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Abstract 

The horizontal wind speed deduced by conically-

scanning lidar can be subject to differences in 

comparison to that measured by co-located cup 

anemometers when the flow is non-uniform 

across the lidar measurement disk. A method 

has been developed in which the impact of 

inhomogeneous flow at a complex flow site is 

examined using Computational Fluid Dynamics 

(CFD) modelling to predict the bias that will be 

experienced by a lidar in comparison to a 

conventional met mast equipped with cup 

anemometers. The method has been applied to 

a complex site where a ZephIR
TM

 lidar was 

placed beside a 60m mast. Mean wind speeds 

from the lidar and mast in each 10-degree sector 

have been compared and their ratio, which 

differs from unity by up to 5% in particularly 

complex sectors, is in good agreement with the 

equivalent ratio as predicted by the CFD model. 

The overall difference, taking all sectors into 

account, is close to 3%. Less good agreement is 

obtained with a linear model (WAsP 

engineering). Similar percentage changes in 

mast wind speed would occur if the mast were to 

be moved by +/-50m from its original location. 

These encouraging results lead us to propose a 

methodology for resource assessment in 

complex terrain in which lidar is used in 

combination with CFD modelling in order to (i) 

adjust the lidar data for the impact of non-

uniform flow and (ii) investigate the wind 

variations across the site that are a major source 

of uncertainty for current techniques.  

Keywords: lidar, resource assessment, complex 

terrain, CFD modelling  

1 Introduction 

Ground-based remote sensing wind profilers, 

whether based on sodar or lidar principles, 

calculate a mean wind speed vertically above 

the sensor location on the basis of 

measurements around a scanned area that 

typically encompasses a diameter comparable to 

the measurement height. This process relies on 

an assumption that the line-of-sight Doppler 

shifts measured around the circumference of the 

sampling disk are representative of the wind 

speed at the centre; however the assumption 

breaks down in strongly non-uniform flow [1] 

leading to possible differences in measured 

horizontal wind speed. Because only line-of-

sight wind components are measured, a single 

ground-based lidar unit inevitably provides an 

incomplete picture of the 3D vector flow, 

regardless of the scan pattern employed. The 

full vector at a given point can therefore only be 

measured by the provision of three (or more) 

lidar units positioned on the ground at an 

appropriate separation distance (comparable to 
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the measurement height for best accuracy), 

such as the Windscanner system under 

development by Risø DTU [2]. In this paper we 

explore a pragmatic solution that generates 

measurements equivalent to a “point-in–space” 

sensor from a single lidar in complex terrain by 

using the results of flow modelling to correct for 

the impact of any non-uniform flow.   

Bingöl, Mann and Foussekis [3] first addressed 

this issue by applying the linear flow model 

LINCOM (Linear Computation, as used by 

WAsP Engineering) to the sampling region in 

order to predict the flow non-uniformity for each 

wind sector. The method separately analyses 

the flow for each sector, and works out the 

component of wind speed along the lidar beam 

direction as a function of scan azimuth angle. 

This replicates the mean speeds that the lidar 

will observe, and a least-squares fit to these 

data gives a value for wind speed that can be 

compared to the known value at the centre of 

the disk. Hence, a series of sector-dependent 

correction factors can be computed that are 

used to derive a value of wind speed directly 

above the lidar, based on the lidar’s measured 

speed.      

This approach gives promising results for 

sectors with moderately complex upwind 

conditions, but it was suggested that the most 

complex sectors may require the use of non-

linear flow models. This paper analyses a 

complex site in the U.K., instrumented with a 

high-quality calibrated fixed mast alongside a 

ZephIR laser anemometer (lidar). The 

topography consists of smooth, very steep spoil 

heaps, where the sampling volume is distorted 

from uniformity and is modelled in detail using 

CFD analysis. Steep slopes violate the 

assumptions on which linearised flow models 

are based, notably the assumption that 

topography is a perturbation to the horizontal 

flow, rather than a true 3-D effect. This can 

result in bias in the flow modelling. The aim of 

this present study is to assess the difference 

between ZephIR and mast measurements with 

Ventos and LINCOM (WAsP Engineering) to 

examine possible improvements from using CFD 

codes instead of linear flow models to correct 

lidar measurements in complex non-

homogeneous flow. 

2 Analysis method 

2.1 Description 

Previous work has highlighted the difficulties that 

arise from using linear flow models such as 

LINCOM (WAsP) outside their operating 

envelope on complex sites with high ruggedness 

index (RIX) [4]. The method in this paper uses 

the Ventos® CFD code [5], a research code 

specially written for atmospheric microscale wind 

flow modelling, to model the flow over the terrain 

for 36 (10-degree wide) wind flow sectors. 

