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Abstract. In this study we present an alternative wind gust
warning guideline for Meteoalarm, the severe weather warn-
ing website for Europe. There are unrealistically large dif-
ferences in levels and issuing frequencies of all warning
levels currently in use between neighbouring Meteoalarm
countries. This study provides a guide for the Meteoalarm
community to review their wind gust warning thresholds.
A more uniform warning system is achieved by using one
pan-European return period per warning level. The associ-
ated return values will be different throughout Europe be-
cause they depend on local climate conditions, but they will
not change abruptly at country borders as is currently the
case for the thresholds. As return values are a measure of
the possible danger of an event and its impact on society,
they form an ideal basis for a warning system. Validated wind
gust measurements from the European Climate Assessment
and Dataset (ECA&D,http://www.ecad.eu) were used to cal-
culate return values of the annual maximum wind gust. The
current thresholds are compared with return values for 3 dif-
ferent return periods: 10 times a year return periods for yel-
low warnings, 2 yr periods for orange and 5 yr periods for
red warnings. So far 10 countries provide wind gust data
to ECA&D. Due to the ECA&D completeness requirements
and the fact that some countries provided too few stations to
be representative for that country, medians of the return val-
ues of annual maximum wind gust could be calculated for
6 of the 10 countries. Alternative guideline thresholds are
presented for Norway, Ireland, The Netherlands, Germany,
the Czech Republic and Spain and the need to distinguish
between coastal, inland and mountainous regions is demon-
strated. The new thresholds based on uniform return peri-
ods differ significantly from the current ones, particularly for
coastal and mountainous areas.

We are aware of other, sometimes binding factors (e.g.
laws) that prevent participating counties from implementing
this climatology based warning system.

1 Introduction

There is a growing demand for accurate severe weather warn-
ings. Worldwide the recorded number of so called “great
natural catastrophes” (events with thousands of casualties,
hundreds of thousands made homeless and substantial eco-
nomic losses) has gradually increased over the past 60 yr
(Munich Re, 2009). Of the weather related catastrophes, 7 %
are caused by extratropical storms and in 2009 alone, such
storms caused losses equivalent to 81 billion US Dollars.
Extreme weather alarms are an important part of efforts to
curb these losses. On the European scale, Meteoalarm plays
a leading role in answering the demand for severe weather
warnings.

Meteoalarm is an initiative by EUMETNET, the European
Weather Services Network within the World Meteorologi-
cal Organization (WMO), to present all weather warnings
for Europe on one website:http://www.meteoalarm.eu. Since
the website became fully operational in 2007, the site has be-
come increasingly popular with more than 1 billion hits since
its start and a doubling of the number of visitors since the in-
troduction of the “Europe of regions” map. In one overview
this map presents the status of all weather warnings with
up-to-date reports in about 650 areas of the 30 participat-
ing countries. Warnings for as many as 10 weather param-
eters are provided by the National Meteorological Service
(NMS) of each country, for up to 24–48 h ahead. The sever-
ity of the warning is related to a colour code with green for
no warning and yellow, orange and red for increasing levels
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of exceptionally severe weather. Although Meteoalarm pro-
vides warning threshold guidelines for the different kinds and
levels of severe weather, setting the country-specific thresh-
olds is the responsibility of the individual NMS’s. This is of-
ten an elaborate process involving various stakeholders, gov-
ernment officials and meteorologists. The major drawback
of the exclusive national focus in this process and the non-
compulsory nature of the Meteoalarm guidelines is that it
leads to questionable differences in the frequency and level
of warnings between neighbouring countries.

Meteoalarm became aware of this problem and instigated
this study of a warning system that both reflects the spe-
cific national needs while maintaining a pan-European uni-
form issuing frequency for severe weather. The need for in-
creased uniformity is illustrated in Fig.1, which shows the
Meteoalarm wind gust warnings issued in the period from
1 August 2007 to 30 June 2009. This figure shows issu-
ing frequencies ranging from as much as 62 % to as few as
0.15 % for all warnings combined (yellow, orange and red).
For the orange warning level, the issuing frequency varies
between 15.3 % and 0 %.

The aim of this study is to develop alternative Meteoalarm
guidelines for the thresholds of wind gust warnings. These
alternative guidelines are based on one return period per
warning level for the whole of Europe thus providing a pan-
European uniform warning system. Thresholds based on the
associated return values are representative of the local wind
climate and consequently give a good indication of the pos-
sible danger of the event and its impact on society.

The return periods that are used to represent the warning
levels are loosely based on the current Meteoalarm guide-
lines for median sized countries and therefore include past
damage experience of the NMS’s as explained in Sect. 3.1. In
this study we will derive return values associated with these
return periods for station data from 6 European countries re-
gionalised into coastal, inland and mountain areas. In doing
so we derived warning thresholds that depend on local wind
climate conditions that not only vary between countries, but
are also determined by the topographical properties of the
area. Finally, the new wind climatology based thresholds are
compared to the existing ones.

2 Data

2.1 European Climate Assessment and Dataset
(ECA&D)

This study uses the framework and data of the European Cli-
mate Assessment and Dataset (ECA&D,http://www.ecad.
eu, Klok and Klein Tank, 2008; Klein Tank et al., 2002).
ECA&D was initiated in 1998 by the European Climate Sup-
port Network. Both ECA&D and Meteoalarm are EUMET-
NET initiatives.

6 Stepek et al.: Severe wind gusts for Meteoalarm

6 Conclusions

Meteoalarm is the EUMETNET initiative for a pan-European
severe weather warning system. Although Meteoalarm pro-
vides guidelines for warning thresholds for the different
kinds of severe weather, the NMSs of the member countries
are responsible for choosing the thresholds, often in an elab-
orate process involving various stakeholders, governmentof-
ficials and meteorologists. The main drawback of the ex-
clusive national focus in this process is that the issuing fre-
quency need not be similar to neighbouring countries. As a
result of determining warning thresholds at a national level,
questionable differences in the frequency and level of warn-
ings between neighbouring countries are observed.

In order to assist the Meteoalarm community of NMSs
with the ongoing optimization of their warning systems for
extreme wind gusts, a methodology is proposed and demon-
strated that can be used to help alleviate some of the dif-
ferences between neighbouring countries and regions. This
methodology is based on pan-European uniform return peri-
ods. In this study we chose to use return periods of 10 times
a year for code yellow warnings, once in 2 years for code
orange and once in 5 years for code red which roughly corre-
spond to the Meteoalarm guideline for a median sized coun-
try. The return values that correspond to these uniform return
periods are different for each individual country. They area
measure of how extreme an event is compared to the local
climate and are a powerful means of predicting the possible
danger of an event and its impact on society.

The results of this study indicate that warnings for haz-
ardous wind gusts should be regionalised for coastal, inland
and mountainous areas. The median return values and the
NMS thresholds concur reasonably well for the inland ar-
eas but less well for coastal and mountainous areas. This
makes sense because NMSs generally do not regionalise their
warning thresholds and base them on past experience of dam-
age in densely populated, and therefore non-mountainous, ar-
eas. This supports the premise that the return periods chosen
in this study are an appropriate basis for new Meteoalarm
guidelines.

The fact that the median return values differ from the NMS
thresholds in coastal and mountainous areas suggests that it
would be beneficial to introduce separate thresholds for these
areas.

In ECA&D there are other measurements of the weather,
such as daily maximum and minimum temperature, snow
depth and daily precipitation amount, that can be used to
improve and harmonise the Meteoalarm guidelines for haz-
ardous weather parameters other than the extreme wind gusts
considered here. These improved guidelines will aid NMSs
when they choose to review their warning thresholds.

