gielbel.” We also demonstrate that the spatial correlation
of the surface winds depends on the geographical area, its
surface conditions, the weather patterns and the averaging
time that is applied to the time series.

To emphasize, there is no direct observation assimila-
tion to REMO; rather, the assimilation is done to REMO’s
driving force, namely, the ECMWF data. The wind param-
eters derived from REMO outputs are thus compared to
two independent data sets, namely, observations and
NCEP/NCAR re-analysis data in order to meet the goal of
this study: to find out whether REMO can provide useful
information for wind energy resource assessment. Although
it is beyond the scope of this study to explore systemati-
cally the added values of REMO to its driving field, i.e.
the ECMWF data, there are clearly several pieces of evi-
dence of such added values. As to the definition of added
value of wind speed, one can refer to the instantanous wind
speed, or to statistical parameters derived from the wind
speed time series. Here, we consider the statistical param-
eters. First, at Abu Darag where the width of the Gulf of
Suez is about 50 km, although the 50 km resolution of
REMO cannot completely resolve the channeling wind, it
significantly improves the prediction of the wind strength
and wind variation compared to the NCEP/NCAR re-anal-
ysis data. It cannot be expected such a channeling effect
to be better resolved in the driving field of 120 km resolu-
tion. Second, the fine spatial resolution of wind distribu-
tion in the coastal areas, as shown in Figure 7, is no doubt
an added value to the 120 km ECMWF data. The issue of
added values from REMO has already been studied in
Winterfeldt," where patterns of wind speeds from REMO,
ECMWEF and NCEP/NCAR re-analysis data in the North
Atlantic were analysed. Added values were found in the
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frequency distribution in coastal areas, and in the instan-
taneous wind speeds for rough coastal areas with complex
orography. This is consistent with our results here. We
hope to systematically explore the issue of the ‘added
values’ of REMO beyond using the ECMWF data in rela-
tion to wind energy application in a separate paper.

8. CONCLUSIONS

This study shows that:

e The wind characteristics based on uy derived from the
wind observations from six mid-latitude stations are
well described by the REMO u,.

e Wind parameters derived from REMO data are in
agreement with observations, and on average, they
describe the wind magnitude slightly better than the
NCEP/NCAR re-analysis data.

e The modeled 10 m wind distribution from REMO is
consistent with the satellite data over limited areas in
the North Sea.

e The spatial correlation of REMO surface winds over
Europe is consistent with that of the NCEP/NCAR
surface winds in the synoptic scale, and also with
published observations over Europe.

These are good indicators that the REMO outputs can
be considered for wind energy assessment applications in
the mid-latitudes of Europe.
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