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Summary 
The objective of this project has been to explore the potential of the wind over complex 
terrain, as an energy source during wintertime in Switzerland. A wind assessment 
method is developed based on short-term wind profile measurements with a wind lidar, 
long-duration meteorological station measurements, which are connected via machine 
learning to a specific site. Driving a high-resolution numerical weather model (WRF) 
with COSMO model as an input, we create a map of the spatial pattern of the local 
wind speed potential for short episodes of predominating weather patterns. We further 
use Wind-Topo, a very recent machine learning model, which predicts wind potential 
at high spatial and temporal resolution, to reproduce first the WRF simulations and 
then yearly averages. The yearly averages are used as a basis of comparison with the 
Swiss wind atlas. This report provides the local air flow analysis based on two 
measurement campaigns at La Stadera, near the Lukmanier Pass, GR, and at Cabane, 
Glacier3000 near Les Diablerets, VD, as examples of 3D wind assessment in complex 
terrain. Furthermore, a previous assessment in Eastern Switzerland is re-calculated 
with Wind-Topo. The results show that the Swiss wind atlas provides a good estimate 
of wind potential at the two measurement sites and that spatial patterns are 
comparable but not identical to Wind-Topo. The in-depth analysis of spatial patterns 
from both, Wind-Topo and WRF, suggest that areas of high wind potential may be 
missed by the wind atlas in particular in slopes and valleys. The spatial analysis 
presented here has limited validation and we suggest further investigation of these 
effects and an update of the Swiss wind atlas at higher temporal and spatial resolution. 
This appears necessary to assist and promote the transition of the Swiss electricity 
supply system towards renewable energy resources. 

 

  



 

4/32 

Contents 

Summary .................................................................................................................................................. 3 

Contents ................................................................................................................................................... 4 

Abbreviations ............................................................................................................................................ 5 

1 Introduction .................................................................................................................................. 6 

1.1 Background information and current situation .......................................................................................... 6 

1.2 Purpose of the project ................................................................................................................................ 6 

1.3 Objectives ................................................................................................................................................... 6 

2 Description of facility ..................................................................................................................... 6 

3 Procedures and methodology ......................................................................................................... 8 

4 Results ........................................................................................................................................ 16 

5 National and international cooperation ......................................................................................... 26 

6 Publications ................................................................................................................................. 26 

7 References ...................................................................................................................................26  



 

5/32 

Abbreviations 

a.s.l Above sea level 

a.g.l. Above ground level 

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer 

COSMO Consortium for Small-Scale Modeling 

CSM Continuous Scan Method 

DEM Digital Elevation Model 

DETEC Department of the Environment, Transport, Energy and Communications 

IMIS Inter-cantonal Measurement and Information System 

LIDAR Light Detection and Ranging 

MAD Median Absolute Deviation 

MAE Mean Absolute Error 

RHI Range Height Indicator 

SNR Signal to Noise Ratio 

VAD Velocity Azimuth Display 

WRF Weather Research and Forecasting Model 
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1 Introduction 

1.1 Background information and current situation 

After the 2011 Fukushima nuclear disaster in Japan, the Federal Department of the Environment, Transport, 

Energy and Communications (DETEC) has decided to re-assess the energy strategy of Switzerland into a more 

sustainable policy for the future. The Energy Strategy 2050 (SFOE, 2018) was developed as a response to shift 

towards renewable energy resources, including wind energy. Wind energy is one of the under-explored and 

under-exploited sources of energy in Switzerland as a majority of previous studies focuses only on flat terrain 

settings (Brower, 2012). The complex geographic situation of Switzerland has made it challenging to estimate 

the potential of wind as a source of renewable energy. Synoptic flow, the topography and the land surface type 

need to be considered to predict the wind characteristics (Clifton et al., 2014). Currently, the assessment of wind 

in complex terrain is mostly based on models of coarse horizontal resolution, which makes it challenging to 

include the terrain effect on 3d-atmospheric flow, i.e. wind (Grams et al., 2018; Archer and Jacobson, 2005). 

Switzerland’s Wind Atlas (Koller and Humar, 2016) attempts to combine the WindSim model with 100 mast 

measurements at different locations and height. The Wind Atlas provides the annual mean wind speed at heights 

of 50, 75, 100, 125 and 150 m above the surface. However, it has been reported that the wind atlas has 

uncertainties in its results (SFOE, 2022). These uncertainties range from +/-0.5 m/s for the Jura area, +/-0.8 m/s 

in the central plain, +/-1.0 m/s in the pre-Alps and +/-1.5m/s in the Alps. Therefore, it is possible that there is still 

undiscovered potential for wind energy exploitation in the complex terrain of the Alps due to the coarse-spatial 

model resolution which does not sufficiently account for small-scale topographic effects.  

1.2 Purpose of the project 

This project aims at exploring different methods to estimate the local wind energy potential in the complex 

terrain of Switzerland. We try to find spatial-temporal wind patterns that would not be represented in previous 

assessments. We propose a combination of locally measured wind data with numerical simulation, and a 

sophisticated machine learning technique, to investigate the potential of the wind energy harvesting in the 

complex alpine terrain. 

1.3 Objectives 

1. Understanding the effect of complex terrain on 3D wind in the alpine region of Switzerland using a 

combination of Light Detection and Ranging (LIDAR) measurements, climatological analysis of IMIS 

weather station data, atmospheric numerical simulations and machine learning. 

2. Approximation of the annual yield and characterization of the spatial and temporal variability of wind 

energy potential as a function of the local dominant weather patterns. 

