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Abstract. This study analyses the turbulent wind properties in the lower 10 m of the atmos-
pheric surface layer close to the ground where heliostats are located. Power spectral densities 
of streamwise and vertical components of wind are analysed, and the frequencies associated 
with the peak of the spectra are determined using field data collected at two open-country 
terrains in addition to spectral models of ESDU85020. Variations of the peak frequencies with 
height from the ground, terrain type and average wind speed are discussed and the impact on 
heliostat wind loads are described. It is found that while the peak frequency of the streamwise 
turbulence is between 0.01–0.1 Hz, the peak of the vertical turbulence occurs at frequencies 
in the range of 0.1–1 Hz. It is shown that smaller heliostats that are located closer to the ground 
are exposed to turbulent wind fluctuations at a higher frequency and are thus expected to 
experience wind loads with a higher dominant frequency compared to larger heliostats located 
higher above the ground. These frequencies need to be considered in design of heliostat drives 
and structural components.  
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1. Introduction

Wind loading is an important consideration in the design of the support structures and drives 
of a heliostat accounting for up to 80% of the capital cost of a heliostat [1]. The wind loads on 
heliostats are highly impacted by the turbulent properties in the lower 10 m of the atmospheric 
surface layer (ASL) close to the ground. The ASL consists of a series of turbulent structures 
of various length scales and frequencies, which create fluctuations in wind speed through con-
tinuous energy exchange with one another and with the bulk flow. Previous studies have shown 
that the mean and peak wind loads on heliostats are strongly impacted by intensity and length 
scales of wind turbulence [2-6]. The dynamic time-variations of wind loads and the impact of 
wind turbulence on those are yet not well characterised. 

The dynamic loads on heliostats are induced by the correlation between the temporal 
variations of the wind loads and the dynamic properties of the heliostat structure. Dynamic 
loads may lead to vibrations of the heliostat panel which impact the tracking accuracy of the 
heliostat field and consequently the optical efficiency of the solar plant. Moreover, assessment 
of the dynamic response of the heliostats under unsteady wind loads is important for prevent-
ing dynamic failure arising from resonance and buffeting [7], which may result when the peak 
frequencies of the wind loads are close to the natural frequencies of the heliostat structures, 
which typically lie in the range of 1–10 Hz [8-10].  
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This study presents an analysis of the power spectral density (PSD) of turbulent wind 
velocity fluctuations in the ASL and its impact on the dynamic loads on full-scale heliostats. 
Atmospheric field data collected near the ground and at heights below 12 m at two open-coun-
try terrains are analysed and the frequencies associated with the peaks of streamwise and 
vertical turbulence spectra are determined. Additionally, wind models of ESDU85020 [11] are 
employed to evaluate the effect of terrain roughness and average wind speed on the peak 
frequencies of wind turbulence. The ASL data and analysis are presented in Section 3 and 
their impact on heliostat wind loads is discussed in Section 4.  

2. Methodology 

The wind PSD describes the distribution of the energy of the turbulent wind fluctuations with 
their frequency. PSD is calculated from the Fast Fourier Transform of the fluctuating compo-
nent of the measured wind velocity time series using the pwelch-function in MATLAB. The 
PSDs of horizontal and vertical wind velocity fluctuations are analysed using two sets of data 
from field measurements of ASL and an empirically developed model. The first dataset was 
collected at the Atmospheric Boundary Layer Research Facility (ABLRF) at the University of 
Adelaide Roseworthy campus [12, 13]. Wind velocities were measured using five 81005A RM 
Young three-dimensional ultrasonic anemometers positioned on a 12m lattice tower with log-
arithmical spacing at heights of 1.6 m, 3.1 m, 4.6 m, 7.9 m, and 12 m. The measurements were 
conducted during one hour on 14 January 2023 with an hourly south-western mean wind di-
rection (223°) at a sampling frequency of 32 Hz. The streamwise (𝑢𝑢) and vertical (𝑤𝑤) compo-
nents of instantaneous velocity were obtained after correcting for the mean wind speed direc-
tions and the PSDs were calculated (shown in Figure 1 at heights of 3.1 m and 12 m). The 
mean wind velocity profile of the ABLRF site is shown to be consistent with a flat, open-country 
terrain, with a surface roughness height 𝑧𝑧0 = 0.03 m [12, 13]. The second analysis was con-
ducted based on the published near-neutral atmospheric measurements from the Cooperative 
Atmosphere Surface Exchange Study field campaign of 1999 (CASES-99) [14, 15]. The to-
pography of the site was flat with shallow gullies and very gentle slopes covered with grass 
and was characterised to represent an open-country terrain with a surface roughness height 
of 𝑧𝑧0 = 0.04 m [15]. Finally, the ASL spectra are estimated from the PSD equations given by 
ESDU85020 [11] which provide a modified version of Von Karman’s model, expressing the 
power spectral density of streamwise and vertical velocity components for terrains with differ-
ent surface roughness and variable mean wind speeds. 