In closing, it must be noted that climate change will have
an impact upon the frequency of occurrence of daily climatic
extremes and severe weather events (Moberg et al., 2006;
Alexander et al., 2006). Statistics derived from historical
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Meteoalarm participating countries

Fig. 1. Histogram of the issuing frequency of wind gust warnings
for the participating Meteoalarm countries, based on 666 days be-
tween 1 August 2007 and 30 June 2009. The colours in the diagram
correspond to the colour coding of the warning (yellow, orange and
red are increasing levels of warning and green means no warning).
Source: Meteoalarm, EMMA EUMETNET.

time series may no longer be representative for future cli-
mate. The climate change may impact on the regionalization
of severe weather thresholds as well. Recently, McVicar et al.
(2010) observed a divergence in the speed of decline in near-
surface wind speed measurements for high and low elevation
stations, which may fuel the need to regionalise wind gust
warnings.

This perspective on gradual changes in threshold values
for severe weather warnings could not be taken into account
in the present study because of limitations in data availability
which prevents implementation of homogeneity tests. Nev-
ertheless, the methodology of relating warning thresholdsto
return values for specified return periods is perfectly capa-
ble of including the climate change perspective by shifting
the time window for the data used to more recent years or
including projected changes in the statistical analysis.

Appendix A Quality control

The data in ECA&D are checked for coding errors, like non-
existent dates, directions greater than 360 degrees, dailywind
speeds that exceed the daily maximum wind gust and nega-
tive wind speeds, wind gusts and directions. Erroneous out-

Fig. 1. Histogram of the issuing frequency of wind gust warnings
for the participating Meteoalarm countries, based on 666 days be-
tween 1 August 2007 and 30 June 2009. The colours in the diagram
correspond to the colour coding of the warning (yellow, orange and
red are increasing levels of warning and green means no warning).
Source: Meteoalarm, EMMA EUMETNET.

ECA&D currently (January 2012) receives data from
62 countries throughout Europe and the Mediterranean, con-
tains daily data from more than 4800 stations and serves as
a data portal and climate monitoring tool for the climate re-
search community. New stations are regularly added to the
database.

Validated daily wind data (average wind speed, wind di-
rection and maximum wind gust) were added to the ECA&D
dataset in the run-up to this study. So far 12 countries pro-
vide wind data: the Czech Republic, Estonia, Germany, Hun-
gary, Ireland, Latvia, Luxembourg, The Netherlands, Nor-
way, Slovenia, Slovakia and Spain. However, Slovenia and
Slovakia do not provide wind gust data. Figure2 shows a
map of the stations providing daily maximum wind gust data.

Table1 shows (in the second column) the number of these
stations per country at the time of writing (January 2012).
The data are validated by quality control algorithms (see Ap-
pendix A) and the number of stations which meet the com-
pleteness requirement of having at least 350 days per year
with valid data, for more than 80 % (>16 yr) of the years in
the 1991–2010 period, are shown in the third column. These
are the stations for which a Gumbel distribution is fitted.

Nat. Hazards Earth Syst. Sci., 12, 1969–1981, 2012 www.nat-hazards-earth-syst-sci.net/12/1969/2012/

http://www.ecad.eu
http://www.ecad.eu


A. Stepek et al.: Severe wind gusts for Meteoalarm 1971

Stepek et al.: Severe wind gusts for Meteoalarm 9

Table 4. Median of the return values of the annual maximum wind gusts for 1991-2010 (m/s). The number of stations on which the median
is based is shown between brackets, and the current thresholds (m/s) are shown initalic. Latvia is excluded from this table; the only station
for which the Gumbel fit passed the Anderson-Darling test (Riga) is too far from the coast to be regarded as a coastal station and falls in the
intermediate category.

10 times/year return values & current thresholds for yellow warning
The Netherlands Germany Ireland Norway Spain Czech Republic Estonia

coastal 24.1 (10)20.8 25.7 (4)18.1 31.4 (3)19.4 25.7 (5) 20.0 (29)19.4 - 23.0 (1)15.3
inland 19.5 (14)20.8 19.9 (92)18.1 22.6 (5)19.4 17.3 (3) 18.6 (28)19.4 22.2 (12)19.4 16.0 (1)15.3
mountain - 25.2 (16)18.1 - 23.8 (1) 18.8 (20)19.4 25.4 (6)19.4 -

2 year return values & current thresholds for orange warning
coastal 29.4 (4)32.7 32.7 (4)29.2 39.5 (3)30.6 32.4 (4) 26.1 (20)25 - 29.3 (1)25
inland 25.9 (13)20.8 26.5 (91)29.2 28.9 (4)30.6 22.7 (3) 24.4 (18)25 28.8 (9)25 19.9 (1)25
mountain - 33.5 (16)29.2 - - 25.1 (6)25 30.5 (4)25 -

5 year return values & current thresholds for red warning
coastal 32.1 (4) 35.7 (4)38.9 44.1 (3)36.1 35.7 (4)43 29.6 (20)36.1 - 33.6 (1)33.3
inland 28.8 (13) 30.2 (91)38.9 32.3 (4)36.1 25.4 (3)43 27.2 (18)36.1 33.6 (9)30.6 22.3 (1)33.3
mountain - 37.5 (16)38.9 - - 27.7 (6)36.1 34.8 (4)30.6 -

10 year return values
coastal 33.9 (4) 37.8 (4) 46.7 (3) 37.9 (4) 31.7 (20) - 36.4 (1)
inland 30.9 (13) 32.6 (91) 34.6 (4) 27.2 (3) 29.2 (18) 36.7 (9) 23.9 (1)
mountain - 40.3 (16) - - 29.3 (6) 37.6 (4) -

50 year return values
coastal 37.9 (4) 42.2 (4) 52.5 (3) 42.8 (4) 36.4 (20) - 42.7 (1)
inland 35.4 (13) 37.8 (91) 39.5 (4) 31.2 (3) 33.3 (18) 42.9 (9) 27.4 (1)
mountain - 46.5 (16) - - 33.0 (6) 43.7 (4) -

Fig. 2. Maps of all the stations with wind gust data
in ECA&D (January 2012). ‘Red’ stations denote stations
for which daily maximum wind gust data is not download-
able via the ECA&D webpages; for ‘green’ stations daily
maximum wind gust is available. Maps are available via:
http://www.ecad.eu/utils/mapserver/stations.php.
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Fig. 3. Two and five year return values of annual maximum wind
gust [m/s] for the period 1991-2010 against distance [km] between
station and the coastline where the open sea begins.

direction in compass points e.g. N, NE, E, etc. which was
common practice in some countries before the introduction
of automatic weather stations: the Norwegian data certainly
show large peaks in the frequency distribution for these di-
rections. A longer period of successive days should be used
in the test for (older parts of) data series showing such peaks.

An exceptionally large amount of the Norwegian wind

Fig. 2. Maps of all the stations with wind gust data in ECA&D
(January 2012). “Red” stations denote stations for which daily max-
imum wind gust data is not downloadable via the ECA&D web-
pages; for “green” stations daily maximum wind gust is avail-
able. Maps are available via:http://www.ecad.eu/utils/mapserver/
stations.php.

The last column of Table1 shows the number of stations for
which this fit fails to meet the Anderson-Darling test, which
is a test to validate the validity of the fit (see Sect.3.1).

Table2 describes how each element is aggregated to the
daily level by the respective NMSs. There is a lack of uni-
formity in aggregation procedures to the daily level which
is particularly pronounced for daily average wind speed. For
daily maximum wind gust, the length of the sample varies
between countries (although most have either a 2 or a 3-s in-
terval) and the interval over which a maximum wind gust is
recorded is not uniform.

