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Abstract
Near-surface seasonal and annual mean wind speed in Switzerland is investigated

using homogenized observations, Twentieth Century Reanalysis (20CRv2c) data

and raw model output of a 75 member EURO-COoRdinated Downscaling EXperi-

ment regional climate model (RCM) ensemble for present day and future scenarios.

The wind speed observations show a significant decrease in the Alps and on the

southern Alpine slopes in the period 1981–2010. However, the 20CRv2c data

reveal that the recent trends lie well within the decadal variability over longer time

periods and no clear signs of a systematic wind stilling can be found for Switzer-

land. The ensemble of RCMs shows large biases in the annual mean wind speed

over the Jura mountains, and some members also show large biases in the Alps

compared to station observations. The spatial distribution of the model biases var-

ies strongly between the RCMs, while the resolution and the driving global model

have less impact on the pattern of the model bias. The RCMs are mostly able to

represent the seasonality of wind speed on the Plateau but miss important details in

complex terrain related to local wind systems. Most models show no significant

changes in near-surface mean wind speed until the end of the 21st century. The

model ensemble changes range from a 7% decrease to a 6% increase with an

ensemble mean decrease of 1 to 2%. Due to model biases, the scale mismatch

between model grid and station observations and the missing representation of

local winds in the simulations, the changes need to be interpreted with utmost care.

Future assessments might lead to major revisions even for the sign of the projected

changes, in particular over complex terrain.
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1 | INTRODUCTION

Near-surface winds are an important component of the inter-
face between the atmosphere and the land surface. They
drive surface and near-surface fluxes of latent and sensible

heat, are of importance for water cycle fluxes and affect
local air quality through the transport of pollutants
(e.g., Oke, 1987; Stull, 1988; Barmpadimos et al., 2008).
Near-surface wind extremes are also a major natural hazard
in large parts of the extra-tropics (Shaw et al., 2016), Europe
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(Schwierz et al., 2010; Feser et al., 2015) and Switzerland
(Stucki et al., 2014; Welker and Martius, 2014). The clima-
tology of near-surface winds, especially their trends in the
last decades, has been studied for many regions in the world.
In a review of 148 studies, McVicar et al. (2012) showed
that near-surface wind speeds have decreased in the tropics
and mid-latitudes of both hemispheres, whereas at high lati-
tudes of both hemispheres, an increase in wind speed is evi-
dent. The widespread decreases of near-surface wind speed
are known under the term “stilling” (cf. Roderick et al.,
2007). Also, more recent studies show predominantly a
stilling in different regions of the world (e.g., Gilliland and
Keim, 2018 for a global overview, You et al., 2014 for
Tibet, Zha et al., 2017 for China). Explanations for the
stilling phenomenon include increasing land surface rough-
ness, circulation changes (e.g., Hadley cell expansion,
changes in the storm tracks), measurement artefacts and
others (cf. McVicar et al., 2012 for a summary). Vautard
et al., (2010) attributed 25–60% of the stilling in the northern
mid-latitudes to a growth in vegetation cover and a related
increase in surface roughness length and 10–50% to atmo-
spheric circulation changes.

For Switzerland, several studies focus on wind extremes
or wind gusts (e.g., Jungo et al., 2002; Goyette et al., 2003;
Ceppi et al., 2008; Brönnimann et al., 2012; Welker and
Martius, 2014). Beside the studies by Weber and Furger
(2001), which determined mean wind patterns in Switzer-
land, and McVicar et al. (2010), who analysed mean wind
trends for the period 1960–2006 in Switzerland using non-
homogenized data, no recent studies focussing on mean

winds are known to the authors. In this study, the climatol-
ogy and trends of near-surface mean wind speed in the
recent past and the future are presented. In Section 2, the
geographical setting and the typical wind systems
(Section 2.1), the homogenisation procedure for the
observed station data and statistical methods (Section 2.2)
and the regional climate model (RCM) and reanalysis data
(Section 2.3) are introduced. The climatology and the short-
term tendencies of near-surface winds in Switzerland based
on a newly homogenized observational data set are
presented (Section 3.1) and compared to the long-term evo-
lution of reanalysis data (Section 3.2). Furthermore, the abil-
ity of state-of-the-art climate models to represent mean
winds and their seasonality in this topographically complex
region is assessed (Section 3.3). Future scenarios are
analysed, and future trends in mean wind speed are deter-
mined in Section 3.4 and some conclusions are drawn in
Section 4.

