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Abstract. We present initial results of a study on the variability of wind speeds across Europe over tne past
140yr, making use of the recefiventieth Century Reanalygisita set, which includes uncertainty estimates

from an ensemble method of reanalysis. Maps of the means and standard deviations of daily wind speeds, and
the Weibull-distribution parameters, show the expected features, such as the strong, highly-variable wind in the
north-east Atlantic. We do not find any clear, strong long-term trends in wind speeds across Europe, and the
variability between decades is large. We examine hdiedint years and decades are related in the long-term
context, by looking at the ranking of annual mean wind speeds. Picking a region covering eastern England as
an example, our analyses show that the wind speeds there over thelflagt are within the range expectad

from natural variability, but do not span the full range of variability of the 140-yr data set. The calendar-year
2010 is however found to have the lowest mean wind speed on record for this region.

1 Introduction semble members. This allows an estimate of the uncertain
ties present due to episodes with less data (for example d

. . o ... tothe reduction in Atlantic shipping during the World Wars,
Knowing the form of the wind speed distribution is of criti- or the overall reduction in observations as one looks furthe

cal importance when assessing the wind energy potential at g, o\ in time). We use the daily-mean wind speeds at the nea
site. Typically, when wind farm developers or investors con- ¢, tace pressure level wheP#Psyrmace= 0.995, on a regular

sider a site, they assess it using (at best) the past 20-30Y¥q¢_|on grid of resolution 2x 2°. Other studies of European

with data from direct observations, NWP models, and reanaly,ing speed climatologies have used data sets that assimilz

yses. These recent decades reflect our personal exper?encgrﬂBre observations or are at higher resolution. For exampls
wind speeds, but they do not show the longer-term histori- . siudies oKiss and 4nosi (2008, Pryor et al.(2008),

cal context. Understanding whether the most recent decadeg 4 Siegismund and Schruif200]) use the ERA-40p-
were more or less windy than normal, or if there are any Sig'pala etal.2005 and NCEPNCAR reanalyses{alnay et al
nificant long-term trends, is key to understanding the rangelgga, which both span- 50 yr. The key feature of the use of

of possible future windspeeds we might experience over th‘?he 20CR in our study is the unprecedented length of the tim
coming~ 5yr, or over the lifetime of a wind farm~(25 yr).

This information is important not just for managing wind
farms, but also for planning investment in future wind energy

N4

in the speed and variability of the wind.
In this short article, we present an initial sample of our re

projects. _ o sults. We reserve a more full analysis for a later publication
In this study, we show wind speed distributions for Europe

over 140yr (1871-2010), utilising theventieth Century Re-

analysisdata set (20CRCompo et al.201]). This reanal- 5 Reagults

ysis incorporates observations of sea-level pressure and sur-

face pressure alone, with sea-surface tempg_rature and sea-is8  \ying speed and variability
concentration data used as boundary conditions. The reanal-

ysis used an experimental coupled atmosphere—land versiohhe simplest way of describing the long-term wind speed
of the NOAA NCEP Global Forecast Model, ran with 56 en- distribution over Europe is to map the long-term mean and
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series, which allows us to compare decadal-scale fluctuations
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standard deviation of the daily wind speeds. The long-term
average is simply the mean of the daily wind speeds from
all days from all ensemble members. For the standard devi-
ation, we need to take account of the structure of the 20CR
ensemble: the 56 members of the reanalysis were run as a
series of independent “streams”, each covering consecutive
5-yr periods (see Table Il inCompo et al.2011). The re-

sult of this is that a time series from an ensemble member
is only temporally continuous for 5yr, and aggregating over
any period longer than this risks mixing interannual variabil-
ity with ensemble member-to-member variability. Therefore,
for the long-term standard deviation, we first calculate stan-
dard deviations in 5-yr periods for each ensemble member.
We then take ensemble means, giving us a single standard-
deviation time series in 5-yr steps. These are then aggregated
into a single long-term ensemble-mean value, (sing

_ o 1 2 3 4 5 6 7 8 9 10 11 12
2 _ Zi Ni (0—|2+U|2) _JZ (1)
2iNi ’

where N; is the number of days in the 5-yr periadthe
ensemble-means of the 5-yr mean and standard deviations
of the daily wind speeds atd; ando; respectively, and the
long-term mean wind speedlis= (Zi Ui)/28.

We show the resulting long-term maps in Fig.The ar-
eas with the highest wind speeds, and the greatest day-to-day
variability, are over the sea rather than the land. In particu-
lar, the highest-wind regions are in the north Atlantic, west
of Ireland and north of Scotland. Relatively high winds also
cover the rest of the British Isles and the coastal areas of
north-western Europe, as well as the central Mediterranean.