2.2 Construction of continuous series

Time series which have gaps are made continuous with a pro-
cedure referred to as blending. With the blending procedure,
the gaps are filled with data from nearby stations that are
at most 12.5 km away and differ no more than 25 m in el-
evation. If there are no ECA&D stations nearby, data from
the Global Telecommunication System (GTSWorld Meteo-
rological Organization, 2007) are used. GTS data is also used
to update the series to the most recently available date until
validated data from the NMSs become available. The GTS
data are used in operational weather forecasting where infor-
mation has to be processed in near real time so the data are
non-validated, of relatively poor quality and relatively often
missing (Klok and Klein Tank, 2008; Klein Tank et al., 2002;
van den Besselaar et al., 2012). The analysis in this paper is
based on blended series.

Table 1. Information of the number of stations per country which
participate in this study. The number of stations per country with
wind gust data in ECA&D is shown in the second column. The third
column gives the number of stations that meet the completeness
requirement of having at least 350 days of valid data per year and
for which an annual maximum wind gust was calculated for more
than 80 % of the years in the 1991–2010 period. For these stations,
a Gumbel fit was calculated. The fourth column shows the number
of stations for which the Gumbel distribution fit failed to pass the
Anderson-Darling test.

Country no. no. stations for no. stations
stations which a Gumbel failing to meet

provided was calculated meet

Czech Republic 37 15 2
Estonia 2 2 0
Germany 317 136 14
Hungary 1 0 0
Ireland 25 11 1
Latvia 6 5 4
Luxembourg 1 0 0
The Netherlands 60 32 4
Norway 100 17 6
Spain 107 75 17

3 Methods

3.1 Choosing return periods and calculating
return values

The choice of return periods was based on the current Me-
teoalarm guidelines for a median sized country. The guide-
lines for all the Meteoalarm countries and those for a me-
dian sized country are shown in Table3. Although there are
problems with the existing guidelines, they are loosely based
upon the warning issuing frequencies of the participating
NMSs. The NMSs base their choice of warning thresholds
on past experience of the damage caused by severe weather
and this experience needs to be reflected in the choice of the
return periods.

For a median sized country yellow and red warnings are,
according to the current guidelines, issued respectively more
than 8–9 times a year and less than once in 3–4 yr (Table3).
Consequently, the proposed return periods used here are:
10 times per year for yellow, 2 yr for orange and 5 yr for red.
Values related to a median sized country are chosen because,
as Table3 shows, the guideline is unrealistic for very small
and very large countries. By choosing the median, we expect
to extract the valuable experience of past dangerous weather
events from the guidelines while avoiding the problem ex-
hibited by small and large country sizes.

Return values are calculated for time series of the annual
maximum wind gust. The motivation behind the choice of
annual maximum wind gust, rather than seasonal maxima,
was that most current warning thresholds are valid all year.
Despite this, weather forecasters do account for seasonality
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Table 2.Country, the method of aggregatingfg, fxandddand the number of stations with wind gust data available in ECA&D (January 2010).

Country Average windspeedfg (m s−1) Max gustfx (m s−1) Directiondd (◦)

Czech Republic Average wind speed, mean of 07:00, 14:00 and
21:00 CET

Max. 3 s gust from 0:00–00:00 UTC –

Estonia Mean of 8× 10 min average speeds at
21:00 UTC
previous day and 00:00, 03:00, 06:00, 09:00,
12:00, 15:00, 18:00 UTC today

Max gust from 18:00–18:00 UTC –

Germany 24× 6× 10 min averages Max 3 s gust from 00:00–00:00 UTC Speed weighted vectorial average

Hungary 24× 10 min averages Max 2 s gust from 00:00–00:00 UTC Unit vectorial average 10 min wind
dir from 00:00–00:00 UTC

Ireland 24× 10 min or 24× 6× 10 min averages Max 3 s gust from 00:00–00:00 UTC at 12:00 UTC

Latvia Average 10-min wind speed from 23:00 UT
previous day–22:00 UT today (24 values)

Average wind gust from 23:00 UT pre-
vious day–22:00 UT today (24 values)

Unit vectorial average 2-min wind
direction from 23:00 UT previous
day–22:00 UT today (24 values)

Luxembourg – Max 2 s gust from 00:00–00:00 UTC Direction at max gust time

The
Netherlands

24× 10 min averages Max 3 s gust from 00:00–00:00 UTC Unit vectorial average of 06:00,
12:00 and 18:00 UTC

Norway Average of 06:00, 12:00, 18:00 UTC Max 10 s gust from 18:00–18:00 UTC at 12:00 UTC

Slovenia Mean of 3× 10 min average speeds at 06:00,
13:00 and 20:00 UTC

– –

Slovakia Average of 06:00, 12:00, 18:00 UTC – –

Spain 4× 10 min averages at 00:00, 07:00, 13:00,
18:00 UTC

Max 3 s gust from 00:00–00:00 UTC Unit vectorial average of 00:00,
07:00, 13:00, 18:00 UTC

(even if the formal warning threshold does not). For wind
gust this is related to, e.g. the fact that foliated trees in sum-
mer suffer damage at lower wind gust speeds than bare trees
in winter.

To establish the 2 and 5 yr return values, a Gumbel distri-
bution is fitted to the annual maxima from the period 1991–
2010 and an Anderson-Darling test (Stephens, 1986) with a
5 % significance level is used to determine the quality of the
fit. Gumbel is preferred over the alternative GEV distribu-
tion which may give a better fit, but which generates return
values that are much more unstable (Hogg and Swail, 2002).
The Weibull distribution, which is often used as a fit for wind
speed measurements, does not work well for extremes (Per-
rin et al., 2006). This a priori choice for a Gumbel distri-
bution was checked by performing a GEV fit and testing if
the shape parameter was close enough to zero. 82 % of the
Gumbel fitted Norwegian stations passed the test. This sup-
ports the choice for Gumbel over the two other forms of the
GEV. Table1 gives in the last column the number of stations
for each country for which no adequate Gumbel fit could be
found (and are excluded from further analysis).

The return values associated with the code yellow thresh-
old (10 times per year) are calculated using daily maxi-
mum wind gusts from the 1991–2010 period for each sta-
tion. These values are ranked and the value which occurs on
average 10 times per year is selected.

3.2 Breakdown by topographical area

Return values of annual maximum wind gusts based on uni-
form return periods show a distinct ordering. This ordering
reflects the local topography. A natural grouping of coastal,
inland and mountain stations is evident from Figs.3 and4,
which show the different wind climates of these groups. In
Fig. 3, the 2 yr and 5 yr return values for the period 1991–
2010 are set out against the distance between the station
and the coastline where the open sea begins. Figure3 shows
that the gusts decrease rapidly with distance as the greater
surface roughness of the land slows the wind down. For
both 2 and 5 yr return values, the influence of the sea is no
longer “felt” more than about 50 km away from the coast
and these stations are defined as inland stations in this study.
Eight obvious outliers with unrealistically high return val-
ues were identified and left out of the analyses: German
inland stations Weinbiet, Neubrandenburg, Buckeburg and
Berlin-Alexanderplatz and Czech inland stations Luka, Ko-
celovice and Pribyslav (see Appendix B). These stations are
not shown in Fig.3.