Having acquired the 3D flow for each sector, we 

then follow closely the method of [3] to calculate 

the mean Doppler shifts around the lidar 

measurement disk. A least-squares fit to these 

values is calculated in order to model the 

expected lidar wind speed reading; comparison 

with the horizontal speed at the centre of the 

disk exhibits a discrepancy that varies from 

sector to sector. The “convex” flow over a hill top 

as seen here leads typically to a lidar under-read 

(see figure 1). 

 

Figure 1: Hilltop lidar location: when situated 

close to the top of a hill, the ZephIR scan disk 

intersects an airflow with a positive inflow angle 

in the upwind part of the scan and a negative 

inflow angle in the downwind direction. The 

component of the wind vector along the beam 

direction is reduced in both cases, leading to a 

reduction in the apparent wind speed. 

 



2.2 Theory 

ZephIR is a continuous wave lidar whose high 

sensitivity permits the rapid acquisition of 50 

independent measurement points over a 360-

degree scan in 1 second. Following the 

approach in [3], the first step is thus to generate 

the radial velocity  for each one of the 50 

points scanned by the ZephIR from the wind 

speed characteristics (horizontal wind speed and 

inflow angle) calculated by Ventos at these 

points. 

 

The equation used is: 

−cos ×sin ×cos  +tan ×cos   (1) 

where: 

 is the horizontal wind speed, 

calculated by Ventos at each point of 

measurement. 

 is the wind direction at each point of 

measurement, measured from North clockwise. 

 is the ZephIR conical scan angle from 

vertical, taken constant equal to 30.4°. 

  is the angle of the point scanned by 

the ZephIR along the disk, measured from 

North. 

αi is the inflow angle: the angle between 

the flow direction and the horizontal plan. It is 

positive anti-clockwise, relative to the horizontal 

axis in the flow direction. 

Once the radial velocity is derived for each of the 

50 points of the disk scanned at a certain height, 

the standard computation method of the internal 

ZephIR signal processing is applied to derive the 

horizontal wind speed measured at this height. 

  

The plot of  versus  is a sine wave fitting the 

following equation: 

  (2) 

where , the best-fit wind direction. 

And from this, we obtain also:   

   and   (3) & (4) 

which are respectively the horizontal and vertical 

components of the wind speed. We next 

compute the coefficients, and  of the best fit 

curve equation and hence we can derive  and 

.  

For the corresponding simulation of mast data, 

the results from the Ventos analysis are used to 

compute the horizontal wind speed at the cup 

height and location. We then plot , the ratio of 

horizontal wind speeds from the simulations of 

ZephIR and mast for each wind direction sector. 

3 Measurement campaign 

The site is located in the southern part of the 

U.K. and features a mast equipped with two 

pairs of cup anemometers mounted at 60m and 

43m above ground level. The cups were fully 

calibrated and the mounting was IEC compliant 

[6]. Comparison within each pair of cups showed 

agreement to better than 1% away from 

shadowed sectors. The ZephIR lidar was located 

approximately 8m to the South of the mast. The 

mast and lidar are located on a small plateau 

with steep drops on all sides, and particularly on 

the West side (figure 2).  

 

Figure 2: Colour contour plot of the test site. M1 

denotes the location of the mast and Z1 is the 

location of the ZephIR lidar.  

The ruggedness index (RIX) [4] has been 

computed for the site using WAsP; this is 

Z1 

M1 



defined as the fractional extent of the 

surrounding terrain which is steeper than a 

certain critical slope. Table 1 shows the RIX 

values for 12 sectors, calculated for the terrain 

within a range of 3500m around the mast and a 

critical slope of 30%. These RIX values indicate 

a relatively high level of terrain ruggedness, 

particularly in the sectors from NNE to S and 

also to a lesser extent from WSW to W. It is 

reasonable to assume attendant flow complexity 

in these sectors, which will limit the applicability 

of a linear flow model in this case. 

Sector centre 
(degrees) 

RIX (%) 

0 0.6 

30 4 

60 8.5 

90 5.8 

120 8.6 

150 8.4 

180 4.3 

210 0.7 

240 3.9 

270 2.7 

300 1.4 

330 0.3 

Average 4.1 

 

Table 1: Assessment of RIX for the test site; the 

eastern and western sectors display the highest 

level of ruggedness.  