 

Figure 1. Time series of instantaneous wind velocity at ABLRF on 14 Jan 2023: (a) 𝑧𝑧 =3.1 m, and (b) 
𝑧𝑧 =12 m. The streamwise and vertical velocity components are shown in red and blue, respectively. 
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3. Analysis of wind turbulence spectra in near-surface ASL

3.1. Streamwise and vertical PSDs at ABLRF

Figure 2 shows the PSD of streamwise and vertical components of wind velocity fluctuations 
at different heights at ABLRF. The estimations from ESDU model for the same terrain rough-
ness and average wind speed (𝑧𝑧0 = 0.03 m and 𝑈𝑈10 = 8 m/s) are also shown in dashed and 
solid black lines. Comparison of the profiles shows a good overall agreement between the field 
measurements and the EDSU model with a shift to higher peak frequencies in the field meas-
urements particularly for the vertical velocity. Based on the ABLRF measurements the peak 
frequency of the streamwise turbulence is between ~0.01–0.02 Hz, while the peak of the ver-
tical turbulence occurs at frequencies in the range of ~0.2–1 Hz. The results show that the 
vertical velocity fluctuations are at higher frequencies compared to streamwise velocity fluctu-
ations at the same height. For example, at z=3 m, the peak of the streamwise turbulence spec-
trum occurs at an approximate frequency of 0.015 Hz while the peak of vertical turbulence 
spectrum is at an approximate frequency of 0.48 Hz. The larger frequencies of the vertical 
velocity fluctuations are due to the anisotropy of turbulence [15, 16]. In the near-neutral ASL, 
the turbulence structures near the ground have larger length scales in the streamwise direction 
compared to the vertical direction and thus the frequencies of streamwise turbulence are lower 
compared to vertical turbulence.  

3.2. Peak frequencies of turbulence at different heights 

The frequencies at which the peak of the turbulence spectra for streamwise and vertical veloc-
ity components occur at different heights are plotted in Figure 3(a) and Figure 3(b) from the 
PSDs of ABLRF and CASES99 data and their corresponding ESDU estimations. The obser-
vations at both ABLRF and CASES-99 show that the frequencies of the peaks of vertical tur-
bulence spectra are larger than the peaks of the streamwise turbulence at similar heights. It is 
also shown that at lower heights closer to the ground, both the velocity fluctuations shift to 
higher frequencies. For example, at ABLRF (Figure 3(a)), the frequency of the peak of vertical 
turbulence spectrum shifts from ~0.17 Hz at z=12 m to ~0.85 Hz at z=1.6 m. The peak fre-
quencies from the CASES-99 (Figure 3(b)) measurements are in general higher than the 
ESDU predictions at the same heights but show a similar trend and increase at lower heights 
closer to the ground. The peak of streamwise turbulence increases from ~0.03 Hz at z=10 m 
to ~0.12 Hz at z=1.5 m. Similarly, the peak of vertical turbulence shifts from ~0.3 Hz at z=10 
m to ~0.56 Hz at z=1.5 m. The increase of peak frequencies closer to the ground is due to the 
scaling of turbulent structures in the near-neutral ASL with height from the ground. As dis-
cussed by [16], in the near-neutral ASL (at heights from the order of millimetres to the order of 
100 m), the turbulent structures grow in length scales with increase of height above the ground 
(in accordance with Townsend’s attached-eddy hypothesis for a turbulent boundary layer). 
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Figure 2. Normalised PSDs (𝑓𝑓, 𝑆𝑆,𝜎𝜎 show frequency, power spectral density and standard deviation of 
velocity fluctuations, respectively) of streamwise (dashed red) and vertical (solid blue) fluctuating ve-
locity components from measurements at ABLRF on 14 Jan 2023. The dashed and solid black lines 