On the basis of the data pictured in Fig.3, a provisional
criterion for coastal stations is that these stations should be
less than≈12 km from the coastline. Coastal stations include
stations with the prevailing wind from the sea, sometimes in
very flat areas (The Netherlands), sometimes in areas where
the coast is steep and complex (parts of the Spanish coastline
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Table 3. Meteoalarm return period guidelines are proportional to the size of the country with higher frequencies for larger countries. The
prescribed frequency of issuing orange warnings lies between those for the red and yellow warnings.

Country Country Red warnings should Yellow warnings should
Name Size (km2) be issued less than... be issued more than ...

Standard size 300 000 once a year 30 times a year
Austria 83 858 once in 3–4 yr 8–9 times a year
Belgium 30 528 once in 9–10 yr 3–4 times a year
Cyprus 9251 once in 32–33 yr about once a year
Czech Republic 78 866 once in 3–4 yr 7–8 times a year
Denmark 43 094 once in 6–7 yr 4–5 times a year
Estonia 45 100 once in 6–7 yr 4–5 times a year
Finland 338 145 1–2 times a year 33–34 times a year
France 643 427 about 2 times a year 64–65 times a year
Germany 357 022 1–2 times a year 35–36 times a year
Greece 131 957 once in 2–3 yr 13–14 times a year
Hungary 93 032 once in 3–4 yr 9–10 times a year
Iceland 103 000 once in 2–3 yr 10–11 times a year
Ireland 70 273 once in 4–5 years 7–8 times a year
Italy 301 318 about once a year 30–31 times a year
Latvia 64 600 once in 4–5 yr 6–7 times a year
Lithuania 65 300 once in 4–5 yr 6–7 times a year
Luxembourg 2586 once in 116–117 yr about once in 4 yr
Malta 316 once in 949–950 yr about once in 33 yr
The Netherlands 41 528 once in 7–8 yr 4–5 times a year
Norway 385 155 1–2 times a year 38–39 times a year
Poland 312 685 about once a year 31–32 times a year
Portugal 91 982 once in 3–4 years 9–10 times a year
Romania 238 391 about once a year 23–24 times a year
Serbia 77 474 once in 3–4 yr 7–8 times a year
Slovakia 49 033 once in 6–7 yr 4–5 times a year
Slovenia 20 256 once in 14–15 yr 2–3 times a year
Spain 505 992 about 2 times a year 50–51 times a year
Sweden 449 964 1–2 times a year 44–45 times a year
Swiss 41 284 once in 7–8 yr 4–5 times a year
UK 242 900 about once a year 24–25 times a year

Median 81 362 once in 3–4 yr 8–9 times a year

and Canary islands). But there are also coastal stations with
prevailing winds from the land (east coast of Spain). Further-
more, the station elevation from the coastal stations varies
from sea level to as high as 632 m (Tenerife/Los Rodeos).
That is why a large spread in return values is found for coastal
areas (Fig.3).

The definition of coastline used, is that all points on this
coastline are the centre of a circle of radius 20 km, with no
land within the semicircle on the sea side. The flat side of
this semicircle must touch land and be oriented in such a way
that no other such semicircle would have its centre closer to
land. In this way the wind on the sea side of this coastline is
undisturbed by the slowing effect of land because the wind
in most circumstances recovers its strength 20 km downwind
from land (Barthelmie and Pryor, 2004). This definition of
coastline was used instead of simply the distance to the near-
est coast so that stations at the inland edge of long estuaries

with an inland wind climate would not be incorrectly sorted
into the group of coastal stations. This method of calculat-
ing the distance to the coastline is consistently applied for
all stations which means that stations such as Palma de Mal-
lorca, Ibiza, Almeria and Tarifa (Spain), Cuxhaven, and Em-
den (Germany) and Stavoren (The Netherlands) are sorted
into the intermittent station category, whereas the actual dis-
tance to open water is very small (e.g. Tarifa is less than 1 km
away from the Strait of Gibraltar, but no 20 km semicircle fits
in this 16 km narrow channel).

All the 2 yr return values (with the exception of mountain
station Avila) were plotted as a function of station elevation
in Fig. 4 which shows the following:

– Coastal stations (red plusses, distance to open sea
/12 km) which have a relatively large spread in gust
values.
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Table 4. Median of the return values of the annual maximum wind gusts for 1991-2010 (m/s). The number of stations on which the median
is based is shown between brackets, and the current thresholds (m/s) are shown initalic. Latvia is excluded from this table; the only station
for which the Gumbel fit passed the Anderson-Darling test (Riga) is too far from the coast to be regarded as a coastal station and falls in the
intermediate category.

10 times/year return values & current thresholds for yellow warning
The Netherlands Germany Ireland Norway Spain Czech Republic Estonia

coastal 24.1 (10)20.8 25.7 (4)18.1 31.4 (3)19.4 25.7 (5) 20.0 (29)19.4 - 23.0 (1)15.3
inland 19.5 (14)20.8 19.9 (92)18.1 22.6 (5)19.4 17.3 (3) 18.6 (28)19.4 22.2 (12)19.4 16.0 (1)15.3
mountain - 25.2 (16)18.1 - 23.8 (1) 18.8 (20)19.4 25.4 (6)19.4 -

2 year return values & current thresholds for orange warning
coastal 29.4 (4)32.7 32.7 (4)29.2 39.5 (3)30.6 32.4 (4) 26.1 (20)25 - 29.3 (1)25
inland 25.9 (13)20.8 26.5 (91)29.2 28.9 (4)30.6 22.7 (3) 24.4 (18)25 28.8 (9)25 19.9 (1)25
mountain - 33.5 (16)29.2 - - 25.1 (6)25 30.5 (4)25 -

5 year return values & current thresholds for red warning
coastal 32.1 (4) 35.7 (4)38.9 44.1 (3)36.1 35.7 (4)43 29.6 (20)36.1 - 33.6 (1)33.3
inland 28.8 (13) 30.2 (91)38.9 32.3 (4)36.1 25.4 (3)43 27.2 (18)36.1 33.6 (9)30.6 22.3 (1)33.3
mountain - 37.5 (16)38.9 - - 27.7 (6)36.1 34.8 (4)30.6 -

10 year return values
coastal 33.9 (4) 37.8 (4) 46.7 (3) 37.9 (4) 31.7 (20) - 36.4 (1)
inland 30.9 (13) 32.6 (91) 34.6 (4) 27.2 (3) 29.2 (18) 36.7 (9) 23.9 (1)
mountain - 40.3 (16) - - 29.3 (6) 37.6 (4) -

50 year return values
coastal 37.9 (4) 42.2 (4) 52.5 (3) 42.8 (4) 36.4 (20) - 42.7 (1)
inland 35.4 (13) 37.8 (91) 39.5 (4) 31.2 (3) 33.3 (18) 42.9 (9) 27.4 (1)
mountain - 46.5 (16) - - 33.0 (6) 43.7 (4) -

Fig. 2. Maps of all the stations with wind gust data
in ECA&D (January 2012). ‘Red’ stations denote stations
for which daily maximum wind gust data is not download-
able via the ECA&D webpages; for ‘green’ stations daily
maximum wind gust is available. Maps are available via:
http://www.ecad.eu/utils/mapserver/stations.php.
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Fig. 3. Two and five year return values of annual maximum wind
gust [m/s] for the period 1991-2010 against distance [km] between
station and the coastline where the open sea begins.

direction in compass points e.g. N, NE, E, etc. which was
common practice in some countries before the introduction
of automatic weather stations: the Norwegian data certainly
show large peaks in the frequency distribution for these di-
rections. A longer period of successive days should be used
in the test for (older parts of) data series showing such peaks.