Concurrent wind data are available for almost 

three months from the 17
th
 of March 2008 to the 

13
th
 of June 2008. The wind rose (figure 3) 

indicates that while all sectors are represented 

during this period, winds from the NW and E 

sectors were particularly frequent. The inflow 

angles computed by Ventos have been used to 

assess possible cup errors due to departure 

from horizontal flow. The mean inflow angles 

vary between -0.2 degrees and +1.1 degrees, 

depending on the sector. We conclude this will 

bring about negligible cup error. The possible 

impact on the cup readings of fluctuations in flow 

angles has not been assessed.  

 

Figure 3: Wind rose for the measurement period, 

using data from the mast vane at 60m. 

4 Results 

4.1 Estimation of Mast/ZephIR discrepancy  

For the Ventos simulation, we used a 31 km by 

22 km domain, centred on the mast location. 

Horizontal resolution at the centre was set to 

10 m while vertical resolution was set to 0.6 m 

near the ground. Calculations were performed 

for directions from 0 to 360° every 10°. 

Results of the calculations are plotted in figure 4 

below. The WAsP Engineering estimation, 

obtained with the same method using Bingöl’s 

script [7], is also plotted on this graph. The 

difference between mast and ZephIR 

measurements predicted by Ventos is quite 

close to the one obtained from the 

measurements. Large discrepancies are 

observed for directions 300 to 320 but these are 

likely to be due to mast shadow: the 

anemometer is mounted on a boom oriented 

316°. 

WAsP Engineering results compare well in some 

of the directions, while large discrepancies are 



observed particularly for those directions with 

highest RIX values. These correspond to the 

directions with steep slopes in the vicinity of the 

mast and ZephIR locations (table 1 and figure 2) 

and highlight the limit of using a linear flow 

model in such complex terrain. 

 

 

Figure 4: Comparison by sector of measured and predicted differences between mast and ZephIR wind 

speed measurements. The vertical axis is the ratio of ZephIR wind speed to mast wind speed at 60m agl 

(above ground level). The blue curve plots the measured data; red is the predicted results using Ventos; 

green is the predicted result using WAsP engineering. Note that the “blip” in the blue curve around 310 

degrees is attributable to mast shadowing of the cup. 

The following table presents mean absolute 

error (MAE) for all sectors, excluding mast-

affected sectors, for ratios obtained with WAsP 

Engineering and Ventos. MAE is given as a 

straight average of the absolute sector-wise 

error, and also as a direction-frequency 

weighted average. 

 

  
Between             

Ventos and 
Measurements 

Between             
WAsP Eng and 
Measurements 

Straight 
average error 

1.25% 2.07% 

Weighted 
average error 

1.43% 2.50% 

Table 2: Mean absolute errors of ratio estimated 
with Ventos and WAsP Engineering. 

 

 

4.2 Adjustment of ZephIR measurements 

using Ventos. 

Since the difference between mast and ZephIR 

measurements is well estimated with Ventos, 

even in complex terrain, the ratio of wind speeds 

obtained for each direction can then be used to 

adjust the ZephIR measurement in order to 

obtain a better match with mast measurements. 

The two following graphs (figures 5 and 6) show 

plots of ZephIR and Mast correlation for a 

concurrent measurement period of three 

months. The gradient of the ZephIR 

measurements passes from 0.97 (i.e. a 3% 

under-read) for the unadjusted data to 0.998 

when the correction calculated by Ventos is 

applied. The result indicates the potential for 

combined use of ZephIR and Ventos to produce 

lidar measurements that are equivalent to cup 
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anemometer measurements in complex, non-

homogeneous flow environments. 

 

Figure 5: Unadjusted ZephIR measurements 
versus mast measurements: comparison of ten-

minute average horizontal wind speeds (m/s). 

 

Figure 6: ZephIR measurements adjusted with 
Ventos, versus mast measurements; the ZephIR 
data have been adjusted using the sector-wise 
ratios derived using Ventos and plotted in figure 
4. 

The Ventos results also allow investigation of the 

variation of wind speed across the site. This is a 

significant source of uncertainty in conventional 

resource assessment in non-homogeneous flow. 

Figure 7 shows the relative wind speeds 

predicted by Ventos in a 150m square centred at 

the mast, for the particular case of a westerly 

airflow. The black circle shows the ZephIR scan 

disk for the measurement at 60m height. The 

locations marked A and B are displaced 50m to 

the W and E of the mast respectively. The 

modelling shows that in this not untypical case, 

the mean wind speed measured by a mast at A 

would differ by +2% in comparison to the actual 

mast, while at B it would differ by -0.6%. This 

illustrates that in such terrain, variations in mean 

wind of order 3% must be expected simply by 

moving the mast by relatively small distances of 

around 100m.  