2 Description of Facility 

The first campaign was conducted at La Stadera, on a north-west facing slope of Piz Scopi near the Lukmanier 

Pass, GR, Switzerland at 2519 m a.s.l. (705783, 160126), from 20/10/2020 to 16/12/2020. The second campaign 

was conducted at the Cabane cable car station of Glacier3000, VD, Les Diablerets, Switzerland at 2523 m a.s.l 
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(582773, 132080), from 20/02/2021 to 02/05/2021. Both sites are located in complex alpine terrain of 

Switzerland. The Stadera site is located in the eastern part of Switzerland (blue marker, Figure 1a) and the Cabane 

site is located in the western part of Switzerland (red marker, Figure 1a). Table 1 summarizes further 

characteristics of the two campaign sites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 (a) Campaign location at Lukmanier (blue marker) and Les Diablerets (red marker). The red and blue square represent the domain size for 

the WRF-COSMO1 simulations for Lukmanier and Les Diablerets, respectively. Detailed maps of the campaign locations Les Diablerets inc luding the 

measurement locations marked by the star symbols and the surrounding IMIS station by the dot symbols are given for Lukmanier (b) and Les 

Diablerets (c). Source: swisstopo. 

(b) (c) 

(a) 
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Table 1 Details of the Lukmanier and Les Diablerets field campaigns 

Sites Lukmanier Les Diablerets 

Campaign duration 20/10/2020 – 16/12/2020 20/02/2021 – 02/05/2021 

LIDAR position 

(WGS84 and CH1903 coordinate system) 

46.58404, 8.81885 

(705783, 160126) 

46.33989, 7.21490 

(582773, 132080) 

Height above sea level 2519 2523 

Max. horizontal wind speed during 

campaign at 100 m a.g.l. from LIDAR 

31.14 m/s 29.36 m/s 

Max. horizontal wind speed during 

campaign from Sonic 

14.4 m/s 18.71 m/s 

Averaged horizontal wind speed during 

campaign at 100 m a.g.l. from LIDAR 

5 m/s 4.58 m/s 

Averaged horizontal wind speed during 

campaign from Sonic 

3.1 m/s 3.0 m/s 

3 Procedures and methodology 

A Halo Photonics Streamline scanning Doppler wind Lidar instrument and a Campbell Scientific CSAT3 3D ultra-

sonic anemometer were deployed during the two measurement campaigns. The applied method uses the 

combination of a machine learning (ML) model, numerical simulations with the Weather Research and 

Forecasting, WRF, model (WRF, Skamarock, 2019) driven by Consortium for Small Scale Modelling simulations, 

COSMO1, (MeteoSwiss) simulation output, measurements from the Inter-cantonal Measurement and 

Information System (IMIS) stations, and data from the above-mentioned field-based measurement campaigns. 

Also, data from a previous third-party observational wind energy campaign at the Lukmanier Pass field site ‘La 

Stadera’ by Meteotest (Meteotest, 2016) is used for comparison and validation of our analysis. The spatial 

variability of wind speed is estimated by WRF-COSMO1 model simulations and the wind potential is estimated 

by using a machine learning model. The machine learning Wind-Topo model (Dujardin and Lehning 2022) is 

further used to compare the spatio-temporal wind characteristics to WRF simulations and the wind atlas. 

3.1. Data Sampling Configuration 

During the Stadera campaign, the CSAT3 3D ultra-sonic anemometer was installed at 2.4 m above ground with 

an azimuth angle of 302° and was programmed to collect samples at a frequency of 20 Hz. It is installed at 

approximately 4 m horizontal distance south of the LIDAR instrument. At the Cabane site, the CSAT3 was installed 

at 2.5 m above ground with an azimuth angle of 172° and was programmed to collect samples at a frequency of 

10 Hz. The anemometer was located at approximately 20 m horizontal distance south of the LIDAR instrument. 

Further instrument setup details for both sites can be seen in Figure 2a and 2b. 
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Figure 2 Instrument setup (a) at the Stadera site and (b) at the Cabane site. (a) shows the sonic anemometer in the foreground 

and the LIDAR instrument (thermally insulated) in the background. (b) shows the LIDAR instrument in the foreground and the 

sonic anemometer on the mast in the background. 

 

 

 

 

 

 

 

 

 

 

 

 

The range gate length of the LIDAR is set to 30 m with a gate number of 1400 and the gate overlapping options 

activated. LIDAR measures the doppler retrieval in the atmosphere in segmented parts called gates. The 

combination of the number and range of gates will define the measurement range, which is the maximum 

distance that the LIDAR is able to measure. Gate overlapping means stacking the gate center with some 

overlapping distance between gates. This method will enable us to gain extra distance from the blind region of 

the lidar. The blind region is a few closest gate ranges that is contaminated with signal noise. 

For the Stadera field campaign, the scan sequence consists of (1) a vertical stare scan, (2) a wind profile Velocity 

Azimuth Display (VAD6) scan at 70o elevation angle, followed by four user-defined scans. These four user-defined 

scans are: (a) a conical scan using the Continuous Scan Method (CSM) at 27o elevation angle, (b) a conical scan 

at 27o and 45o elevation angle in step-stare mode at 30o azimuth intervals, (c) a conical scan at 45o and 70o 

elevation angle using the CSM mode, and (d) a conical scan at 70o elevation angle in step-stare mode with 30o 

azimuth intervals. In the conical scans, the elevation angle is fixed to a constant angle while the azimuth is varied 

according to the scanning method. This scan sequence was repeated at 5 minutes time intervals. 

The LIDAR configuration during the Cabane field campaign uses the same gate number and gate length as the 

Stadera campaign. The scan sequence for the Cabane campaign consists of: (1) a vertical stare scan, (2) a wind 

profile VAD6 scan at 70o elevation angle and two user-defined scans. The user defined scans are (a) a Range 

Height Indicator (RHI) scan at 200o azimuth angle, and (b) a feedback RHI scan. The feedback scan allows the 

LIDAR to get an RHI scan which is aligned with the direction of the maximum wind speed according to the result 

of the previous wind profile VAD6 scan. Scan sequences from the Stadera and Cabane sites are presented in 

Table 2. Detailed terrain features at Stadera and Cabane can be seen from Figure 3 where the red star symbols 

indicate the instrument location.  