An exceptionally large amount of the Norwegian wind

Fig. 3. Two and five year return values of annual maximum wind
gust (m s−1) for the period 1991–2010 against distance (km) be-
tween station and the coastline where the open sea begins.

– Intermediate stations (green crosses, distance to open
sea is>12 km or≤50 km) which are not analyzed.

– Inland stations (blue stars, distance to open sea'50 km)
where the spread in return values is smaller.

– Mountain stations (pink squares, heights'700 m)
where the 2 yr return value increases with elevation.
There are 48 stations higher than 700 m: 20 in Spain
(excl. Avila), 16 in Germany, 7 in The Czech Republic
and 1 in Norway. Figure4 clearly shows steeply increas-
ing return values for stations higher than 700 m.

There are a number of stations with an elevation exceed-
ing 700 m where relatively low return values are mea-
sured (see Appendix B), but this is mainly because they
are in valleys surrounded by high mountains, in or very
near forests and/or in built-on areas. Most stations sup-
port the provisional choice for 700 m as the lower limit
of the elevation criterion for mountain stations. Note
that station Zugspitze in Germany at 2964 m is not in-
cluded in the plot to make it clearer (it has a 2 yr return
value of 48.8 m s−1).

The increase in the wind above 700 m may be due to the
presence of higher winds above the planetary boundary
layer (PBL).Liu and Liang(2010) showed that for land
stations, the daily average of the PBL height is about
600 m.

In future work, the criteria to distinguish coastal, inland
and mountainous stations may be improved using a denser
and more homogeneous network of stations in more coun-
tries.
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Fig. 4. Two year return values [m/s] for the period 1991-2010 as a
function of station height [m]: red plusses are coastal stations, green
crosses are intermediate stations, blue stars are inland stations and
pink squares are mountain stations.

Fig. 5. Maximum wind gust [m/s] based on 1991-2010 period
which occurs 10 times per year.

Fig. 5. (Continued) Two year return values of annual maximum
wind gust [m/s] based on 1991-2010 period. Map is available at
http://www.ecad.eu/utils/mapserver/returnvalues.php.

Fig. 5. (Continued) Five year return values of annual maximum
wind gust [m/s] based on 1991-2010 period. Map is available at
http://www.ecad.eu/utils/mapserver/returnvalues.php.

Fig. 4. Two year return values (m s−1) for the period 1991–2010
as a function of station height (m): red plusses are coastal stations,
green crosses are intermediate stations, blue stars are inland stations
and pink squares are mountain stations.

4 Results

4.1 Spatial variation of the return value results

Figure 5 shows the 10-times a year, once in 2 yr and once
in 5 yr return values for the stations in Europe based on the
1991–2010 period. This figure clearly shows the higher re-
turn values associated with the coastal stations. The maxima
in return values seen inland are related to mountain stations.

The median of the return values for each topographical
area of each country is presented in Table4. The number
of stations on which the median is based is shown in brack-
ets. Table4 shows, as expected, that the wind climate is more
extreme in coastal and mountainous areas than in inland ar-
eas. In Norway and Ireland the difference between inland
and coastal stations increases with increasing return period
(Table 4). This is not the case for Germany, The Nether-
lands and Spain where the difference is significantly smaller
than for the other countries. The difference in return values
is especially small for The Netherlands and Spain, which is
probably due to the relatively low surface roughness of The
Netherlands and the fact that most of the Spanish coast is
sheltered by land for the prevailing wind direction. Only four
of the 18 Spanish coastal stations are less than 12 km to the
northeast of open water: Cadiz and Rota Nas (both on the
south coast of Spain, west of the Strait of Gibraltar) and the
island stations Tenerife and Menorca. In the case of Spain, a
relatively high average elevation compared to the coastal sta-
tions of the other countries also plays a role (82 m compared
to values ranging from 2.3 m for The Netherlands to 17.8 m
for Norway).
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Fig. 5. (a)Maximum wind gust (m s−1) based on 1991–2010 period which occurs 10 times per year.(b) Two year return values of annual
maximum wind gust (m s−1) based on 1991–2010 period.(c) Five year return values of annual maximum wind gust (m s−1) based on
1991–2010 period. Maps of(b) and(c) are available at:http://www.ecad.eu/utils/mapserver/returnvalues.php.

Table 4.Median of the return values of the annual maximum wind gusts for 1991–2010 (m s−1). The number of stations on which the median
is based is shown between brackets, and the current thresholds (m s−1) are shown initalic. Latvia is excluded from this table; the only station
for which the Gumbel fit passed the Anderson-Darling test (Riga) is too far from the coast to be regarded as a coastal station and falls in the
intermediate category.

10 times/year return values and current thresholds for yellow warning

The Netherlands Germany Ireland Norway Spain Czech Republic Estonia

coastal 24.1 (10)20.8 25.7 (4)18.1 31.4 (3)19.4 25.7 (5) 20.0 (29)19.4 – 23.0 (1)15.3
inland 19.5 (14)20.8 19.9 (92)18.1 22.6 (5)19.4 17.3 (3) 18.6 (28)19.4 22.2 (12)19.4 16.0 (1)15.3
mountain – 25.2 (16)18.1 – 23.8 (1) 18.8 (20)19.4 25.4 (6)19.4 –

2 yr return values and current thresholds for orange warning

coastal 29.4 (4)32.7 32.7 (4)29.2 39.5 (3)30.6 32.4 (4) 26.1 (20)25 – 29.3 (1)25
inland 25.9 (13)20.8 26.5 (91)29.2 28.9 (4)30.6 22.7 (3) 24.4 (18)25 28.8 (9)25 19.9 (1)25
mountain – 33.5 (16)29.2 – – 25.1 (6)25 30.5 (4)25 –

5 yr return values and current thresholds for red warning

coastal 32.1 (4) 35.7 (4)38.9 44.1 (3)36.1 35.7 (4)43 29.6 (20)36.1 – 33.6 (1)33.3
inland 28.8 (13) 30.2 (91)38.9 32.3 (4)36.1 25.4 (3)43 27.2 (18)36.1 33.6 (9)30.6 22.3 (1)33.3
mountain – 37.5 (16)38.9 – – 27.7 (6)36.1 34.8 (4)30.6 –

10 yr return values

coastal 33.9 (4) 37.8 (4) 46.7 (3) 37.9 (4) 31.7 (20) – 36.4 (1)
inland 30.9 (13) 32.6 (91) 34.6 (4) 27.2 (3) 29.2 (18) 36.7 (9) 23.9 (1)
mountain – 40.3 (16) – – 29.3 (6) 37.6 (4) –

50 yr return values

coastal 37.9 (4) 42.2 (4) 52.5 (3) 42.8 (4) 36.4 (20) – 42.7 (1)
inland 35.4 (13) 37.8 (91) 39.5 (4) 31.2 (3) 33.3 (18) 42.9 (9) 27.4 (1)
mountain – 46.5 (16) – – 33.0 (6) 43.7 (4) –
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4.2 Comparing yellow warning thresholds

For the inland areas, the NMS thresholds currently used for
the yellow warnings are close to the values suggested in this
study. For the coastal areas and mountain areas however, the
suggested values are higher than those currently in use. Ta-
ble 4 shows that for inland areas the differences between the
suggested threshold values and the values currently in use
vary between−1.3 m s−1 (The Netherlands) and 3.2 m s−1

(Ireland). For coastal areas this difference varies between
0.6 m s−1 (Spain) and 12.0 m s−1 (Ireland), for mountain ar-
eas between−0.6 m s−1 (Spain) and 7.1 m s−1 (Germany).