 

Figure 7: Variation of wind speed in the plane 

60m above ZephIR, in immediate vicinity of mast 

and lidar, for a wind bearing of 270 degrees. 

Movement of the mast by just ±50m to positions 

A or B will lead to differences in mean speed of 

several percent. 

5 Conclusions 

This analysis demonstrates a high level of 

agreement between the measured impact of flow 

distortion on ZephIR wind speed measurements, 

and the calculated effect predicted by the Ventos 

CFD code. The under-read in horizontal wind 

speed observed for the lidar data at this site, 

relative to the cup anemometer, is in line with 

the expectation for convex flow over a hill top, in 

which the vertical wind components tend to 

subtract from the horizontal on both the upwind 

and downwind halves of the scan. The CFD 

modelling also shows that, in this case, the 

overall sector-averaged lidar measurement 

difference that results from neglecting the non-

uniform flow (-3%) is of a similar magnitude to 

that resulting from a repositioning of the mast by 

50-100m. Hence, we suggest that a combination 

of ZephIR and Ventos forms a suitable method 

for complex site survey, where the ability for 

rapid lidar redeployment allows investigation of 

local variations in wind conditions. 

The ZephIR lidar may be well suited to the 

investigation of non-uniform and varying flows 
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since it performs a complete scan in only 1 

second, on which timescale larger-scale 

fluctuations relevant to wind energy are 

effectively frozen. In measuring 50 points around 

the disk, the non-uniformities are well sampled 

leading to a thorough assessment of the 

average wind conditions within the disk area. 

Excellent correlations of ZephIR wind speed with 

mast data in complex terrain have previously 

been noted by other research groups, including 

CRES [8] and Risø [3]. 

This study represents an important stage 

towards the further acceptance of lidar 

measurements for resource assessment in 

situations away from flat terrain and non-

complex flow. The next steps towards a more 

general validation of the technique must include 

investigations of a wide range of terrain types 

and flow scenarios. Work is in progress to verify 

this method on other sites of differing 

complexity. These include for example forested 

sites with clearings. The eventual objective of 

this work is to devise a consistent methodology 

that can be applied to allow fully validated lidar 

measurements for improved assessment of 

complex sites. 

The authors wish to acknowledge the assistance 

of Ferhat Bingöl of Risø DTU, who kindly 

provided a script for LIDAR correction in 

complex terrain with WAsP Engineering [8]. 

References 
[1] S. Bradley, “Wind speed errors for lidars and 

sodars in complex terrain”, IOP conf. Series: 

Earth and Environmental Science 1 (2008) 

012061 

[2] 

http://www.risoe.dtu.dk/research/sustainable_en

ergy/wind_energy/projects/vea_wind_scanner.as

px?sc_lang=en/ 

[3] F. Bingöl, J. Mann & D. Foussekis, “Conically 

scanning lidar error in complex terrain”, 

Meteorol. Z. 18 189-195 (2009) 

[4] N G Mortensen, A J Bowen & I Antoniou, 
“Improving WAsP predictions in (too) complex 
terrain”, EWEC Proceedings (2006) 
 
[5] F. A. Castro, J. M. L. M. Palma, and A. Silva 
Lopes, “Simulation of the Askervein flow. Part 1: 
Reynolds averaged Navier-Stokes equations (k 
– ε turbulence model)”, Boundary-Layer 
Meteorology, 107 501–530 (2003) 
 
[6] IEC-61400-12-1: “Power performance 

measurements of electricity producing wind 

turbines”, International Electrotechnical 

Commission (1999) 

[7] 

http://www.wasp.dk/Download/WENGscripts.htm 

[8] D. Foussekis, “Investigating wind flow 

properties in complex terrain using 3 lidars and a 

meteorological mast”, EWEC Proceedings 

(2009) 

http://www.risoe.dtu.dk/research/sustainable_energy/wind_energy/projects/vea_wind_scanner.aspx?sc_lang=en/
http://www.risoe.dtu.dk/research/sustainable_energy/wind_energy/projects/vea_wind_scanner.aspx?sc_lang=en/
http://www.risoe.dtu.dk/research/sustainable_energy/wind_energy/projects/vea_wind_scanner.aspx?sc_lang=en/
http://www.wasp.dk/Download/WENGscripts.htm