  

(a) (b) 
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Table 2 LIDAR configuration 

LIDAR configuration 

Lukmanier Campaign Site Les Diablerets Campaign Site 

1. Vertical stare, azimuth=90o 

2. VAD6, elevation angle=70o 

3. Conical user defined scans 

a. CSM, elevation angle=27o 

b. step stare, elevation angle = 27o and 45o 

c. CSM, elevation angle 45o and 70o 

d. Step stare, elevation angle = 70o 

1. Vertical stare, azimuth=90o 

2. VAD6, elevation angle=70o 

3. User defined scans 

a. RHI, azimuth angle=200o 

b. Feedback RHI scan 

 

 

Table 3 LIDAR post processing filters 

Blind region filter Removal of all data within 60 m of radial distance from the LIDAR 

SNR filter Removal of data with SNR < 1.02 

MAD filter Removal of data outside the upper and lower limit of the MAD filter 

Data distribution filter Each of the specified 6 bins needs to have at least one data point inside, 

except VAD6 measurement method 

MAD fit filter Removal of data outside the upper and lower limit of the MAD fit limit 

Number of data filter Removal of the fit containing number of data less than the limit as 

specified below: 

a. Step stare mode limit is minimum 8 out of 12 data points. 

b. CSM mode limit is minimum 50% of the number of data points 

compared to the original number of data. 

c. VAD6 only considered valid if all 6 data points pass the previous filter. 

R square filter Removal of wind speed with R square coefficient less than 0.7 for the 

sine curve fit 
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(b) 

Figure 3 Detailed terrain situation from Lukmanier (a) and Les Diablerets (b) campaign. Source: swisstopo 

  

(a) 
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3.2. Temporal Wind Speed Prediction 

The prediction of wind speed time series is obtained using the LIDAR measurements, combined with data of 

surrounding operational weather stations. The combination is achieved by using a machine learning algorithm 

as detailed in Section 3.2.2. 

3.2.1. LIDAR Post-Processing 

The raw LIDAR data is filtered using several filters according to Table 3. The first filter is the blind region filter, 

which removes all data within the first 60 m radial distance from the LIDAR. The second filter is the signal-to-

noise ratio (SNR) filter, which eliminates the data with SNR numbers less than 1.02. The SNR number is picked 

such as it eliminates the noise and keeps the good quality data from the measurement. The third filter is the 

Median Absolute Deviation (MAD) filter, which represents the absolute median of the distance from the data 

point 𝑥𝑖 to the median of the Doppler velocity 〈𝑥〉 (see Equation 1). The data point needs to be inside the MAD 

limits to pass the MAD filter. The MAD limits are defined by the MAD number multiplied by the coefficient 𝑞𝑀𝐴𝐷 

(Equation (2)). This coefficient is set to 7 for this study. The coefficient number is chosen to filter out the outliers 

of the data and keeps the data that is within acceptable range to the MAD value. 

𝑀𝐴𝐷 = 〈|𝑥𝑖 − 〈𝑥〉|〉          (1)  

〈𝑥〉 − 𝑀𝐴𝐷. 𝑞𝑀𝐴𝐷 ≤ 𝑥𝑖 ≤ 〈𝑥〉 + 𝑀𝐴𝐷. 𝑞𝑀𝐴𝐷       (2) 

The next filter is the data distribution filter to ensure that there is a good spread of data for each bin. Based on 

the VAD scan, we defined 6 as the number of bins, with bin widths of 60 azimuth degrees. No empty bin is allowed 

in order to prevent an underrepresentation of certain azimuth directions and hence large gaps between the data 

points. An exception is made for the VAD6 method due to the limitation of data points, therefore an exception 

of allowing one empty bin is applied for the VAD6 post processing. After applying this filter, all remaining data 

should have a good sinusoidal distribution. A sine curve is fit to the remaining data with assumption of horizontal 

homogeneity of wind vector applied. To eliminate the data points with far distance to the sine fit, a modified 

MAD filter (MAD fit filter) is applied. The MAD fit filter includes calculating the median of distance from the data 

point 𝑥𝑖 to the sine curve, instead of the median. Then we calculate the MAD from the new median value from 

the fit. 

After applying all filters, the final fit is only applied for the gate ranges which still have a good amount of data 

based on the scan method. For VAD6, only 5 data points need to pass all the filters. For the step stare method, 

we define that the minimum number of data points needed is 8 out of 12 total step stare data points. For the 

CSM method, a minimum of 50% of the original number of data points is required. The final filter is the R2 filter, 

where the R2 coefficient needs to be at least 0.7 to be considered valid. The R2 coefficient indicates the quality 

of the correlation of the data points and the sine fit. The larger R2 the better the curve fit. All steps of the LIDAR 

data post-processing are graphically summarized in the flowchart of Figure 4.  
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Figure 4 LIDAR data Post processing LIDAR Flowchart 
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3.2.2. Data Combination by Machine Learning 

Wind speed assessment is obtained by applying a machine learning (ML) algorithm, more specifically a neural 

network, to predict a long time series of wind speed using the surrounding IMIS station data as predictor. The 

selection of IMIS stations is based on the proximity to the LIDAR locations. There are 13 stations selected for the 

Stadera site and 12 stations for the Cabane site (Tables 4 and 5). The neural network is trained to find the 

relationship between the vertical profile of wind speed measured by the LIDAR and the corresponding 

measurement from the IMIS stations. Then, this relationship can be used anytime when measurements from the 

corresponding IMIS stations are available to predict the wind profile at the LIDAR site. Two versions of the neural 

network are used. In the first one, the horizontal wind components u and v are used. The second one only uses 

the wind speed. 