show the estimated streamwise and vertical velocity PSDs using the ESDU85020 [11] model for a sim-
ilar terrain and average wind speed (𝑧𝑧0 = 0.03 m, 𝑈𝑈10 =10 m/s). (a) 𝑧𝑧 =1.6 m, (b) 𝑧𝑧 =3.1 m, (c) 𝑧𝑧 =4.6 

m, (d) 𝑧𝑧 =7.9 m, and (e) 𝑧𝑧 =12 m.  
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Figure 3. The peak frequencies of wind turbulence at different heights from the ground: (a) ABLRF, (b) 
CASES99. The red and blue colours refer to streamwise and vertical velocities. Dashed lines show the 
peak frequencies estimated from ESDU85020 [11] for similar terrain and average wind speeds (𝑧𝑧0 = 

0.03 m, 𝑈𝑈10 =10 m/s for ABLRF and 𝑧𝑧0 =0.04 m and 𝑈𝑈10 =5 m/s for CASES99). 

3.3. Effect of terrain type on the peak frequency of turbulence 

Turbulence in the atmospheric flow is dependent on the features of the surrounding terrain and 
varies based on the site of different heliostat fields. The terrain is often characterised by its 
surface roughness which is between 𝑧𝑧0 = 0.001–0.003 m for a flat terrain, 𝑧𝑧0 = 0.01–0.03 m 
for an open-country terrain, and 𝑧𝑧0 = 0.1–0.3 m for a suburban terrain, based on ESDU85020 
[11]. To investigate the effect of terrain type on the peak frequencies of streamwise and vertical 
turbulence spectra in the lower ASL, the PSDs of both velocity components were calculated 
for different surface roughness values using the ESDU model and the frequencies correspond-
ing to the peak of the spectra were determined similarly to the results of the previous section. 
Figure 4(a) shows the peak frequencies of streamwise and vertical wind velocity fluctuations 
for 𝑧𝑧0 = 0.001, 0.01, 0.1 m at different heights from the ground between 3 m and 10 m. For all 
different terrain types, the peak frequencies increase with decrease of height closer to the 
ground. Furthermore, terrains with a larger surface roughness have slightly higher peak fre-
quencies at lower heights closer to the ground. For example, at z=3 m, with increase of surface 
roughness from 𝑧𝑧0 = 0.001 m to 𝑧𝑧0 = 0.1 m, a flat terrain to a suburban terrain, peak of the 
vertical turbulence increases from ~0.23 Hz to ~0.27 Hz. Similarly, the peak of streamwise 
velocity fluctuations increases from ~0.02 Hz to ~0.03 Hz. The effect of terrain roughness on 
the peak frequencies however becomes less with increase of height from the ground. There-
fore, at height closer to the ground, change of a terrain to a rougher type increases the peak 
frequencies while the peak of vertical turbulence remains almost one order of magnitude larger 
than the peak of streamwise turbulence. 

