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Abstract: The local climate effects of utility-scale photovoltaic (PV) plants have also attracted 

more and more attention with the rapid development of PV industry. Turbulent fluxes and intensity 
characteristics for the PV plant and the adjacent reference site are investigated in the gobi areain 
Wujianqu in Xinjiang. Results indicate that near surface boundary layer is more unstable during the 
daytime while is more stable at the night in the PV plant than the reference site. The average 
roughness is 0.089m and 0.041m for the PV plant and the reference site respectively. The turbulence 
intensity in the vertical direction (𝐼୵) of the PV plant is higher than the reference site especially during 
the daytime. The turbulent kinetic energy of the PV plant during the daytime is lower than the 
reference site.The momentum in the PV plant is higher than the reference site, especially during the 
daytime. Compared to the reference site, the PV plant has higher sensible heat flux and less latent 
heat flux. Site specific turbulent intensity relationships were developed for the PV plant and the 
reference site by analyzing wind components as a function of stability parameter (z/L). The turbulent 
components of wind followed 1/3 power law in the unstable conditions and stable conditions in the 
PV plant and the reference site.  

Keywords: large-scale photovoltaic plants; M-O similarity theory; roughness; stability; turbulence 
intensity  

1. Introduction 

For a long time, people have realized that the excessive consumption of traditional fossil fuels not 

only accelerates the rate of reduction of fossil fuel reserves, but also leads to increased health risks 

and threats to global climate change, causing significant adverse effects on the global environment 

[1]. A feasible solution against the problem is represented by the generation of electricity from 

sunlight [2]. The rapid progress of photovoltaic(PV) technologies and dramatic reduction of cost has 

impelled the development of PV industry[3,4]. Compared with traditional energy sources, PV 

generation has potential to reduce pollutant emissions and reclaim degraded land [5,6]. However, 

the widespread deployment of large-scale PV panels require a large amount of land and have 
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potential to influence the regional and local climate through change the radiative (albedo) and non-

radiative (surface roughness and Bowen ratio) surface biophysical properties [7,8]. 

In the previous studies, some simulation and field observation found that utility-scale solar energy 

infrastructure in the barren areas produce a heating effect about 2~4K on the near surface air through 

the operation process due to low albedo and specific heat capacity of PV panels [9-11]. The PV panels 

have a cooling effect up to 6K on surface soil during the daytime due to physical shielding while have 

a warming effect more than 2K on surface soil in the nighttime due to hindering of long wave 

radiation cooling [11,12]. Furthermore, numerical modeling showed that large deployment of PV 

panels in the desert can trigger the positive feedback of albedo-precipitation-vegetation, resulting in 

an increase of precipitation [13,14]. Recent observations found that PV array increase the sensible 

heat flux and reduce the storage and release of surface heat flux [15], which reveals the characteristics 

of radiation balance and energy distribution of the PV plant and provides a reference for further 

discussing the interaction process between PV arrays and near surface atmosphere. 
Despite the effect of large-scale PV applications on local climate was demonstrated in the above-
metioned advances, it is unclear that the impact of PV panels on turbulence characteristic. However, 
the transport of momentum, heat and moisture between the earth's surface and atmosphere is 
dominated by the characteristics of turbulent exchange, which is the main physical process in the 
atmospheric boundary layer and considered to play an important role in the formation and evolution 
of planetary boundary layer and various weather phenomena and the air pollutants diffusion [16-
20]. According to the Monin-Obukhov similarity (MOS) theory, the nondimensional wind speed 
component can be expressed as universal function of the non-dimensional stability parameter under 
steady and horizontally homogeneous conditions. In recent decades, with the deepening of 
theoretical research and the progress of observation technology, the verification of the validity of the 
application of MOS theory over different surface conditions has been carried out. For example, 
studies found that the relationship between normalized standard deviation of wind speed and the 
stability parameter on the flat underlying surface accord with 1/3 power law [21]. MOS theory failed 
to be verified for the coastal maine boundary layer in near-neutral and stable conditions [22]. Studies 
in the Qinghai-Tibet Plateau show that the relationship between statistics of turbulence and stability 
oarameter satisfy MOS theory under stable and unstable conditions [23,24]. In addition, the variance 
of dimensionless velocity component in the surface layer of urban surface changes with stability, 
which basically satisfies the MOS theory [25,26]. Turbulence intensity in the ocean is mainly 
controlled by thermal effect, and the statistical characteristics of turbulence in autumn and winter are 
basically meet MOS theory [27,28].  
Conventional, utility-scale solar energy infrastructure modifies turbulence characteristics through 
the interaction process of panel and atmosphere. Assessing the impacts of PV deployment on 
turbulence characteristics can helpful to deeply understand the interaction between the PV 
underlying surface and the near-surface atmosphere and of great significance to understand and 
capture the impact mechanism of PV panels on the local climate effect in barren areas. Given this, we 
investigated the characteristics of the near surface atmospheric turbulence and dynamic and thermal 
properties similar to those at an undisturbed reference site. We carried out the experiment at a utility 

scale PV plant in Wujiaqu barren area in Xinjiang. This study is presented as follows: Section 
2 introduce the experiment design and the derived methodology related to the tubulence parameters 
discussed in this study; Section 3 presents the comparison results and relevant discussions; Section 4 
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summarizes the conclusions.  