2 | SETTING, DATA AND METHODS

2.1 | Geographical setting and typical wind
systems

Switzerland lies in the Northern mid-latitudes, and near-
surface winds are strongly determined by the large-scale
planetary waves (often westerlies) and the related synoptic-
scale flow (eastward passage of fronts, cyclones and anticy-
clones, e.g., Ahrens, 2012). The complex topography of
Switzerland with its three main topographic sub-regions

FIGURE 1 Left panel: Map of Switzerland (x-axis: Degrees E, y-axis: Degrees N) showing topography in meters above sea level (shading).
The points indicate the locations of wind measurement stations that are part of the automatic monitoring network of MeteoSwiss since the early
1980s and have been used in this study. The three letters are abbreviations of the station names (cf. Table S1). The terms Jura, Plateau and Alps
mark the three main distinctive geographical regions of Switzerland. Right panel: The regions used to compute mean wind in future climate
scenarios are the same as in the Swiss climate scenario assessment CH2011: North of the Alps, in the Alps and south of the Alps (cf. CH2011,
2011) [Colour figure can be viewed at wileyonlinelibrary.com]

2 GRAF ET AL.

http://wileyonlinelibrary.com


Alps (mountain range, covering ~60% of the Swiss terri-
tory), Plateau (hilly terrain, covering ~30% of the Swiss ter-
ritory) and Jura (mountain range, covering ~10% of the
Swiss territory, cf. Figure 1) interacts with the synoptic-scale
flow on different scales.

On the Alpine scale, wind systems, such as the frequently
occurring westerly winds, are affected by the topography,
for example, by horizontal and vertical deflection and
increased surface roughness. Fronts are modified (frontal
bending), lee cyclones can form, and regional wind systems
and gravity waves are triggered (e.g., McGinley, 1982;
Kljun et al., 2001). The two most important regional wind
systems are (a) the Föhn, a wind crossing the main Alpine
ridge leading to warm conditions in the lee, affecting many
Alpine valleys and sometimes parts of the Plateau (Smith,
1982; Schär et al., 1998; Sprenger et al., 2016) and (b) the
Bise, an easterly wind most active in the western parts of the
Swiss Plateau and an example for deflected flow (Wanner
and Furger, 1990; Schär et al., 1998).

On more local scales, thermally driven meso-scale wind
systems are induced (e.g., mountain-valley flow, Vergeiner
and Dreiseitl, 1987; Whiteman, 1990). The radiative heating
over the Alps in the summer season can induce circulations
(the so-called Alpine pumping) that extend up to 100 km
into the forelands and transport air within the lowest layers
towards the Alps (Corsmeier et al., 2003; Weissmann et al.,
2005). On the micro scale finally, the near-surface wind con-
ditions can be strongly altered by the surface roughness
(e.g., Oke, 1987; Stull, 1988).

Even though numerical models made substantial progress
in the last years, they still have problems to provide an accu-
rate representation of near-surface wind speed in complex
topography (Cassola and Burlando, 2012; Zhang et al.,
2013; Stucki et al., 2016). The reasons include deficiencies
in horizontal resolution and physical parameterisations as
well problems with initial- and boundary conditions. In order
to improve the representation of wind in numerical simula-
tions, we need a better understanding of wind systems in
complex topography. The focus of this study in this respect
is to give an overview of the observed climatology and
trends of near-surface mean wind speed and the ability of
state-of-the-art climate models to represent mean winds and
their seasonality in Switzerland.

2.2 | Wind measurements

In this study, data of observed near-surface mean wind speed
at 54 stations from the automatic monitoring network of
MeteoSwiss, the SwissMetNet (SMN, Roulet et al., 2010),
are used. The station locations are shown in Figure 1, and
more station information is given in Table S1. Wind speed is
measured every 10 minutes from which daily and monthly

mean values are computed. The time period considered is
1981–2016 for the comparison with the reanalysis and
1981–2010 for the mean wind climatology and trends. Wind
speed is generally measured at 10 m height above ground
level, but some deviations from this standard height can
occur at some stations (cf. Table S1 for details). The data are
not corrected to account for different measurement heights
(as, e.g., in Wan et al., 2010) for several reasons. First, it is
not straight forward to correct for differences in a general
way, especially in complex terrain. Second, an analysis of
urban stations that often measure wind on masts on roofs
showed that their wind speed values are lying within the
range of the variability of the measurements at 10 m of rural
stations. Third, our focus is on the assessment of temporal
trends and not on the interpretation of the spatial details of
wind speed on a fixed height.