This machine learning model requires all IMIS data for a given time step to be available in order to make a 

prediction. Consequently, any data gap in one of the IMIS stations prevents the model to generate a prediction. 

A strategy to fill the IMIS data gaps is thus required if one is to generate complete time series of vertical profiles 

of wind speed. A dedicated data filling technique was developed. Using times during the measurement campaign 

when all IMIS stations provide data, optimal scaling factors are determined for each IMIS station to minimize the 

Mean Absolute Error (MAE, Equation 3) with the predicted wind speed (𝑣𝑀𝐿). When the ML model is used to 

generate a vertical profile for a time when some input (IMIS) data is missing, the missing values can be estimated 

by using a weighted average of all available data by the optimal scaling factors.  

𝑀𝐴𝐸 =
∑ |𝑣𝑀𝐿−𝑣𝐼𝑀𝐼𝑆|
𝑛
𝑖

𝑛
          (3) 

Table 4 IMIS stations at Lukmanier domain 
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Table 5 IMIS station at Les Diablerets area 

 

3.3. Spatial Analysis for Local Wind Energy Potential with WRF 

We further study the spatial patterns of the flow mechanisms for the surroundings of the measurement 

campaign locations, which could not be captured by our profile measurements at a single point. Representative 

flow situations are chosen based on the principal wind directions identified from the CSAT3 and LIDAR data. For 

the Stadera site, a northeasterly (09/12/2020) and a southwesterly (23/10/2020) flow case are chosen as 

representative examples. For the Cabane site, a southwesterly (27/02/2021) and a northeasterly (11/03/2021) 

case are chosen. 

The WRF model (WRF, Skamarock, 2019) version 4.1.5 initialized and driven by MeteoSwiss COSMO1 simulation 

output (WRF-COSMO1, hereafter) is used to investigate spatially distributed potential for wind energy 

production in alpine complex terrain. For the analysis at each measurement site two days were selected, 

representing the predominant wind direction at that site during the campaign period. The topography input is 

based on the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) global digital elevation 

model (DEM) v003 (NASA/METI/AIST/Japan Space systems and U.S./Japan ASTER Science Team, 2019), and the 

land use is taken from the Coordination of Information on the Environment (CORINE) dataset (European 

Environmental Agency, 2006) as provided by Gerber and Lehning, 2021. The 1-2-1 weighted average smoothing 

technique is applied to reduce all slope angles below approximately 45o. For the Stadera simulation, 8 cycles of 

the smoothing process are performed. The Cabane simulation is conducted with 5 smoothing cycles. After this 

process, the maximum slope in the Stadera domain is 45.7o and the maximum slope in the Cabane domain is 

44.9o. 

The simulation is run with one domain with no nesting based on the recommendation by Chow et al. (2019), 

centered around the LIDAR location (star symbols, Figure 1b, 1c). The domain size is 60 km x 60 km with a 

horizontal resolution of 200 m (i.e. 301 x 301 grid point in the horizontal direction). There are 100 vertical levels 

up to 15’000 hPa using eta-coordinates. The simulation time step is 0.1 seconds. The planetary boundary layer 

physics schemes use the Shin-Hong Scale scheme (Shin and Hong, 2015). The microphysics are parameterized 

using the Morrison 2-moment scheme (Morrison et al., 2009) with no cumulus options applied. Long- and 

shortwave radiation is calculated with the ‘rrtmg’-scheme (Lacono et al., 2008). The surface layer scheme uses 

the Monin-Obukhov parameterization combined with the Carlson Boland viscous sub-layer (Jimenez et al., 2012), 
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while land surface processes are parameterized by the Noah-MP scheme (Niu et al., 2011 and Yang et al., 2011). 

The simulation setup is summarized in Table 6. 

3.4. Spatial Analysis for Local Wind Energy Potential with Wind-Topo 

We adapted the model Wind-Topo (Dujardin and Lehning, 2022) to predict not only surface wind fields but also 

wind fields at 100 m agl, which is more relevant for wind exploitation. The conversion of the outputs of Wind-

Topo (wind speed at 10 m agl) to the desired wind speed at 100 m agl uses the statistical relationship between 

wind speed at those two heights in COSMO-1. Specifically, a quantile mapping function is generated for every 

grid cell and it links the distributions of wind speed at those two heights. Then, for each grid cell, this mapping 

function is applied to the 10 m agl Wind-Topo outputs. The adapted model serves to bridge between the spatial 

WRF simulations and the wind atlas, which only gives yearly averages. To be able to not only assess spatial 

patterns for specific weather situations as simulated by WRF but also extract yearly averages, Wind-Topo was 

run at hourly resolution for the target areas and the year 2017. This means that within the uncertainty of the 

year to year variability, the Wind-Topo results should be comparable to the Swiss wind atlas. We present spatial 

maps of Wind-Topo for the same situations as simulated with WRF (see above) and in addition for the entire year 

2017. The comparison with WRF allows a (limited) validation and the comparison with the wind atlas allows to 

see, where there are differences in the spatial patterns of wind potential estimates. 

4. Results 

4.1. Near-surface Wind Measurement 

In this section, we investigate the necessary information regarding the terrain effects and local wind 

characteristics from the 3D sonic anemometer (CSAT3). We use the CSAT3 data as representative of the near 

ground flow characteristics. The study of the near-surface winds is the first step to analyze the complex terrain 

flow. The result from the CSAT3 measurements are then compared with the data from the LIDAR instrument as 

well as the WRF-COSMO1 numerical simulation. 