3.4. Effect of average wind speed on the peak frequency of turbulence 

Figure 4(b) shows the effect of average wind speed 𝑈𝑈10 (wind speed at z=10 m) on the peak 
frequencies of streamwise and vertical wind velocity fluctuations at different heights from the 
ground between 3 m and 10 m. It is shown that with increase of the mean wind speed, the 
peak frequencies of both streamwise and vertical turbulence increase at all heights from the 
ground. For example, with increase of 𝑈𝑈10 from 5 m/s to 20 m/s, the peak of streamwise velocity 
fluctuations increases from ~0.02 Hz to ~0.07 Hz at z=3 m and from ~0.01 Hz to ~0.02 Hz at 
z=10 m. Similarly, the peak of vertical velocity fluctuations increases from ~0.2 Hz to ~0.6 Hz 
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at z=3 m and from ~0.1 Hz to ~0.2 Hz at z=10 m. For all heights and average wind speeds, 
the peak of vertical turbulence remains one order of magnitude larger than the peak of stream-
wise turbulence. For example, at z=3 m, the peak of vertical turbulence is at ~0.6 Hz as com-
pared to ~0.07 Hz for streamwise turbulence at 𝑈𝑈10 = 20 m/s. It is also shown in Figure 4(b) 
that considering mean wind speeds of 𝑈𝑈10 =5–20 m/s and at heights below 10 m, the peak 
frequency of the streamwise turbulence is between ~0.01–0.1 Hz, and the peak of the vertical 
turbulence occurs at frequencies in the range of ~0.1–1 Hz. 

Figure 4. Peak frequencies of streamwise and vertical wind turbulence at different heights from the 
ground based on ESDU85020 model for: (a) different surface roughness values (𝑧𝑧0 =0.001, 0.01, 0.1 
m) at 𝑈𝑈10 =10 m/s, (b) different average wind speeds (at 𝑈𝑈10 =5, 10, 20 m/s) at 𝑧𝑧0 =0.01 m. The red

and blue colours correspond to streamwise and vertical velocities, respectively. 

4. Correlation between wind spectra and dynamic wind loads on he-
liostats

The spectral distribution of the wind loads can be correlated with the turbulence power spec-
trum through the aerodynamic admittance function [17]: 

�𝐴𝐴𝐿𝐿(𝐷𝐷)(𝑓𝑓)�2 =
𝑈𝑈2𝑆𝑆𝐶𝐶𝐿𝐿(𝐷𝐷)

𝐶𝐶𝐿𝐿(𝐷𝐷)
2𝑆𝑆𝑤𝑤𝑤𝑤(𝑢𝑢𝑢𝑢)

 

where 𝐴𝐴(𝑓𝑓) is the aerodynamics admittance function, 𝑆𝑆𝐶𝐶𝐿𝐿(𝐷𝐷) is the PSD of lift (drag) force coef-
ficient, 𝑆𝑆𝑤𝑤𝑤𝑤(𝑢𝑢𝑢𝑢) shows the PSD of vertical (streamwise) velocity fluctuations, and  𝑈𝑈 and 𝐶𝐶𝐿𝐿(𝐷𝐷) 
are the mean velocity and lift (drag) force coefficient.   

Different scales and frequencies of turbulence are not equally effective in producing 
forces [18]. The aerodynamic admittance represents a measure of the effectiveness of a body 
in extracting energy from the oncoming turbulence at different frequencies [19]. While in a 
quasi-steady situation the contribution of velocity fluctuations of all wavelengths is assumed 
equal in generation of wind loads, in reality, the frequency-dependency of the forces is ex-
pressed by the aerodynamic admittance. The aerodynamic admittance function thus correlates 
the PSD of velocity with the PSD of the loads on a structure. Accordingly, the aerodynamic 
admittance is employed here to correlate the spectral distribution of heliostat wind loads with 
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the atmospheric wind spectra. As described in [5, 16], the fluctuating lift force on a heliostat 
when the mirror panel is stowed, is strongly correlated with the vertical velocity fluctuations 
and the drag force when the mirror panel is perpendicular to the wind direction (𝛼𝛼 =90° where 
𝛼𝛼 is the elevation angle of the mirror panel) is correlated with the streamwise component of 
wind turbulence. Accordingly, it was shown that the spectrum of the fluctuating lift force on a 
heliostat at stow position (𝛼𝛼 = 0°) can be correlated with the spectrum of vertical wind compo-
nent through the aerodynamic admittance of lift force. At 𝛼𝛼 =90° the aerodynamic admittance 
correlates the power spectrum of the drag force coefficient with the power spectrum of the 
streamwise velocity. 