2.3 | Homogenisation of station data

Measuring wind speed in a topographically complex region
like Switzerland is challenging, and the raw wind data
potentially contain considerable inhomogeneities that can
generate artificial trends (cf., e.g., Wan et al., 2010; Azorin-
Molina et al., 2014). In this study, temporally homogeneous
monthly mean near-surface wind speed series are obtained
using THOMAS (Tool for HOmogenisation of Monthly dAta
Series), which was developed at MeteoSwiss (Begert et al.,
2003, 2005). The detection of inhomogeneities with this
method is a combination of metadata analysis and the use of
12 different homogeneity tests. The homogenisation proce-
dure follows a two-step approach: (a) the detection of inho-
mogeneities and (b) the calculation of the adjustments. The
procedure is able to find and correct the two most frequent
types of inhomogeneity in data series, that is, shifts in the
mean and linear trends. For each station (hereafter called the
candidate series), a reference series is built from nearby sta-
tions, which shows the same climatological characteristics as
the candidate series and do not contain (any) large inhomo-
geneities. Metadata are used to find inhomogeneities that
affect several stations in the same climatological region at
about the same time, because simultaneous shifts in the can-
didate and the reference series reduce the quality of the
homogenisation. The reference series is calculated as a
weighted mean from the selected reference stations and
using deseasonalised monthly data. The ratio between the
candidate and the reference series is used to find shift and
trend inhomogeneities. Shift adjustments are calculated by
comparing the homogeneous segments before and after the
shift with the corresponding segments of a reference series.
The significance of the adjustments is then tested using the
Wilcoxon rank sum test. Adjustments for trend inhomogene-
ities are calculated by applying a least-squares fit to the
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corresponding part of the ratio series. For the adjustment in
THOMAS, metadata information can be additionally
included, such as correction factors derived from additional
measurements at the site or calibration. This is important for
time periods where no reliable reference series can be
constructed.

What is the effect of the homogenisation procedure on
Swiss wind data using THOMAS? Begert et al. (2003)
report that on average, a wind series contains an inhomoge-
neity every 7 years. The main causes for shifts are changes
in the instrumentation (67%), calibration (14%) and yearly
maintenance (9%). The homogenisation of the wind data
starting in 1981 lead to a systematic lowering of the wind
speed values in the order of 1 to 4% in the 1980s to mid-
1990s compared to the original values. As a consequence,
the negative trends in the original series are reduced in the
homogenous series.

2.4 | Reanalysis and RCM data

Two data sets of gridded near-surface mean wind data are
used in this study: (a) a reanalysis data set to compare the
past evolution with station-based measurements and (b) a set
of climate model simulations to study model performance
and future changes.

The reanalysis data used are the Twentieth Century
Reanalysis, version 2c (20CRv2c). It has been chosen
because it covers the very long time from 1851 to 2014
(Compo et al., 2011) and it has been used by other wind
studies for Switzerland (e.g., Brönnimann et al., 2012;
Welker and Martius, 2014). The only variables assimilated
in this reanalysis are surface observations of synoptic pres-
sure, monthly sea surface temperature and the sea ice distri-
bution. Near-surface wind speed at 10 m height is analysed
in this study. The fields are extracted from the first guess
field because they are not available from the reanalysis itself.
The data are available on an irregular Gaussian grid (T62)
with a horizontal resolution of nearly 200 km. The data set
is thus primarily describing the large-scale wind forcing and
is not able to represent local winds. The data set consists of
56 ensemble members. The ensemble mean and the spread
of the ensemble members are both analysed in this study.

COoRdinated Downscaling EXperiment (CORDEX) data
are used to investigate potential impact of future climate
change on the mean wind speed in Switzerland. CORDEX is
an initiative to coordinate regional downscaling of multiple
general circulation models (GCMs) from the Coupled Model
Intercomparison Project Phase 5 (CMIP5). For the European
domain (EURO-CORDEX), a set of RCMs is provided at
two different spatial resolutions: a coarser resolution of
0.44� (EUR-44, 50 km) and a finer resolution of 0.11�

(EUR-11, 12.5 km). Only near-surface wind speed at 10 m

height is considered, which is interpolated from other model
levels and hence a diagnostic variable. Seventy-five model
simulations for the three emission scenarios RCP2.6,
RCP4.5 and RCP8.5 are used in this study, which are listed
in Table S2. All published simulations are considered, also
those for which a “warning” has been published on the
EURO-CORDEX errata-page (e.g., simulations based on the
CNRM-CM5 GCM) and the ones that do not run until the
year 2099. Details about the parameterisation of each RCM
are summarized in Kotlarski et al. (2014). Note that for some
trend analyses only RCP4.5 model simulations are displayed
because the differences to other scenarios do not exceed
±0.1 ms−1.