The main wind directions near the ground measured by the CSAT3 were found between the northeast and 

southeast for the Stadera site, and mainly west for the Cabane site, respectively (Figure 5). The time series of 

horizontal wind speed at both campaign sites is shown in Figure 6a,b. The average near-surface wind speed for 

the two sites, Stadera and Cabane, and for the deployment periods was 3.1 m/s and 3.0 m/s, respectively. At the 

Stadera site, a maximum near-surface wind speed of 14.4 m/s from 150° (SSE) was recorded on 05/12/2020 at 

05:04am at the Stadera site. At Cabane, a maximum near-surface wind speed of 18.7 m/s from 255° (WSW) was 

recorded on 21/03/2021 at 00:42am. 

The largest values of negative vertical wind speed are associated to winds from the sector 90–180° (Figure 6c,e). 

This agrees with the majority of high horizontal wind speed from the north-easterly sector (Figure 5a). This 

reflects the synoptic wind either from the northerly or southerly direction influenced by Piz Vallatscha / Scopi 

mountain and forced to flow parallel to the terrain contour lines (Figure 3a). Minor sectors of wind direction are 

located from northeast to southeast. Most of the vertical wind speed component at the Stadera site is negative, 

which shows the strong terrain effect at the measurement location (Figure 6c). For example, the winds from the 

NE or SE sectors may be superimposed by katabatic winds down the slopes of the Piz Vallatscha / Scopi mountain. 

overall resulting in a rather systematic predominant downward wind speed component during flow from these 

directions.  
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Table 6 WRF-COSMO1 simulation setup 

Horizontal grid resolution (dx,dy) 200 meters 

Horizontal domain 301 x 301 grid points (60 x 60 km) 

Number of vertical levels 100 

Time step (dt) 0.1 seconds 

Top domain pressure 15’000 hPa 

Microphysics scheme Morrison 2-moment 

LW and SW radiation scheme rrtmg 

Surface layer scheme MO similarity with Carlslon Boland 

Topography smoothing 1-2-1 smoothing scheme 

Land-surface scheme Noah-MP 

The correlation of the vertical and horizontal wind speed (Figure 6e) appears to be divided into three main wind 

regimes: (a) Sector 0–90° (blue and orange dots), (b) Sector 90–180° (green and red dots), and (c) Sector 270–

360° (pink and light green dots). The correlation category represents the different characteristics of wind speed 

according to the local topography around the CSAT3 instrument. Regime (a) shows strong horizontal components 

largely dominating over the vertical component. The relatively smaller vertical component is seen as a result of 

the principal wind which is aligned with the terrain contours of Piz Scopi mountain. A stronger vertical wind 

component is observed when the wind is more perpendicular to the terrain contour lines of Piz Scopi mountain. 

In Regime (b) we observe a strong negative correlation between vertical and horizontal wind speed. This sector 

represents the deviated synoptic wind from a southerly direction as well as katabatic wind down the western 

slope of Piz Vallatscha / Scopi. Regime (c) shows positive vertical components with rather moderate horizontal 

velocity, compared to the other previously mentioned regimes. This sector represents valley winds from 

northwest direction which are then forced to move upslope because of the orographic obstacle. 

The 3 regimes are also visible in the figures showing the correlation of vertical wind speed and wind direction 

(Figure 6g). The light blue color represents the wind speed during the daytime of 9h – 21h and the purple color 

during the nighttime of 21h – 9h. When separating the wind speed based on the diurnal cycle, a slight increase 

of the downward vertical wind speed amplitude during the daytime can be seen. This shows the diurnal effect at 

the Stadera site, especially for the sector 100–200° for the downward vertical wind direction. 

At the Cabane site, the 3D sonic anemometer was also installed. At that site, winds are mostly blowing from the 

west, with a secondary wind direction from the northeast to southeast (Figure 5b) being typical for cold and dry 

flow (bise) and warm and dry flow (Föhn), respectively. The westerly wind is the dominant synoptic wind 

intercepted and affected by the Diablerets mountain (Figure 3b). When the synoptic wind reaches the Diablerets 

mountain, it experiences a strong orographic lifting. The maximum wind speed of 14.4 m/s during the two 

months observation period was measured during a west wind event, i.e., for the main wind direction. Figure 

6b,d, illustrates the large positive vertical velocity from the west linked to high horizontal flow velocity. 

The correlation between vertical and horizontal wind speed is shown in Figure 6f. The positive vertical wind speed 

increases with increasing wind speed in the wind direction sector 270–360° (pink and light green dots). The other 

sectors show moderate vertical wind speed components: N to NE slightly positive (blue dots), NE to SE slightly 

negative but with strong horizontal wind speeds (orange and green dots) and SE to S slightly negative with weaker 

horizontal wind speeds (red dots). Positive vertical wind speed components are observed mostly for winds from 
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the sector 225–360° (SW to N), which is coherent with the impact of the orographic obstacle. Winds with a 

negative vertical component are observed for directions 45–225°, which is coherent with the sloping terrain. The 

southerly wind may have two different origins: (a) strong Foehn winds crossing the Diablerets mountain massif 

and (b) cold katabatic winds draining the Zanfeuron glacier. 