4.3 Comparing orange warning thresholds

The alternative orange warning thresholds based on the me-
dian of the 2 yr return values of the annual maximum wind
gusts are also summarized in Table4. The alternative thresh-
olds do not differ significantly from the NMS thresholds for
the inland area. Germany and Estonia have the largest dif-
ferences, with suggested thresholds respectively 2.8 m s−1

higher and 5.1 m s−1 lower than the NMS thresholds. For
the coastal region, the differences are larger. The suggested
thresholds for The Netherlands are 3.3 m s−1 lower than
those currently in use and for Ireland they are 8.9 m s−1

higher. The suggested thresholds for mountain areas are 4.3
(Germany) and 5.5 m s−1 (Czech Republic) higher than the
NMS thresholds.

4.4 Comparing red warning thresholds

Table4 also compares the red warning thresholds in use and
the 5 yr return values of the annual maximum wind gusts.
For code red, the largest differences between the 5 yr return
values and the NMS thresholds are found. For the coastal
areas, the 5 yr return levels are approx. 7 m s−1 lower than
the NMS levels currently in use (The Netherlands, Norway,
Spain) or 6 m s−1 higher (Ireland). For the inland area, all
countries have lower 5 yr return values than NMS thresholds
(up to 10–17 m s−1), except the Czech Republic which has a
5 yr return value which is 3 m s−1 higher. For the mountain
regions, Spain has a 5 yr return level which is 8.6 m s−1 lower
than the NMS threshold while the differences for Germany
and the Czech Republic are very small.

5 Discussion

5.1 Availability and uniformity of data

So far, only a third of the 30 Meteoalarm countries pro-
vide daily wind gust data to ECA&D. Although most of the
countries along the west coast of Europe are represented, the
scarcity of data over much of Europe remains a problem for
a pan-European assessment of wind gust warnings.

The lack of uniformity in how each country calculates
daily values is another problem which interferes with such
efforts. These differences in aggregation are described in Ta-
ble2 and more details are provided on the ECA&D website.

The quality control of daily maximum wind gusts and
daily mean wind speeds by using simple limit checks and
a check on their ratio may be improved by using the more
sophisticated approach ofGraybeal(2006), where a quan-
tity related to the ratio of daily maximum wind gust and
daily mean wind speeds is fitted to a distribution in log-
space. Measurements sufficiently outside the distribution
were flagged as suspect. However, the lack of uniformity in
aggregating daily maximum wind gusts and daily mean wind
speed might makeGraybeal(2006)’s approach less applica-
ble.

5.2 Homogeneity of data

Homogeneity tests are required for reliable calculations of
climatic trends. One needs to exclude “breaks” and artificial
trends in order to make sure that the trend one discovers in the
data is indeed due to climatic change and not to relocations
of stations, changes in the station surroundings or changes in
measuring equipment or methods. Inhomogeneities in data
also interfere with a reliable estimate of return values. Sev-
eral homogeneity tests for wind data were tried, including the
Petrovic Redistribution index (RDI,Petrovic, 2004) for the
daily wind direction and the standard ECA&D homogeneity
tests (Wijngaard et al., 2003) for the annual average of the
wind gust factor. The latter is the aggregate of daily max-
imum wind gust divided by the daily average wind speed,
(provided the latter is non-zero). However, these tests were
not implemented for this study because of the experimental
character of the RDI and the fact that the completeness re-
quirements were not met for many years in the calculation of
the wind gust factor.

It would be interesting to investigate homogeneity tests
based on comparing the measurement series to a reference
series such as the geostrophic wind (Wan et al., 2010).

Metadata are essential for verifying the homogeneity of
climate time series and are especially important for wind
measurements because gradual changes in the surface rough-
ness of the surroundings or station relocations can introduce
non-climatic trends in the data. Metadata are therefore in-
cluded in the ECA&D dataset where available. In this study
metadata have also proved useful in the process of eliminat-
ing outliers (see Appendix B).

5.3 Seasonal dependency of return values

The Netherlands have recently increased the orange warning
winter threshold for coastal areas from 27.7 to 33.3 m s−1

based on an earlier analysis of return values (Wever, 2009).
The analysis in the current paper also shows that for The
Netherlands the once in 2 yr gusts are on average 5–7 m s−1
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Fig. 6. Two year return values of seasonal maximum wind gust
[m/s] based on 1991-2010 period for the summer half year (upper
panel) and the winter half year (lower panel). Map is available at
http://www.ecad.eu/utils/mapserver/returnvalues.php.

gust data is flagged as suspect for exceeding the limit of 76
m/s. Twelve stations not used in this study were responsi-
ble for all the unacceptably high gusts. For more than 95%
of these days no other station in Norway could be found with
gusts above 46 m/s. This suggests that the gusts above 76 m/s
are indeed erroneous and indicates that the quality controlis
working correctly.

Appendix B Metadata and outliers

In the calculation of the data shown in Figure 3, it was ob-
served that Avila (Spain) and Garmisch Partenkirche (Ger-
many) had much lower 2 year return values than other moun-
tain stations with similar elevations. The 2 year return values
were as low as 22.3 and 17.8 m/s. These values have been left
out of the analysis since these measurement sites are situated

in a built-on area like a town and therefore not representative
for a typical mountain station. There are other stations with
elevations≥ 700 m situated in towns, but the Gumbel fit of
these stations did not pass the Anderson-Darling test, which
meant that they were not used in this analysis.

Figure 3 shows two stations, near 150 km and 225 km,
which show return values much lower than stations with a
comparable distance to the coast line. These stations are
Voru (Estonia) and Zamora (Spain) respectively. The first
of these stations is on a field at the edge of town surrounded
by semicircle of buildings and the latter one is in a built-on
area (albeit with train tracks to the north and east) which may
explain the low return values.

In the calculations leading up to Figure 3, a number of
stations produce much higher return values than compara-
ble stations. Station Berlin-Alexanderplatz measures 6-7
m/s higher return values than the other 5 Berlin stations in
this study. A Google-maps search made us suspect that the
anemometer is on the tall television mast. The wind mast at
Weinbiet is not only very exposed on top of a panorama tower
on a forested hill, but may also measure the wind at a height
more than 10 m above the ground. The return values mea-
sured at Weinbiet are unrealistically higher than those from
the other inland stations we have analysed (39.6 m/s once in
2 years and 43.6 m/s once in 5 years). Data from Berlin-
Alexanderplatz and Weinbiet are removed from Figure 3.

Other outliers are associated with the stations Buckeburg
and Neubrandenburg in Germany and Luka, Kocelovice and
Pribyslav in the Czech Republic. Although the difference
in elevation between Buckeburg and nearby Hannover (both
airports) is about 120 m, this cannot be enough reason to ex-
plain why return values at Buckeburg are about 7 m/s higher.
There are no obvious stations to compare Neubrandenburg to
and although we can make out that Neubrandenburg seems to
be on the slope of a hill, the available metadata does not give
a definite clue as to why return values are so high. Stations
Luka, Kocelovice and Pribyslav are not extremely elevated
above the surrounding landscape, but are on exposed hills in
remote areas with no buildings and trees which may explain
why the measured return values are outliers. Data from these
stations are removed from Figure 3 as well.