2.5 | Statistical methods

The Theil–Sen estimator is used for the calculation of linear
trends (Theil, 1950; Sen, 1968). It is calculated as the
median of all pairwise slopes. The Theil–Sen estimator is
more robust against outliers than the ordinary least squares
method. The non-parametric Mann–Kendall trend test is
used to detect if time series follow a monotonic trend
(Mann, 1945; Kendall, 1955). The Bonferroni–Holm method
is intended to deal with familywise error rates for multiple
hypothesis tests (e.g., testing spatially distributed stations),
because the more hypotheses are checked, the higher the
probability of a type I error (Holm, 1979). Therefore, it
adjusts the rejection criteria of each of the individual hypoth-
eses. For the relative trends (Figure 2d), the Bonferroni–
Holm method is used and compared with the less strict
Mann–Kendall significance applied to the absolute trends
(Figure 2c).

3 | RESULTS

3.1 | Climatology of mean wind 1981–2010
3.1.1 | Wind speed

The yearly mean wind speeds in the period 1981–2010 are
lowest at stations in inner Alpine valleys (e.g., Disentis and
Scuol) and at low elevations of southern Switzerland (canton
Ticino) with values between 0.9 and 1.6 ms−1 (Table S1;
Figure 2a). Slightly higher values are found on the Swiss
Plateau with typical mean wind speeds between 1.4 and
2.5 ms−1. Note that wind speed values on roofs in cities
(e.g., Zürich, Wädenswil or Luzern) with a measurement
height of almost 30 to over 40 m above ground are within
the range of the values of rural stations. This indicates that
the higher measurement height is compensating well the
decreased wind speed caused by the increased surface
roughness in cities. The yearly mean wind speeds in the
Alpine valleys show a larger variability with values between
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0.9 and 3.2 ms−1. The higher values are mainly related to
local phenomena, such as thermally driven valley winds.
The highest mean wind speeds are observed at mountain
peaks. However, they are not only influenced by the height
above sea level (asl). In the Jura mountains, the mean wind
speed reach values of up to 8.6 ms−1 on the Chasseral
(1,613 m asl) and 7.8 ms−1 on La Dôle (1,683 m asl). These
wind speeds are higher than the mean winds on much higher
Alpine mountain peaks with values between 4.8 ms−1 on the
Weissfluhjoch (WFJ) (2,701 m asl) and 6.3 ms−1 on the
Jungfraujoch (3,581 m asl). The high values on the Jura
mountains are partly linked to the fact that on the Jura sum-
mits the Bise is often active in times with weak wind situa-
tions on Alpine summits. An additional effect could be the
increased effective surface roughness in the Alps compared
to the hillier and comparatively smooth terrain of the Jura.

3.1.2 | Seasonality

The complexity of the wind regime in Switzerland is not
only reflected in the mean wind speed but also in its season-
ality. Figure 2b shows the season with strongest seasonal
mean winds in the period 1981–2010 for every station. Most
stations in northern Switzerland and on mountain peaks have
a maximum during winter (December, January, February).
The main driver during this season is the large-scale flow

(i.e., the westerlies). In the southern Alps and many (pre-)
alpine valleys, strongest winds occur in spring (March, April
or May). In most inner Alpine valleys, the seasonal mean
wind maximum occurs in summer (June, July, August).
Especially in the Alpine valleys and in the southern Alps,
the wind maximum in spring and summer are due to ther-
mally driven orographic wind systems (mountain-valley
winds), thunderstorms and especially in spring also due to
Föhn events (Gutermann et al., 2012; Cetti et al., 2015). It is
interesting that there are no stations that show a maximum in
autumn (September, October, November). For most stations,
the weakest mean winds are found in summer or autumn.
Only for stations in Alpine valleys, the minimum is found in
winter (not shown).

3.1.3 | Short-term tendencies

The availability of countrywide homogenized station data
opens the possibility to compute trends. Unfortunately, the
mean wind series are not very long, and only short-term ten-
dencies can be computed, which can then be compared with
long-term reanalysis data. The absolute tendencies for the
period 1981–2010 range between a wind speed decline of
−1.25 ms−1 per century (on the Jungfraujoch and Chasseral)
and a slight increase of +0.24 ms−1 per century (Güttingen;
Table S1; Figure 2c, d). Negative tendencies are present at