The extremely low winds over the areas of more com-
plex orography (in an arc from the Atlas Mountains, over LD
Spain, the Alps, the Carpathians, and through to Turkey) are 0 05 1 15 2 25 3 35 4 45 5

likely to be due to the drag scheme used to model the impackiqre 1. Maps of the 140-yr mean and standard deviation of the
of unresolved orography. (Note that the horizontal scale ofgajly wind speeds from 20CR. The white box in the top plot marks
the mountains is much smaller than the grid size used here the region we refer to as “eastern England”.

While such features are often seen in maps of model wind

speeds (e.gdoward and Clark2007), it is important to be

particularly wary of the results in these areas, as it is no . i
clear how to relate them to the real physical situation ,.ontlevel. Figure2 Sh.OVYS the IP”Q .term trends, shaded out when
they are not statistically significant.

the ground’, While most areas over Europe show no significant trend
We have tested for the presence of any long-term trends b 9 '

by performing a simple linear regression on the ensemble:fhere are some areas of interest: the Atlantictbe north
mean time series of 5-yr means and standard deviations of th%nd. yvest coasts Qf Ireland and S_cotland sh(_)ws a s!gnlflcant
wind speeds in each grid cell. The significance of any treno‘OOS't'Vfe trend (sz thedrrl1ean v(\jnnd sEeed mcreasmg_ at a
(i.e. whether the gradient of the linear fit was significantly rate of~0.03 n;s* eca e(i, as koes the ea?tg:‘rn l\élel iter-
different from zero) was assessed usirngest at the 0.1 % ranean around _Crete an 'Tur cy (I:07 ms “oecade )'.
There is a significant negative trend in the central Mediter-
i 1 1
IStreams 16 and 17 actually have lengths of 6 and 4 yr respec[anean around Sicily and Malta- £0.05 ms decade )
tively, and stream 27 consists of 10yr (1999-2010). We treat theNOte’ howe_ver, that even where the trends are sl|gn|f|cant,
whole series as 28 equal periods of 5-yr, for simplicity. they are still extremely small: a change of:1 ms™ per
2Note that Eq. 1) is for the population standard deviation, which two centuries. The standard deviation trend map shows sim-
we use as we are aggregating data covering the complete time pédlar spatial patterns, but even fewer and smaller areas where

riod, rather than estimating from a sample of years. those trends are significant.

Standard deviation of daily wind speeds 1871-2010 (m/s)
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Figure 2. Gradients of the linear regressions to the 140-yr time se- 000f . ) ) ) ) ) e
ries of 5-yearly ensemble-mean average wind speeds (top) and stan- 1880 1900 1920 1940 1960 1980 2000
dard deviations of daily wind speeds (bottom). Shaded areas show Date

where the trend is not statistically significant at the 0.1 % level.
Figure 3. Time series of the wind speed distribution averaged ove

the eastern England region. Top: ensemble mean of the 5-yr me
wind speed, with lighter shading indicating the 10th and 90th per

lustrate some general features of the wind time series Oveﬁzentiles of the ensemble member distribution (most visible at earl
Hmes). Second from top: the ensemble mean of the 5-yr medial

Europe, and to show the benefits of being able to use such. . )
. . wind speed (blue line), as well as the other deciles (coloured re
a long data set. It uses daily wind speeds averaged over &

. : - . ions, from 10th percentile at the bottom to the 90th percentile a
region covering eastern England (see box in H)g.This e top). The long-term means of the deciles are shown by dotte

region has been selected partly because it is an area of iNmes. Widths of the distribution are shown in the panel second fron{
terest for future wind farm developménbut also because bottom: half the dierence between ensemble-mean deciles (as 14
it avoids some of the more exceptional features already disbelled), and the ensemble mean of the standard deviation of ense
cussed, such as the artificially low winds seen over complexle members’ wind speeds in 5-yr bins (labelleld Bottom: 5-yr

terrain and the weak trends seen further to the north-westmneans of the day-to-day ensemble spread (i.e. standard deviati
of the ensemble members each day), as a fraction of the ensemb

3See e.g. maps on the UK Government's RESTATS webmean 5-yr-mean wind speed.
site httpy/restats.decc.gov.f&pppulymagmay and the UK
Crown Estate’s web site httpy/www.thecrownestate.co.ik
energy-infrastructuydownloadgmaps-and-gis-data

We show an example time series in detail in Rgto il-
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Figure 4. Demonstrations of Weibull distribution PDFs when varying the scale parameteft] and the shape parametkriight). Values
chosen for display reflect those seen in our results.