Figure 4 shows data of a few ‘mountain’ stations that give
2 year return values that are much lower than other mountain
stations, and even lower than some inland stations. Span-
ish station Burgos-Villafria at an elevation of 890 m, gives
a 2 year return value of only 26.9 m/s. The station is in a
built-on area near trees which may (partly) explain the low 2
year return value. A mountain station with an even lower 2
year return value (17 m/s) is Garmisch Partenkirchen in Ger-
many. This station is not only in a town, but also in a valley
surrounded by high mountains and therefore very sheltered.
Also at rural station Oberstdorf in Germany, which is in a
valley at 806 m surrounded by high peaks, the 2 year return
value is low (22 m/s). Both German stations Kleiner Feld-
berg/Taunus at 826 m and Neuhaus am Rennweg at 845 m

Fig. 6. Two year return values of seasonal maximum wind gust
(m s−1) based on 1991–2010 period for the summer half year (up-
per panel) and the winter half year (lower panel). Maps are available
athttp://www.ecad.eu/utils/mapserver/returnvalues.php.

higher in the winter half year than in the summer half year
(Fig. 6), but not only for coastal areas. It would be worth-
while investigating if a similar seasonal difference can be
found for other countries and whether the difference can
be explained by convection being the main cause of severe
gustiness in the summer half year and synoptic scale weather
systems in the winter half year.

5.4 Additional considerations when reviewing severe
weather alarm thresholds

In this study the median of the return values of a given area
is investigated as a uniform guideline for reviewing warning
thresholds, but there are alternative methods worth investi-
gating. Using the median implies that on average half of the
stations in the warning area experience a wind gust exceed-
ing the threshold during the return period, whereas a warning
might be necessary if a lower or higher fraction of the stations

is affected. Whether or not a warning is issued also depends
on how densely populated the affected area is and whether or
not almost everyone is safe indoors, e.g. at night. Thus set-
ting warning thresholds remains a partly subjective task. The
size of the area affected is a good first approximation of the
number of lives at risk and of how large the economic dam-
age might be. For example, in The Netherlands the orange
and red warnings are only issued if a large enough area is
likely to be affected. This minimum area affected (MAA) is
50 km2, which is a bit less than 10 % of the total land area.
For these warnings the median return value is less appropri-
ate than the 10 % quantile, which would mean that one tenth
of the Dutch stations experience a daily maximum wind gust
exceeding the threshold. Obviously, the MAA’s will vary per
country and in some cases per region.

6 Conclusions

Meteoalarm is the EUMETNET initiative for a pan-European
severe weather warning system. Although Meteoalarm pro-
vides guidelines for warning thresholds for the different
kinds of severe weather, the NMSs of the member countries
are responsible for choosing the thresholds, often in an elabo-
rate process involving various stakeholders, government offi-
cials and meteorologists. The main drawback of the exclusive
national focus in this process is that the issuing frequency
need not be similar to neighbouring countries. As a result
of determining warning thresholds at a national level, ques-
tionable differences in the frequency and level of warnings
between neighbouring countries are observed.

In order to assist the Meteoalarm community of NMSs
with the ongoing optimization of their warning systems for
extreme wind gusts, a methodology is proposed and demon-
strated that can be used to help alleviate some of the dif-
ferences between neighbouring countries and regions. This
methodology is based on pan-European uniform return peri-
ods. In this study we chose to use return periods of 10 times
a year for code yellow warnings, once in 2 yr for code or-
ange and once in 5 yr for code red which roughly correspond
to the Meteoalarm guideline for a median sized country. The
return values that correspond to these uniform return periods
are different for each individual country. They are a measure
of how extreme an event is compared to the local climate and
are a powerful means of predicting the possible danger of an
event and its impact on society.

The results of this study indicate that warnings for haz-
ardous wind gusts should be regionalised for coastal, inland
and mountainous areas. The median return values and the
NMS thresholds concur reasonably well for the inland areas
but less well for coastal and mountainous areas. This makes
sense because NMSs generally do not regionalise their warn-
ing thresholds and base them on past experience of dam-
age in densely populated, and therefore non-mountainous, ar-
eas. This supports the premise that the return periods chosen
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in this study are an appropriate basis for new Meteoalarm
guidelines.

The fact that the median return values differ from the NMS
thresholds in coastal and mountainous areas suggests that it
would be beneficial to introduce separate thresholds for these
areas.

In ECA&D there are other measurements of the weather,
such as daily maximum and minimum temperature, snow
depth and daily precipitation amount, that can be used to
improve and harmonise the Meteoalarm guidelines for haz-
ardous weather parameters other than the extreme wind gusts
considered here. These improved guidelines will aid NMSs
when they choose to review their warning thresholds.

In closing, it must be noted that climate change will have
an impact upon the frequency of occurrence of daily cli-
matic extremes and severe weather events (Moberg et al.,
2006; Alexander et al., 2006). Statistics derived from histor-
ical time series may no longer be representative for future
climate. The climate change may impact on the regionaliza-
tion of severe weather thresholds as well. Recently,McVicar
et al.(2010) observed a divergence in the speed of decline in
near-surface wind speed measurements for high and low ele-
vation stations, which may fuel the need to regionalise wind
gust warnings.

This perspective on gradual changes in threshold values
for severe weather warnings could not be taken into account
in the present study because of limitations in data availability
which prevents implementation of homogeneity tests. Nev-
ertheless, the methodology of relating warning thresholds to
return values for specified return periods is perfectly capa-
ble of including the climate change perspective by shifting
the time window for the data used to more recent years, or
including projected changes in the statistical analysis.

Appendix A

Quality control

The data in ECA&D are checked for coding errors, like non-
existent dates, directions greater than 360 degrees, daily wind
speeds that exceed the daily maximum wind gust and nega-
tive wind speeds, wind gusts and directions. Erroneous out-
liers are also flagged as suspect using fixed thresholds for
daily maximum wind gust and average wind speed. Further-
more, the wind data are considered suspect if, for a number
of successive non-calm days, the values remain the same.

The outlier criteria for wind gusts are based on extremes
found in the literature.McClatchey(1996) reports on the
highest official Scottish gust, which was 77 m s−1 at Cairn-
gorm summit on 20 March 1986.Lamb and Frydendahl
(1991) report on two higher but unofficial wind gusts of 79
and 84 m s−1 from the islands Unst and Jan Mayen, respec-
tively, far north of the Scottish mainland.Ceppi et al.(2008)
show wind gusts of 74 m s−1 from two mountains (above

2400 m) in Switzerland. The upper limit which WMO ad-
vises for wind gust measurements is 75 m s−1 (World Meteo-
rological Organization, 1996), but bearing in mind the Cairn-
gorm record, the upper limit for daily maximum wind gusts
was set a little higher at 76 m s−1.

In order to base the outlier limit for average wind speed
(fg) on that for the maximum wind gust (fx), fg/fx was cal-
culated for the five stations with the highest wind speeds in
winter based on their 1971–2000 climatology. They were all
coastal stations, exposed to the prevailing strongest winds on
the seaward side. These stations have a low surface rough-
ness in the direction of the strongest winds so the ratio offg
to fx should provide an upper limit. The five stations selected
are Bjørnøya, Fuholmen Fyr and Slettnes Fyr from Norway,
Helgoland (Germany) and Texelhors (the Netherlands). For
these stations, daily values offg/fxare calculated for the days
with fg≥ 13.9 m s−1 (7 Beaufort or higher). This resulted in a
sample of (in total) 2622 days in the 1971–2000 period. The
median ratio varied between 0.59± 0.09 for Slettnes Fyr to
0.63± 0.07 for Texelhors. Based on this analysis, we set the
ratio to 0.6. Sixty percent of the 76 m s−1 wind gust outlier
criterion was therefore used for the daily average wind speed
upper limit of 46 m s−1.

In the repetitive test, data are flagged as suspect when there
are more than 4 successive days with the same wind gust
or more than 5 successive days with the same wind speed
or direction, excluding calm periods. Here the definition of
calm used depends upon the element being considered: for
direction (dd), dd= 0 was used (which is the WMO meteo-
rological code for calm), for gust,fx< 4 m s−1 and for speed,
fg< 2 m s−1 (Tsai et al., 2004).