FIGURE 2 Wind climatology for the period 1981–2010: (a) yearly mean wind in ms−1 (colours); (b) season with the highest seasonal mean
wind; (c) absolute trends in ms−1 per century, the red border of the symbols indicates if the trend is significant on the 0.05 level using the Mann–
Kendall trend test; (d) relative trends in percent per century, the red border shows significant trends on the 0.05 level using the more strict
Bonferroni–Holm test. The triangles pointing upward mark mountain stations, triangles pointing downward valley stations and circles stations in
other terrain [Colour figure can be viewed at wileyonlinelibrary.com]
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most Swiss stations. Slightly positive or no tendencies are
found in the north-eastern Swiss Plateau. The negative ten-
dencies are more pronounced in the Jura, Alps and southern
Alps. The relative tendencies are largest in southern Switzer-
land, especially in the lowland of Ticino with declines of
50% or more. On the Swiss Plateau on the other hand, the
relative tendencies are small with values between −18.5
and + 11.1% per century. The tendencies are significant
(Mann–Kendall trend test at the 0.05 level) at many stations
in the Alps and the southern Alps (Figure 2c). If the stricter
Bonferroni–Holm method is used, the short-term tendencies
are still significant at the 0.05 level in southern Switzerland,
Davos and Interlaken (Figure 2d). Note, however, that there
is still a chance that these tendencies are purely caused by
internal or decadal variability and they need to be put into
perspective with longer series.

3.2 | Comparison with century-scale
reanalysis (20CRv2c)

In order to put the recent tendencies into a longer term per-
spective, a comparison with the decadal variability in the
20CRv2c reanalysis is performed. The annual mean of the
10 m wind speed of observations at 27 stations north of the
Alps are compared with the most representative grid point of
the 20CRv2c data set. Because of the coarse resolution of
20CRv2c, the selected grid point is located north of Switzer-
land at 48.6�N/7.5�E. Stations in and south of the Alps are
excluded in this analysis, because it cannot be expected that
20CRv2c is capable to reproduce the wind speed in

mountainous terrain. For each station, the values of the
annual mean are normalized to zero mean and one standard
deviation for the period 1981–2014. Subsequently, the mean
of the normalized values over all 27 stations is calculated.
The normalization is also performed to the ensemble mean
of 20CRv2c for the same time period. The ensemble mean
of 20CRv2c and the mean of the observations are in a good
agreement with a Pearson correlation coefficient of
r = 0.745 (Figure 3), and both data sets show an increase
until the late 1990s and a subsequent decrease. Note that if
the first three years 1981–1983 are excluded, r increases
even to 0.836. This could indicate problems with the wind
measurements in the early 1980s possibly in conjunction
with the introduction of the first generation of the automated
measurement network. The mean absolute wind speed in
20CRv2c is 3.5 ms−1 and substantially higher than that of
the observations with 2.5 ms−1. The reason for this bias has
not been investigated in detail but could be linked to the fact
that the lowest model (0.995 sigma) level corresponds to
approximately 42 m above ground.

The 1981–2010 values lie well within the range of
20CRv2c long-term variability, and there is no indication of
a general long-term decline in 20CRv2c. There is an episode
of increasing mean winds in 20CRv2c from about 1950 to
the late 1980s. This is qualitatively in line with results from
McVicar et al. (2010) who found increasing mean winds for
the period 1960–1983. We take this as a possible indication
that the decrease of mean wind speed in the period
1981–2010 could be easily caused by natural decadal vari-
ability. However, it cannot be ruled out per se that other

FIGURE 3 Annual mean wind speed of 20CRv2c ensemble mean (thin black line; 48.57�N/7.5�E) and an average of homogenized
observations north of the Alps (thin red line). The normalization to zero mean and unit standard deviation (left axis) is performed for the period
1981–2014 for both quantities. The thick lines are Gaussian smoothed over a 20-year period. The grey shaded area shows the spread between the
minimum and maximum of the 20CRv2c ensemble members. The y-axes on the right side show absolute wind speed for comparison (20CRv2c in
black, homogenized observations in red). m is the mean, and SD is the standard deviation of the absolute values for the specified time period. r is the
Pearson correlation coefficient between 20CRv2c and homogenized observations [Colour figure can be viewed at wileyonlinelibrary.com]
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factors than natural variability (e.g., a systematic increase in
surface roughness or changes in the global circulation due to
climate change) are also partly responsible for the decrease
of winds in the recent past. Earlier studies found good agree-
ment of the decadal variability of peak winds between
20CRv2c and observations (Brönnimann et al., 2012;
Welker and Martius, 2014). It has to be noted, though, that
the observational input in 20CRv2c is very sparse in the
19th century, especially before the 1870s and the very low
values at the beginning of the 20CRv2c series could be an
artefact.