4.2. Characteristics of Local Wind Flow Above Ground 

The local wind characteristics at the range of heights, where wind turbines are typically operated (order of 100m 

above ground) is studied further in this section. The local near-surface wind characteristics from Section 4.1 are 

compared with results the LIDAR measurements collecting data at higher levels above ground. This comparison 

will serve as a synthesis of the local near-surface wind characteristics at the campaign sites as well as aloft at the 

typical range of wind turbine hub heights 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Wind roses based on 3D ultra-sonic anemometer measurements (a) between 20/10/2020 and 16/12/2020 at the 

Lukmanier site and (b) between 20/02/2021 and 02/05/2021 at Les Diableretsthe Les Diablerets site. Wind roses based on 

LIDAR measurement at 100 m a.g.l. (c) between 20/10/2020 and 16/12/2020 at the Lukmanier site and (d) between 

20/02/2021 and 02/05/2021 at the Les Diablerets site 

(b) (a) 

(c) (d) 
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Figure 4 (a) and (b) Horizontal and (c) and (d) vertical wind speed from 3D ultra-sonic anemometer measurements at the Lukmanier and Les 

Diablerets site, respectively. Correlation between horizontal and vertical wind speed for Lukmanier (e) and Les Diablerets si te (f). In (c), (d), (e) and 

(f) the wind direction is color coded. Correlation between vertical wind speed and wind direction for Lukmanier (g) and Les Diablerets site (h), with a 

color coding for daytime and nighttime data points.  
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We choose the height of 100m above ground for the analysis. Figure 7a,b shows the horizontal wind speed from 

the LIDAR at 100m a.g.l. at the Stadera and Cabane sites. Figure 5c,d show the wind rose at 100m a.g.l. using the 

LIDAR measurements at the Stadera and Cabane sites, respectively. We see that the principal wind direction at 

Stadera is more concentrated around the NNE and the Southerly sectors, compared to the near-surface wind 

rose. The NNE (and S) wind is more likely the synoptic wind from the northerly (or southerly) direction not 

affected by katabatic effects but more influenced by the valley-scale terrain effect, compared to the results in 

Section 4.1. Further air flow mechanisms from the surrounding area are explained by the WRF-COSMO1 model 

simulation results (Section 4.4). 

For the Stadera site, the wind speed statistics from the LIDAR measurements at 100m a.g.l. show an average 

wind speed of 5 m/s, which is higher than the near-surface wind speed average of 3 m/s. The maximum wind 

speed during the observation period of two months is 31.1 m/s for a wind direction of 158° on 5/12/2020 at 

00:17. The timing of this maximum wind event agrees well with the maximum wind measurement from the sonic 

anemometer. 

A shift with height of the principal wind direction sectors is also observed at the Cabane site, where we observe 

a shift of the Westerlies to the WSW sector compared to the corresponding near-surface wind rose. We further 

Figure 5 Horizontal wind speed at 100 m a.g.l. from LIDAR measurement at (a) Lukmanier between 20/10/2020 and 16/12/2020 and (b) 

Les Diablerets between 20/02/2021 and 02/05/2021. 

(a) 

(b) 
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see an increased wind speed coming from the ENE sector, compared to the wider spread wind directions 

between NE and SE directions as recorded by the sonic anemometer. This may be a result of the absence of 

katabatic effects aloft the western face of the Les Diablerets mountain compared to the flow near the ground. 

The shift of wind direction between ground and 100m level reveals the important effect of the topography as 

well as thermal processes such as formation of katabatic flow, while aloft at 100m a.g.l., the main topography 

features, such as the orientation of a mountain ridge or a deep valley plays a controlling role. 

The wind speed statistics from the Cabane LIDAR measurements at 100m a.g.l. show an average wind speed of 

4.6 m/s, and maximum of 29.4 m/s from a direction of 270° on 11/3/2021 at 21:24. The wind speed maxima 

occur at a slightly different time period compared to the maximum observed by the sonic anemometer near the 

ground but during wind from the same westerly sector.  

For both study sites (Stadera and Cabane) similar values of average and maximum wind speeds are observed, 
despite their spatial distance (eastern and western part of Switzerland), different complex topography, and the 
different observation period. These similar statistics may be explained by the similar altitude above sea level 
(Table 1). This comparison also shows that katabatic effects are less prevalent further aloft. Finally, results show 
that with vertical distance from the ground wind direction rather follows the axis of the main terrain features 
such as mountain ridges or valley axes, rather than small-scale topographical features such as gullies, local 
plateaus, etc.  
4.3. Wind Speed Prediction 

A machine learning algorithm is used to combine IMIS weather station data (Section 3) with the LIDAR 

measurements to predict the wind speed at the campaign site covering long time spans based on the limited-

time LIDAR observations used as a training dataset. The long-term hourly wind speed values predicted by the 

neural network are then used to create the Weibull Distribution. Wind speed is predicted for 20 m and 50 m a.g.l. 

(Figure 8). Overall, both model approaches of prediction based on u and v on the one hand, and the wind velocity 

on the other hand, are giving a similar result. For the analysis of the Stadera site, there is a slight decrease of 

wind speed from the 20m to the 50m a.g.l using the u and v wind component approach. However, we see the 

opposite trend when using the velocity approach. This may be because the model is having problems with 

changes in wind directions. We suggest using the velocity approach when we have big changes in wind direction. 
For validation, former mast measurement results from a campaign by Meteotest in 2016 are used (Figure 9). The 

Weibull distribution shows an average wind speed of 3.7 m/s at 25 m a.g.l. Our prediction at 20 m a.g.l shows an 

average wind speed of 4.0 m/s by using the u and v wind component approach for the period of 2010-2020 and 

4.1 m/s by using the velocity approach for the period of 2010-2020. 

Table 7 Weibull parameters compared with the model prediction at the 20 m a.g.l and 50 m a.g.l 

 u and v wind component approach 

Height [m.a.g.l] Duration [year] 
Weibull parameters Average wind speed from model 

prediction [m/s] A K 

20 2019 4.75 1.50 4.28 

 2010-2020 4.30 1.36 3.95 

50 2019 4.74 1.52 4.27 

 2010-2020 4.30 1.39 3.92 

Velocity approach 

Height [m a.g.l] Duration [year] 
Weibull parameters Average wind speed from model 

prediction [m/s] A K 

20 
2019 4.70 1.84 4.15 

2010-2020 4.61 1.99 4.07 

50 
2019 5.05 1.98 4.45 

2010-2020 4.91 2.13 4.33 
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(a) 

 
(b) 
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(f) 

 
(g) 

 
(h) 

 