We reserve a more detailed discussion of such features fais directly related to the dramatic increase in the amount of
subsequent papers. data assimilated over the course of the 20CR period, which

The 5-yearly mean wind speeds (top panel of Bigiote  constrains the ensemble members reducing their spread (see
the magnified scale) clearly show the peak in the late-1980sliscussions in e.gCompo et al. 2011, Ferguson and Vil-
up to around 2000, and the subsequent return to the long-terrarini, 2012 Krueger et al.2012 Wang et al. 2012. It is
mean. We can also see that this excursion from the mearimportant to note that this panel shows thecertaintyin the
while strong, is not exceptional in the long-term history of reanalysis (through the daily ensemble spread), whereas the
this region (see e.g. the peak in the 1915-1920 period, and- in the panel above refers to thariability of wind speeds
the prolonged reduction over 1885-1910). There is also naver time in all ensemble members.
clear trend.

By looking at the deciles of the distribution (second panel2 o>  The Weibull distribution
in Fig. 3), we can see how fferent features appear atiei-
ent levels. For example, there is a clear trough in the earlyPistributions of wind speeds at given locations are com-
1970s in the central region of the distribution; it does not ap-monly modelled as being drawn from a Weibull distribution
pear in the 10th and 90th percentiles, and only forms part of€-9-Conradsen et 311984 Carta et al.2009 and references
a much broader reduction in the 80th percentile. The lengttfherein), which has the probability density function (PDF)
and form of the reduction around the 1890-1910 period kel UK

-(3) ] @

is also diferent in diferent deciles, with the upper deciles p() = E(E) exp

showing a longer reduction in wind speed. These features can A\ 4
where the random variablé is the wind speedk is the (di-
mensionless) shape parameter, dnd the scale parameter

be tracked through into the distribution widths (third panel of

Fig. 3): for example, the dip in the widths over 1905-1910 is
dFI?ItO trjlfehlowir dlecnets r|S||ng .Whl'le.tthi. upper t?]ecnes are(in the same units abl). The form of the distribution for
Soll OW. Id © acduta l;ne.eorot.oglfad sttua |onsd|rj[ 'I?se pgr"diﬂ“erent values ok and2 is shown in Fig4. The shape pa-
0ads would heed 1o be Investigated in more detall 1o UNCer, atek determines the overall form of the distribution, in-

stand the underlying physical causes, but these features sho

. . ST XYuding the skewness, and the width for a giverior wind
the importance of analysing the whole distribution beyondspeedsk tends to lie between 2 and 3. For a given shape, the
just the mean. '

The dav-to-d bl q fracti f1h scale parameterdetermines the distribution’s peak-location
€ day-lo-day ensemble spread as a fraction ol the meag, width; higher values of result in a broader distribution

Wlmd spsed IS shhowntln ttffze b(;t}tom pantel' Otf Bgt?[]h'SSW'" with a peak at a higher wind speed. We can use the Weibull
aways be much greaterthan the uncertainty in th€ o>-yr meail , ., eters as an alternative way of characterising the wind

shown in the top panel; nonetheless, it illustrates a gener peed distribution. Examining changes in the Weibull param-

decrease in the uncertainty in the data, with an average da'lgters allows us to track the behaviour of the distribution as a
spread between the ensemble members of about 2.5 % of tnﬁhole rather than e.g. just the mean value

mean wind speed by the 2000s. This reduction in uncertainty

Adv. Sci. Res., 10, 51-58, 2013 www.adv-sci-res.net/10/51/2013/



P. E. Bett et al.: European wind over 140 yr 55

Parameters of Weibull fits (Eastern England)

9.0

8.8

8.6

8.4

Scale parameter 4 (m/s)

1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2410

Weibull shape k (1871-2010)

D T |

14 16 18 2 22 24 26 28 3 3.2 34 3.6 3.8

Shape parameter k
n
ES

23

22

@
WAL LAALALLAL) LA ) LA ALAL) UIALLALL) LALAL L) L L L L LS PR AL B LA B

21 3
1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Date

Figure 5. Time series (in 5-yr bins) of the Weibull scale and shape
parameters for our sample region covering eastern England. The
individual ensemble members are shown as grey lines (note that
since ensemble members are discontinuous in these 5-yr steps, the 5

lines do not reflect actual time series, but are plotted merely to guide

the eye). The blue line shows the ensemble-means of the Weibull

parameters in each step, with the error bars given by the ensemble-

means of the estimated standard errors from the fits. The long-term

means of the ensemble-mean time series are plotted as dotted lines. Trend in Weibull shape & (1871-2010), per decade

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

In a given grid cell or region, we find maximume-likelihood
estimates of the Weibull scale and shape for the distributiorf-igure 6. Maps of the long-term mean of the ensemble-mean timg
of daily wind speeds of each ensemble member in each 5_y§eries of Weibull sha_pe para}meters (top), and the trend from lineg
period. This yields ensemble estimates of the time series ofc9résson on those time series (bottom). As before, areas where {
Weibull parameters; an example from the same eastern En jrend is not significantly dferent from zero are shaded.