3.3 | RCM evaluation

In order to assess the confidence in RCM-based scenario
simulations, an evaluation of the models' ability to represent
mean winds and some aspects of the seasonality in the
Alpine region is helpful. However, a fair comparison
between observations and model output is difficult to
achieve. Ideally, the gridded CORDEX RCM data would be

compared with gridded observational data on the same grid.
Since there is no reliable gridded observational data set
available, the model data are evaluated against station-based
wind observations in the reference period 1981–2010. This
considerable scale-gap needs to be kept in mind for this
evaluation, especially in complex terrain.

In Figure 4, the absolute biases (value of the closest
model grid point minus observations) of the 30-year-mean
wind speed are shown for different stations. Absolute biases
highly depend on the RCM (same colour). The driving
GCM and the model resolution (EUR-11 [bold] vs. EUR-44)
seem to have only minor effects on the biases. Most models
underestimate mean winds in the Alps. CLMcom-CCLM,
HMS-ALADIN52 (not shown), KNMI-RACMO22E clearly
underestimate the wind speed on mountain summits. The
underestimation is smaller for DMI-HIRHAN5, ICTP-
RegCM4-3 and SMHI-RCA4. For the latter model, some
model simulations slightly overestimate winds at the WFJ.

All models clearly underestimate winds in the Jura moun-
tains. In the lower regions (Alpine valleys, Plateau and

FIGURE 4 Absolute bias (model minus observations) of the mean wind in period 1981–2010 for the CORDEX RCP4.5 model simulations
(rows) for selected stations (columns). The stations are clustered by region (Alpine summits, Jura, Alpine valleys, Plateau and Ticino). The
simulations are sorted by RCM (black: CLMcom-CCLM4; brown: DMI-HIRHAM5; orange: KNMI-RACMO22E, blue: MPI-CSC-REMO2009,
red: SMHIRCA4). The EUR-11 simulations are bold and the EUR-44 simulations are italic. The model is evaluated at the closest grid point relative
to the meteorological station. Blueish (reddish) colours represent negative (positive) biases [Colour figure can be viewed at wileyonlinelibrary.com]
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Ticino) DMI-HIRHAM5, ICTP-RegCM4-3 (not shown) and
SMHI-RCA4 overestimate the wind speed considerably. For
these models, the overestimation is more pronounced for sta-
tions in Alpine valleys than on the Plateau. In contrast,
CLMcom-CCLM, HMS-ALADIN52 (not shown), KNMI-
RACMO22E and MPI-CSC-REMO2009 show smaller
biases in the lower regions (Alpine valleys, Plateau and
Ticino). CLMcom-CCLM, HMS-ALADIN52 (not shown)
and KNMI-RACMO22E somewhat underestimate the winds
at most grid points, whereas MPI-CSC-REMO2009 shows a
weak overestimation at a majority of the stations.

The spatial representation of the 30-year-mean wind in
the period 1981–2010 is depicted for a selection of model
simulations in Figure 5. The general spatial pattern of the
same driving RCMs correlates strongly between the two dif-
ferent resolutions and also between different driving GCMs
(not shown). Some differences seem to be mainly related to

the different representation of the topography due to the dif-
ferent model resolution. However, considerable differences
exist between different RCMs especially in the Alps, where
the mean wind speeds range from about 1 to 2 ms−1

(e.g., CLMcom-CCLM) to more than 5 ms−1 (e.g., SMHI-
RCA4). In some models, wind speed tends to decrease with
increasing altitude (e.g., CLMcom-CCLM, MPI-CSC-
REMO2009, Figure 5a-d). In other models, wind speed
increases with increasing altitude (e.g., DMI-HIRHAM5,
SMHI-RCA4, Figures 5e-h).

An important feature of wind climatology is a good rep-
resentation of the seasonal cycle. Figure 6 shows the season
with maximum wind speed for observations and models.
The spatial patterns seem to be mainly determined by the
driving GCM (rows in Figure 6). As in the observations
(repeated from Figure 2b), most models show a maximum in
winter at most stations. A small number of simulations show

FIGURE 5 30-year-mean near-
surface mean wind fields (colour
shading, left colour bar in ms−1) and
bias (model minus observation at
stations [symbols as in Figure 2], right
colour bar in ms−1) for a selection of
simulations ((a, b) CCLM MPI-ESM-
LR, (c, d) REMO2009 MPI-ESM-LR,
(e, f) HIRHAM5 EC-EARTH, (g, h)
RCA4 EC-EARTH) in the period
1981–2010. Each row shows the same
RCM, but with different resolution.
EUR-11 simulations are shown in the
left column, EUR-44 simulations in
the right one. The black dashed lines
represent the model topography in
both resolutions respectively (isolines
at 800 and 1,600 m above sea level)
[Colour figure can be viewed at
wileyonlinelibrary.com]