Figure 6 Weibull distribution of the wind speed (m/s) at Lukmanier site for the year of 2019 at 20 m a.g.l. from the uv wind component  approach (a) 

and the velocity approach (b) and at 50 m a.g.l. from the uv wind component approach (c) and the velocity approach (d). Weibull distribution for 10 

years period (2010 – 2020) at 20 m a.g.l. from the uv wind component (e) and the velocity approach (f) and at 50 m a.g.l. from the uv wind 

component approach (g) and the velocity approach (h). The red line shows the Weibull distribution and the red dashed line shows the mean wind 

speed.  
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Figure 7 Weibull distribution from the Meteotest campaign at 25 m a.g.l. The red line shows the Weibull distribution and the red dashed line shows 

the mean wind speed. Source: Meteotest. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8 Daily averaged wind speed from WRF-COSMO1 simulation results at 100 m a.g.l. for: the Lukmanier site at (a) 09/12/2020 for northeasterly 

flow and (b) 23/10/2020 for southwesterly flow; the les Diablerets sit at (c) 27/02/2021 for southwesterly flow and (d) 11/03/2021 for northeasterly 

flow. The brown arrows show the wind vectors at 100 m a.g.l., the colorbar shows the wind speed and the black dots show the campaign locations. 

 

4.4. Spatial Wind Speed Analysis 
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We run a WRF-COSMO1 simulation at both sites (see Figure 1 for the model domain) for the two dominating 

weather regimes. The simulation results are validated by comparison of the wind speed from surrounding IMIS 

stations, the COSMO 1 km simulation, and the simulation output of the WRF model. Figure 11 shows the 

comparison between the WRF-COSMO1 (black line), COSMO as input model (green line) and observation results 

from the IMIS weather stations (blue line). 

Figure 11a,b shows the comparison for the southwesterly (27/02/2021) and northeasterly (11/03/2021) flow 

cases at the Cabane site. The case of northeasterly (09/12/2020, Figure 11d) and southwesterly (23/10/2020, 

Figure 11c) flows at the Stadera site (SLFLU2, see Table 4) also shows a good agreement between the simulation 

result and the input from COSMO1. Overall, COSMO1 simulations often show an overestimation of wind speed 

compared to the observation. As our model uses COSMO1 as its input data, it is also expected that any errors or 

departures from observations propagate to our model, therefore reproducing a slight overestimation. However, 

from the comparison we also see that our model performs well in capturing temporal fluctuations of wind speed 

which are not resolved by the COSMO1 model (Figure 11b). During the period of 11/03/2021 around 21:00, the 

COSMO1 simulation shows an increase of wind speed and the observation result of the CDM (see Table 5) shows 

a decrease of wind speed. WRF-COSMO1 was able to correct the errors of COSMO1 and gives a similar result as 

recorded by the weather stations. This result gives confidence in using the WRF-COSMO1 model to further study 

the spatial flow patterns in complex terrain in view of optimally exploiting potential for wind power production. 

Figure 10 shows the temporally averaged and spatially resolved result of the simulated wind speed at 100 m a.g.l. 

with the brown arrows indicating the simulated wind vectors. The black dot represents the LIDAR location on the 

map. For the northeasterly flow case (Figure 10a, 09/12/2020), the wind is coming from the north and is slightly 

deflected due to the topography (Piz Vallatscha / Scopi). We also notice an acceleration of wind speed when the 

air flows across the complex terrain of the Swiss Alps. The high wind speed area is mostly located at the southern 

side of the principal mountain ridges due to the acceleration effect after passing a high obstacle. An opposite 

mechanism is seen on Figure 10b (23/10/2020), presenting a situation of synoptic wind from the south. As a 

result, we can use the knowledge about the impact of complex terrain on the principal wind direction and its 

local modification for finding the most favourable locations for wind energy production in complex alpine terrain. 

One of the prominent features in the larger area around the Cabane site is the large, U-shaped Rhone valley. For 

the south-westerly wind regime at the Cabane site (Figure 10c), most of the high wind speed area is located at 

high elevation areas. A lower velocity flow can be seen up the Rhone valley. The simulation result from the north-

easterly flow case has a higher wind speed compared to the south-westerly flow case (Figure 10d). Low wind 

speed patterns are seen in the Rhone valley for the two wind patterns. We also see a rather heterogeneous wind 

direction pattern for the north-easterly flow case compared to the south-westerly flow situation. These 

simulation results emphasize the importance of understanding the interplay between complex terrain and wind 

direction to be able to harvest the optimal locations for wind energy over complex alpine terrain in Switzerland. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 9 Wind speed comparison from WRF-COSMO1, COSMO and IMIS stations of Les Diablerets domain CDM sites at (a) 27/02/2021 and (b) 

11/03/2021; and Lukmanier domain SLFLU2 sites at (c) 23/10/2020 and (d) 09/12/2020  

 

4.5. Comparison of Various Wind Models and Interpretation of Spatial Wind Potential 
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In this section, we combine the analysis from various wind models and interpret the results with respect to wind 

potential estimates previously available. The primary aim is to investigate in how far these results suggest 

differences to the current estimates from the wind atlas. Three areas with the size of 10 km x 10 km on Les 

Diablerets, Lukmanier and Buchs are chosen. For Lukmanier and Les Diablerets area, the measurement location 

is set to be in the center. The measurement location is shown with the star symbol and the wind speed is shown 

with the colorbar. For the WRF-COSMO1 analysis, the wind direction is shown by the arrows. For analysis, the 

average of 100 magl annual wind speed from the wind atlas is extracted. For comparison, we also produce 100 

magl annual wind speed average from WindTopo. The input data was obtained from 2017 COSMO1 runs with 

combination of measurement data from automatic weather station. For Lukmanier and Les Diablerets area, we 

also picked several major wind flow patterns and simulate it using WRF-COSMO1 and Wind-Topo. An additional 

comparison with the NTB method on St Gallen area at 100 magl is also presented in Figure 14. 