The aerodynamic admittance for heliostats at 𝛼𝛼 =0° and 𝛼𝛼 =90° was determined in [16] 
using force and wind data collected from wind tunnel experiments. It was shown that while the 
aerodynamic admittance function is frequency dependent, for both lift and drag forces, it re-
mained almost constant and at its peak when 𝑓𝑓𝑓𝑓

𝑈𝑈
< 1  (where 𝑓𝑓 is frequency, 𝑐𝑐 is the mirror 

panel chord length and 𝑈𝑈 is the average wind speed) and reduces consistently at higher fre-
quencies [16]. As the larger value of aerodynamic admittance function indicates a larger cor-
relation between the wind and load frequencies, this means that turbulent structures with re-
duced frequencies lower than 1 are more effective in generating the wind loads and they are 
the major contributor to the fluctuating wind loads on heliostats. Turbulent wind fluctuations at 
reduced frequencies above 1 are less spatially correlated and hence less effective in genera-
tion of loads. Based on the aerodynamic admittance functions of heliostats described above, 
it is concluded that a direct correlation between the spectral distribution of velocity components 
and lift/drag forces on heliostats exists with the peak frequencies of the wind loads expected 
to match the peak frequency of the wind turbulence at 𝑓𝑓𝑓𝑓

𝑈𝑈
< 1. Therefore, the peak frequency 

of the lift force on heliostats at near-zero and small elevation angles is expected to be close to 
the peak frequency of vertical velocity component and the peak frequency of the drag force at 
large elevation angles is expected to be close to the peak frequency of streamwise wind ve-
locity component for heliostat size and wind speed conditions with 𝑓𝑓𝑓𝑓

𝑈𝑈
< 1. 

5. Implications for design of heliostats

Based on the analysis of turbulent wind spectra in Section 3 and the described correlation 
between wind loads on heliostats and wind turbulence in Section 4, the following conclusions 
regarding dynamic wind loads are made:  

• As the peak frequency of vertical component of wind in the lower ASL is approximately
one order of magnitude larger than the peak of streamwise component, critical wind
loads on full-scale heliostats when operating at near-zero and small elevation angles
are impacted by turbulent wind at peak frequencies that are one order of magnitude
higher compared to larger elevation angles.

• As the peak frequencies of both vertical and streamwise wind velocity components in-
crease with decrease of height from the ground, smaller heliostats that are located
closer to the ground are exposed to turbulent wind fluctuations at a higher frequency
and are expected to experience wind loads with a higher peak frequency compared to
larger heliostats located higher above the ground.

• Increased surface roughness, from a flat to a suburban terrain, slightly increases the
peak frequencies at heights closer to the ground, while maintaining one order of mag-
nitude higher frequencies of vertical turbulence. Therefore, for smaller heliostats that
are located closer to the ground, the effect of terrain roughness on wind loads needs
to be more carefully analysed and considered specifically for dynamic loads at stow
and small elevation angles for which the peak frequencies will be closer to the heliostat
structure natural frequency.
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6. Conclusions

Based on analysis of wind turbulence spectra at different terrains, mean wind speeds and at 
heights below 10 m, it is shown that the peak frequencies of wind turbulence are between 
0.01–0.1 Hz for streamwise and between 0.1–1 Hz for the vertical component. The peak fre-
quency of wind loads at stow and near-zero elevation angles are thus expected to be closer to 
the reported heliostat natural frequencies compared to the peak frequencies of wind loads at 
large elevation angles. This emphasises the importance of considering dynamic loads at near-
zero elevation angles in the design of heliostats. Furthermore, smaller heliostats that are lo-
cated closer to the ground are exposed to turbulent wind fluctuations at a higher frequency 
and will experience wind loads with a higher peak frequency compared to larger heliostats 
located higher above the ground. These frequencies need to be considered in design of helio-
stat drives and structural components. This also highlights the need for field data at lower 
heights closer to the ground to extend available models such as ESDU at lower heights for 
more accurate prediction of loads on smaller heliostats. 
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