8 GRAF ET AL.

http://wileyonlinelibrary.com


a maximum in summer predominantly on the Plateau and in
the Jura. The observed maximum in spring and summer in
mountain valleys is not found in the models. The season of
the minimum mean wind speed has also been analysed (not
shown). In the observations, summer and autumn are the
dominant season for the minimum, except for the stations in
mountain valleys, where the minimum is found in winter. In
comparison, most model simulations also have the minimum
in summer or autumn. However, none of the model

simulations reproduces the winter minimum in mountain
valleys. The difference between GCM-RCM model simula-
tions where both resolutions (EUR-11 and EUR-44) are
available is rather small. Also note that the higher resolution
EUR-11 simulations do not show clearly better results than
the low-resolution EUR-44 simulations. The reasons for the
differences between observations and model simulations
have not been investigated in detail but the above results are
a good indication that an insufficient representation of local

FIGURE 6 Season with maximum mean wind speed (period 1981–2010) for the observations (top left panel) and for the CORDEX RCM
simulations (other panels). The models are evaluated at the closest grid point relative to the meteorological station. Simulations are sorted by GCM
((a) EC-EARTH, (b) MPI-ESM-LR, (c) HadGEM2-ES, (d) CNRM-CM5, (e) IPSL-CM5A-MR, (f) CanESM2, (g) NorESM1-M, (h) CSIRO-
Mk3-6-0, (i) GFDL-ESM2M, (j) MIROC5). Where EUR-11 and EUR-44 simulations are available for the same GCM, the EUR-11 simulation is
always shown first (i.e., left) of the EUR-44 simulation [Colour figure can be viewed at wileyonlinelibrary.com]
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wind systems, such as thermally driven mountain-valley
winds, Föhn, Bise, convection and thunderstorms, could
play an important role here.

3.4 | Mean wind in future climate scenarios

In this section, future scenarios of 30-year-mean wind speed
in the 75 simulation EURO-CORDEX model ensemble are
presented for Switzerland. Figure 7 (top row) shows the evo-
lution of the mean wind speed for the three different
CH2011 regions in Switzerland for all emission scenarios
(cf. CH2011, 2011). The absolute values depend strongly on
the RCM (different colours). The differences between the
RCMs are largest in the Alps (mean wind speed values range
between less than 1 and almost 6 ms−1) and smaller north
(range 1 to 5 ms−1) and south (range 1 to 4 ms−1) of the
Alps. The mean wind speed is lower at the southern side of
the Alps compared to the northern side. Also note that the
temporal changes of a particular model simulation are much
smaller than the differences between different RCMs.

In the bottom row, the absolute change in ms−1 of each
model simulation relative to the reference period 1981–2010
is presented. The majority of simulations show a slight

tendency for a decrease of the 30-year-mean wind speed in
all three regions until the end of the 21st century, but some
model simulations exhibit a very weak tendency of an
increase in wind speed in all regions. Note that the changes
are small and mostly not statistically significant. For the
period 2070–2099, the mean changes for the “North” are
−0.04 ms−1 (−1.2%) with a range from −0.18 to
+0.08 ms−1 (−5.5 to +3.9%). The mean changes for the
“Alps” are −0.07 ms−1 (−1.7%) with a range from −0.33 to
+0.07 ms−1 (−6.6 to +6%). In the “South,” the mean
changes are −0.05 ms−1 (−1.7%) with a range from −0.21
to +0.07 ms−1 (−6 to +5%). The numbers are in broad
agreement with the results of Kjellström et al. (2018), when
inspecting their maps of Europe over Switzerland. The larg-
est decreases are found for SMHI-RCA4 simulations. There
is a tendency that the models with lower mean wind speeds
(e.g., CLMcom-CCLM4-8-17) also show smaller absolute
trends and a smaller spread. The opposite is the case for
models with higher wind speeds (e.g., SMHI-RCA4). The
differences between the scenarios are small. There is a weak
tendency for larger changes in the high emission scenario
RCP8.5 (red dot in Figure 7) compared to the lower emis-
sion scenarios RCP4.5 (orange dot) and RCP2.6 (green dot).