On Les Diablerets site (Figure 12a), Wind-Topo (Figure 12e) shows a slightly higher wind speed range compared 

to the wind atlas (Figure 12b). The spatial distribution of wind speed from Wind-Topo and the wind atlas is 

showing a similar pattern. Wind-Topo shows somewhat higher wind speeds at exposed locations. For this site, 

the high wind speed is mostly located at higher elevations. Two wind patterns of southwesterly (Figure 12c,f, 

11/03/2021) and northeasterly (Figure 12d,g, 27/02/2021) flows are chosen to be simulated with WRF. From the 

wind pattern simulations we can see that the high wind speed areas change location. Both WRF-COSMO1 

simulations (Figure 12c,d) show a higher wind speed on the leeward side, respectively. This indicates downslope 

winds under stable atmospheric conditions during the winter days rather than flow separation. Locations of 

downslope winds are potential areas for wind farm development. Wind-Topo results were also extracted for 

these two flow situations (Figure 12f,g). The results of spatial wind distribution show a similar shape, with WRF 

COSMO1 showing a smoother and somewhat wider distribution of high wind speeds. It is remarkable that Wind-

Topo appears to capture location and strength of high-wind zones when compared to WRF. The smoother fields 

can be explained by using a lower grid (and topography) resolution. Overall, the comparison validates the yearly 

estimates from the wind atlas.  

On the Lukmanier site (Figure 13a), the wind atlas (Figure 13b) also shows a pattern of high wind speed at high 

elevations, mostly following the ridgeline. Wind-Topo (Figure 13e) shows that higher wind speeds should affect 

larger areas than suggested by the wind atlas. In addition, Wind-Topo shows clearly higher wind speeds over the 

ridgelines. Interestingly, Wind-Topo also shows clearly higher wind speeds along the axis of the main valley (Lai 

Da Sontga Maria). This could be the effect of channeling over Passo Lucmagno. For further analysis, two wind 

patterns of northerly (Figure 13c,f, 09/12/2020) and southerly (Figure 13d,g, 23/10/2020) are simulated with 

WRF-COSMO1 and Wind-Topo. From the northerly case, we also see the high wind speed area located on the Lai 

Da Sontga Maria. The high wind speed could be the result of channeling from the northerly wind passing through 

Passo Lucmagno. When the wind finally reaches Pizzo dell’Uomo, on the south of Lai Da Sontga Maria, a further 

slight increase in wind speed towards the South is observed from the result of WRF-COSMO1 and Wind-Topo. 

Similar to Les Diablerets, we see areas of high wind speed on the leeward side from both northerly and southerly 

simulation of WRF. For this site, we can conclude that Wind-Topo predicts higher wind potential over larger areas 

than the wind atlas and that these results are supported by WRF simulations for specific flow simulations. Again, 

similar to Les Diablerets, WRF simulations show smoother fields caused by coarser and smoother terrain input.  

On the Buchs area (Figure 14a), in general, the wind atlas (Figure 14c) and Wind-Topo (Figure 14d) shows a similar 

pattern of high wind speeds for the annual average. However, there is a slightly different pattern on the Regitzer 

Spitz. The wind atlas shows high wind speeds mostly on the ridgeline, while Wind-Topo shows organized and 

extended areas of high wind speeds to both sides of the main ridge. Note that the organized high-wind structures 

are also caused by transversal ridges, not resolved in WRF simulations. For comparison, we also show a 

comparison with the earlier NTB result (Figure 14b), but due to the different area, resolution and the fact that 

NTB results are given as power potential, we can only compare patterns. The NTB analysis is roughly comparable 

to the wind atlas. The finer-scale patterns such as on Registzer Spitz are not resolved on the NTB maps.  
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Overall, from the three sample areas that we analyzed, the wind atlas appears to capture high-wind areas in 

particular over the ridges. Wind-Topo and WRF-COSMO1, on the other hand, are shown to be in partial 

agreement with the wind atlas but also show that some areas of higher wind speeds may be missed by the wind 

atlas. This comparison has shown the importance to add the element of topographic effect to the spatial 

distribution of wind potential mapping in Switzerland. 
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Figure 12 Comparison analysis for the mean wind speed on the Les Diablerets area shown in map of (a) at 100 magl from (b) the 

wind atlas and (e) Wind-Topo. Sample from (c,f) southwesterly 11/03/2021 00h00-04h00 and (d,g) northeasterly 27/02/2021 00h00-

02h00 wind pattern taken from (c,d) WRF simulation and (f,g) Wind-Topo at 100magl. Colorbar shows the mean wind speed in m/s. 

Star symbol shows the location of the campaign. 
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(g) 

(b) (c) (d) 

(e) (f) 
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(a) 

Figure 13 Comparison analysis for the mean wind speed on the Lukmanier area shown in map of (a) at 100 magl from (b) the wind 

atlas and (e) Wind-Topo. Wind pattern simulation of (c,f) northerly 09/12/2020 and (d,g) southerly 23/10/2020 taken from (c,d) WRF 

simulation at 70 magl and (f,g) Wind-Topo at 100 magl. Colorbar shows the mean wind speed in m/s. Star symbol shows the location 

of the campaign. 

(g) 

(b) (c) (d) 

(e) (f) 
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Figure 14 Comparison analysis for the mean wind speed on the Buchs area shown in map of (a) at 100 magl from (b) NTB method, 

(c) Wind Atlas Switzerland and (d) WindTopo. Colorbar shows the mean wind speed in m/s. Star symbol shows the location of the 

campaign. Blue box in Figure (b) shows the domain range of Wind-Topo. 

(a) 

(b) 

(c) 

(d) 
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