p ; p g
land region as before is shown in Fig. As expected, the
behaviour of the scale parameter over time is similar to the
mean andr time series (Fig3), whereas this is not seen bution) and growth around Crete (towards a more symmetri
in the shape parameter. As the shape parameter governs thgstribution). The long-term mean and trend of the scale pg
skewness of the distribution, the variationkircould be re-  rameter is shown in Figl. The meamt map is very similar to
lated to the presence of extreme high-wind events, as theskoth the mean and standard deviation of the wind speeds (q
could cause the form of the distribution to be fit better with a Fig. 1), and the trend map is again familiar; the area of sig;
longer tail. nificant growth in the north-east Atlantic is in this case much

Once again, we can extract linear trends from these timdarger.
series, test their significance, and map the results along with The distribution width is related tooth 2 andk, but in op-
their long-term values. The long-term mean and trend of theposite senses (e.g. narrower distributions can be obtained
shape parameter are shown in Fég.The map for the av- reducinga or increasing, with corresponding impacts on
eragek shows very little spatial variability, staying in most the peak locations and skewness). Thus, it is not surprisin
areas between 2 and 3. Very few areas show any significarthat (for example) the negative trends in bé&thnd A over

trend, although there is again an area of reduction over thdtaly and the Tyrrhenian Sea do not correspond with a signift

central Mediterranean (i.e. tending to a more skewed distriicant trend in the wind speed standard deviation (cf. Big.
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We can get a more quantitative picture by highlighting in-
dividual decades. Figur@ shows how the most recent three
decades are positioned with respect to the 140-yr time series.
Here we can see theftirences in the spreads of the dif-
ferent decades: nine of the ten years of the 1990s (i.e. of the
years 1990-1999 inclusive) are in the top half of the distribu-
tion, but only a couple are in the top 10. The 1980s includes
some very high and very low wind years. The 2000s are also
well-spread (6 yr in the top half, 4 yr in the bottom half; note
2008 is in the top 10), but it is 2010 that is the extreme low-
wind year. This is because, since we are using calendar years,
2010 is hit by the low winds (or lack of high winds) associ-
ated with the extreme cold temperatures in January—February
and November—December that year (€2gor and Kendon
Weibull scale /. (1871-2010), m/s 2011ab).

0 1 2 3 4 5 6 7 8 9 10 11 12 3 Summary and conclusions

Using the Twentieth Century Reanalysis, we have analysed
the distribution of wind speeds over Europe, and how it has
varied over 140yr of daily data. The regions with the high-
est long-term average wind speeds, and highest day-to-day
variabilities, are in the north-east Atlantic, and the data ex-
hibits a strong land—sea contrast. Most areas show no clear
trends over time in the mean wind speed or its variability;
even in those areas where a trend is statistically significant,
the magnitude is so small that it is still questionable whether
it is physically meaningful or in any way relevant for appli-
cations such as wind energy. Long-term trends afiecdlt

to distinguish from natural variability, and the variability is
much greater than the uncertainties in the data.

Trend in Weibull scale 4 (1871-2010), m/s per decade However, the decadal-scale variations in the long time se-
- i ries help us understand the behaviour of recent decades in a
0.08 -0.06 004 -002 0 002 004 006 0.08 long-term context. For the region that we have illustrated as

an example (covering eastern England), we can see that the
variations seen in wind speeds in the past 20-30yr are typ-
ical of the natural variability of this region. Indeed, the past
thirty years do not cover the full range of variability seen in
the 140-yr time series, e.g. not capturing the the lower-wind
episodes of the 1970s and 1900s in England. Note that, while
the results do not depend qualitatively on the precise area in
) . guestion, there is significant country-scale variability across
2.3 Year-ranking by wind speed Europe, both quantitatively and qualitatively.

An additional way of relating the wind speeds inffidient Overall, we have shown that long-term data sets are essen-
years to the long-term context s to plot the annual mean winda! in understanding wind speed distributions across Europe.
speeds in rank order. This is shown qualitatively in Bigor [N Subsequent papers, we will describe our analysis and re-
the eastern England region. We can immediately see that th8ults in more detail, including a comparison with other data
day-to-day variability in wind speed is much larger than the S€ts-

year-to-year variability (in annual-mean wind speed), and the

mixture of colours shows the lack of a clear long-term trend.

Figure 7. As Fig.6, but for the Weibull scale parameters.

It is important to note again that, regardless of statistical
significance, the trends present in batlnd A are still ex-
ceedingly small.
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Figure 8. Annual mean wind speeds (black line) in the eastern England region, divided by the 140-yr mean, and plotted in rank orde
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