FIGURE 7 Evolution of the RCM's near-surface mean wind speed averaged over 30-year periods and for the three Swiss regions “North,”
“Alps” and “South” (columns) defined in Figure 1 for 75 simulations of the EURO-CORDEX model ensemble including RCP2.6, RCP4.5 and
RCP8.5 scenarios. Top row: Absolute values in ms−1 for the mean of reference period 1981–2010, the periods 2020–2049, 2045–2074 and
2070–2099. The colours represent identical RCMs (red = SMHI-RCA4; brown = MPI-CSC-REMO2009; blue = CLMcom-CCLM4-8-17;
grey = others). Bottom row: Absolute changes in ms−1 relative to the reference period 1981–2010. The coloured lines show the maximum and
minimum values (solid lines) and the mean value (dashed lines) for the three coloured RCMs in the top row (including all representative
concentration pathways (RCPs)). The dots show the average changes over all RCP2.6 (green, 11 simulations), RCP4.5 (orange, 28 simulations) and
RCP8.5 (red, 36 simulations) simulations. Also simulation that do not cover the whole time period are shown [Colour figure can be viewed at
wileyonlinelibrary.com]
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Note that the number of model simulations is different for
the different scenarios and parts of the differences could
arise from the different sample size.

4 | DISCUSSION AND CONCLUSIONS

In this paper, we present an analysis of the near-surface
mean wind evolution in Switzerland in the recent past and
the future using several data sources. The station observa-
tions between 1981 and 2010 show significant decreases in
the Alps and on the southern Alpine slope. This is in agree-
ment with an earlier result by McVicar et al. (2010) and
most regions in the mid-latitudes (see, e.g., McVicar et al.,
2012). A comparison with the long-term evolution in the
20CRv2c reanalysis shows that station observations and the
reanalysis agree very well in the period 1981–2014. Also,
the 20CRv2c tendency for increasing mean winds from
about 1950 to the late 1980s is qualitatively in line with
observations (cf. McVicar et al., 2010). The 20CRv2c long-
term evolution since the mid-19th century indicates that the
recent negative tendency lies well within the decadal vari-
ability and the mean wind recovered somewhat after the year
2010. Since 20CRv2c does not include changes in surface
roughness, this is one indication that changes in surface
roughness are probably not the dominant driver of the recent
trends in Swiss mean wind. However, since not all possible
factors (e.g., a comparison with upper-air winds) have been
analysed in this study, it cannot be ruled out that changes are
partly related to factors often mentioned in connection with
the wind stilling phenomenon.

The RCM validation exercise (based on a station and
nearest grid point comparison) shows that climate modelling
of near-surface winds in complex topography with grid reso-
lutions larger than 10 km remains a challenge. The largest
absolute biases of the wind speed are present over mountain-
ous terrain. All models show large absolute biases in the Jura
mountains and some models show large biases in the Alps.
The absolute biases are highly correlated with the underlying
RCM. The driving GCMs and the model resolution
(EUR 11 or EUR-44) seem to have only minor effects on
the biases. The differences between different RCMs are most
probably a result of different model parameterisations for
near-surface wind speed. This would also explain the small
differences of the biases for different model simulations of
the same RCM. The two considered model resolutions have
a similar effect on the representation of the mean wind in
Alpine terrain. The 12.5 km resolution in EUR-11 is not suf-
ficient to represent near-surface winds in complex topogra-
phy markedly better than with a resolution of 50 km in the
EUR-44 simulations.

The RCMs are mostly able to represent the seasonality
of the large-scale forcing coming from the GCMs

(maximum mean wind speed in winter and minimum in
summer) but miss important details in complex terrain.
The main reason seems to be the inadequate representa-
tion of thermally driven orographic wind system (moun-
tain-valley winds) and possibly also Föhn and Bise.
Again, this indicates that the applied model resolution
may not be sufficient to represent relatively small-scale
mountain-valley wind systems and further downscaling
(either dynamical or statistical) may be necessary to show
a realistic seasonality in complex topography. Upcoming
convection resolving models on the kilometre scale (cf.,
e.g., Leutwyler et al., 2017; Fuhrer et al., 2018) may sig-
nificantly improve small-scale wind effects, especially in
the summer season.

The future scenarios of near-surface wind speed in Swit-
zerland based on 75 EURO-CORDEX simulations show
only weak (and mostly insignificant) change signals. For the
end of the 21st century (2070–2099), the model ensemble
changes range from a 7% decrease to a 6% increase with an
ensemble mean decrease of about 1 to 2%. Taking into con-
sideration that models have difficulties with the representa-
tion of near-surface winds in complex topography, the trend
signals in the climate models should be interpreted very
carefully. It is possible that changes in the wind-relevant
parameterisation or in the model resolution will lead to
major changes in the results for future assessments, in partic-
ular over complex terrain such as in the Alps.
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