The results of the tests (dated January 2012) are summa-
rized in TablesA1–A3. Shown are, respectively, the total
number of daily data per country for wind gust, speed and
direction, the percentage of data that are missing and the per-
centage of non-missing data rejected by the tests. The repeti-
tive test rejects an unusually high number of Norwegian and
Spanish wind directions. This could be due to reporting wind
direction in compass points, e.g. N, NE, E, etc., which was
common practice in some countries before the introduction
of automatic weather stations: the Norwegian data certainly
show large peaks in the frequency distribution for these di-
rections. A longer period of successive days should be used
in the test for (older parts of) data series showing such peaks.

An exceptionally large amount of the Norwegian wind
gust data is flagged as suspect for exceeding the limit of
76 m s−1. Twelve stations not used in this study were re-
sponsible for all the unacceptably high gusts. For more than
95 % of these days no other station in Norway could be found
with gusts above 46 m s−1. This suggests that the gusts above
76 m s−1 are indeed erroneous and indicates that the quality
control is working correctly.
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Table A1. Wind gust completeness and quality control. Data sampled in January 2012.

Country Total Missing (%) Suspect (%) Repetitive (%) Bounds (%)fx< fg (%)

Germany 2 664 382 8.53 0.04 0.03 0.00 0.01
The Netherlands 522 725 3.43 0.08 0.07 0.00 0.00
Ireland 265 666 2.66 0.02 0.02 0.00 0.00
Norway 455 887 3.17 0.04 0.02 0.02 0.00
Luxembourg 4658 3.24 0.00 0.00 0.00 0.00
Hungary 14 244 0.00 0.00 0.00 0.00 0.00
Spain 1 536 935 14.03 0.05 0.05 0.00 0.00
Czech Republic 454 357 13.82 1.27 0.07 0.00 1.20
Latvia 94 230 0.00 0.00 0.00 0.00 0.00
Estonia 33 602 1.46 0.32 0.32 0.00 0.00

Table A2. Wind speed completeness and quality control. Data sampled in January 2012.

Country Total Missing (%) Suspect (%) Repetitive (%) Bounds (%)fx< fg (%)

Germany 3 099 756 6.00 0.01 0.00 0.00 0.01
The Netherlandsl 728 593 1.49 0.02 0.02 0.00 0.00
Ireland 254 126 3.32 0.01 0.00 0.00 0.01
Norway 1 528 845 3.90 0.01 0.01 0.00 0.00
Slovakia 193 923 0.05 0.00 0.00 0.00 0.00
Slovenia 517 782 3.70 0.02 0.02 0.00 0.00
Spain 1 750 134 7.45 2.42 0.00 0.00 2.42
Czech Republic 756 926 1.36 0.90 0.21 0.00 0.69
Latvia 94 230 0.00 0.00 0.00 0.00 0.00
Estonia 33 602 1.84 0.00 0.00 0.00 0.00

Appendix B

Metadata and outliers

In the calculation of the data shown in Fig.3, it was observed
that Avila (Spain) and Garmisch Partenkirche (Germany) had
much lower 2 yr return values than other mountain stations
with similar elevations. The 2 yr return values were as low
as 22.3 and 17.8 m s−1. These values have been left out of
the analysis since these measurement sites are situated in a
built-on area like a town and therefore not representative for
a typical mountain station. There are other stations with ele-
vations≥ 700 m situated in towns, but the Gumbel fit of these
stations did not pass the Anderson-Darling test, which meant
that they were not used in this analysis.

Figure 3 shows two stations, near 150 km and 225 km,
which show return values much lower than stations with a
comparable distance to the coast line. These stations are Voru
(Estonia) and Zamora (Spain), respectively. The first of these
stations is on a field at the edge of town surrounded by semi-
circle of buildings and the latter one is in a built-on area (al-
beit with train tracks to the north and east) which may explain
the low return values.

In the calculations leading up to Fig.3, a number of sta-
tions produce much higher return values than comparable
stations. Station Berlin-Alexanderplatz measures 6–7 m s−1

higher return values than the other 5 Berlin stations in
this study. A Google-maps search made us suspect that the
anemometer is on the tall television mast. The wind mast
at Weinbiet is not only very exposed on top of a panorama
tower on a forested hill, but may also measure the wind at a
height more than 10 m above the ground. The return values
measured at Weinbiet are unrealistically higher than those
from the other inland stations we have analysed (39.6 m s−1

once in 2 yr and 43.6 m s−1 once in 5 yr). Data from Berlin-
Alexanderplatz and Weinbiet are removed from Fig.3.

Other outliers are associated with the stations Buckeburg
and Neubrandenburg in Germany and Luka, Kocelovice and
Pribyslav in the Czech Republic. Although the difference in
elevation between Buckeburg and nearby Hannover (both air-
ports) is about 120 m, this cannot be enough reason to explain
why return values at Buckeburg are about 7 m s−1 higher.
There are no obvious stations to compare Neubrandenburg to
and although we can make out that Neubrandenburg seems to
be on the slope of a hill, the available metadata does not give
a definite clue as to why return values are so high. Stations
Luka, Kocelovice and Pribyslav are not extremely elevated
above the surrounding landscape, but are on exposed hills in
remote areas with no buildings and trees which may explain
why the measured return values are outliers. Data from these
stations are removed from Fig.3 as well.
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Table A3. Wind direction completeness and quality control. Data sampled in January 2012.

Country Total Missing (%) Suspect (%) Repetitive (%) Bounds (%)

The Netherlands 728 516 1.76 0.00 0.00 0.00 0.00
Ireland 268 117 1.51 0.01 0.01 0.00 0.00
Norway 1 618 572 3.96 0.49 0.49 0.00 0.00
Luxembourg 4658 3.24 0.67 0.00 0.67 0.00
Spain 2 259 254 9.99 1.85 1.85 0.00 0.00
Latvia 94 230 0.00 0.00 0.00 0.00 0.00

Figure4 shows data of a few “mountain” stations that give
2 yr return values that are much lower than other mountain
stations, and even lower than some inland stations. Span-
ish station Burgos-Villafria at an elevation of 890 m, gives
a 2 yr return value of only 26.9 m s−1. The station is in a
built-on area near trees which may (partly) explain the low
2 yr return value. A mountain station with an even lower 2 yr
return value (17 m s−1) is Garmisch Partenkirchen in Ger-
many. This station is not only in a town, but also in a val-
ley surrounded by high mountains and therefore very shel-
tered. Also at rural station Oberstdorf in Germany, which is
in a valley at 806 m surrounded by high peaks, the 2 yr return
value is low (22 m s−1). Both German stations Kleiner Feld-
berg/Taunus at 826 m and Neuhaus am Rennweg at 845 m
are surrounded by forest (although the actual hill top itself is
bare at Feldberg/Taunus, the forest is close) which might ex-
plain the relatively low 2 yr return values that are measured
there (respectively 26 and 27.6 m s−1). For Spanish station
Leon Virgen del Camino (airport at an elevation of 916 m)
we could not find a plausible explanation why the 2 yr re-
turn value is low (26.6 m s−1). The same goes for Czech
mountain station Churanov which gives a 2 yr return value
of 29.4 m s−1 at an elevation of 1117.8 m: the station is an
observatory on top of a hill and the only reason why the re-
turn value might be relatively low, is that there are pine trees
quite close to the observatory. Data for these stations is not
removed from Fig.4.
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