2. Site overview and methods 

2.1. Site overview 

This experiment took place in a utility scale PV plant in Wujiaqu Gobi area of Xinjiang. Wujiaqu 
is located at the intersection of the desert and oasis in the southeast of the Jungar Basin. It is cold in 
winter and hot in summer, and it is dry all year round, belongs to a continental arid climate. The PV 
array is erected on the underlying of the Gobi with sparse vegetation, with a length of 1120m from 
north to south and a width of 1030m from east to west, covering an area of about 1.15km2 and an 
installed capacity of 70MW. The PV array in the plant faces south and the inclination angle is 37°, the 
row spacing of the PV array is 7.5m, and the top of the PV panel is about 2.5m above the ground. The 
panel material is polysilicon and the maximum power is 250W. The location of the observation site 
in the PV plant is 44.406°N , 87.656°E, and the altitude is 439m. The reference site is located at 910m 
northeast of the observation point in the plant (44.409°N,87.667°E), and the altitude is 437m. The 
terrain is relatively flat (Figure. 1). The observation towers of the two sites are both 11m high, and the 
underlying surfaces are Gobi with sparse vegetation. The soil type is sandy soil and the soil texture 
is relatively coarse. 

 

 

 

 
(a) (b) (c) 

Figure 1. Photos of the monitoring sites for the PV plant (a) and the reference site (c) in the Wujiaqu 
barren area. The map shows the spatial distribution of the PV plant and the reference site as extracted 
from Google Earth by the end of 2018 (b). 

The various turbulence parameters are derived from the ultrasonic open-circuit vortex 
covariance system which were installed at the heights of 5.5m and 3m in the PV plant and the 
reference site respectively. The model of the ultrasonic open-circuit vortex covariance system is 
IRGASON-IC-BB, produced by Campbell, USA and integrated an open-circuit infrared gas analyzer 
and a three-dimensional ultrasonic anemometer. The three-dimensional ultrasonic anemometer 
points to the main wind direction to measure the three-dimensional wind speed and the open-circuit 
infrared gas analyzer is used to measure the CO2/H2O concentration. The eddy correlation system 
can measure the vertical flux of heat and water vapor in the atmosphere and various pulsation. The 
data collection and sampling frequency is 10Hz. The data period is from June 8th to October 31st, 
2019. The time used in this paper is Beijing time. 

2.2. Flux data processing and calculation methods 

The original observation of 10Hz ultrasound data is processed by Easyflux online software 
processing system for post-data processing and quality control, mainly including outlier elimination, 
double rotation and plane fitting method coordinate rotation[29], frequency delay time correction 
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[30], ultrasonic virtual temperature correction[31] and WPL correction[32]. The final processing is the 
average turbulent flux of 30 minutes, and the data quality evaluation such as turbulence stability test 
and development adequacy ITC test are performed on it. 
The surface layer parameters analyzed in this study mainly include friction velocity 𝑢∗, 
temperature scale 𝑇∗, stability parameter 𝑧/𝐿, roughness length 𝑧0, turbulence intensity 𝐼, 
turbulent kinetic energy 𝑒, momentum flux 𝜏, sensible heat flux 𝐻 and latent heat flux 𝐿𝐸. 
Normalized standard deviation of 3D wind, temperature and concentration of water vapor and 
CO2 are analyzed as a function of 𝑧/𝐿. The eddy correlation method was employed to derive these 
parameters. 

In the boundary layer, after introducing dimensionless variables through scale parameters, the 
contours of many variables can be expressed in a general form[33]. 

Among them, the scaling speed is also called friction speed, which is a basic surface speed 
scaling parameter, which is obtained by the following formula: 

𝑢∗ = ቀ(𝑢ᇱ𝑤ᇱ)
ଶ

+ (𝑣ᇱ𝑤ᇱ)
ଶ

ቁ

భ

ర
     (1) 

The temperature scale and length scale parameters are as follows: 

𝑇∗ =
௪ᇲ்ᇲ

௨∗
     (2) 

𝐿 =
ି௨∗

య்

௞௚ቀ௪ᇲ்ᇲቁ
    (3) 

Among them, the three-dimensional wind speed component and temperature fluctuation are 
obtained by subtracting the average value from the instantaneous value of each parameter, that is, 
𝑢ᇱ = 𝑢 − 𝑢，𝑣ᇱ = 𝑣 − 𝑣，𝑤ᇱ = 𝑤 − 𝑤，𝑇ᇱ = 𝑇 − 𝑇, k=0.4 is the Von Karman constant, and g is the 
acceleration of gravity. 

Atmosphere stability parameter 𝑧/𝐿  is a measure of buoyancy convection ability and is 
obtained by: 

𝑧/𝐿 =
௭ିௗ

௅
   (4) 

where z is the measurement height (5.5m for the PV plant and 3m for the reference site), d is the 
zero-plane displacement. 

The roughness length 𝑧0  depends not only on surface type but also on surface roughness 
texture and derived from a wind profile under neutral conditions [34]: 

z0 = (𝑧 − 𝑑)exp (−
௞ඥ௨ഥమା௩തమ

௨∗
)   (5) 

 
Turbulence intensity is defined as the ratio of the standard deviation of the three wind speed 

components to the average wind speed: 

𝐼୳ = 𝜎୳/𝑈，𝐼௩ = 𝜎୴/ 𝑈，𝐼௪ = 𝜎୵/𝑈  (6) 

𝜎௨、𝜎௩、𝜎௪  are the standard deviation of wind speed fluctuation:𝜎௨ = ඥ𝑢ᇱ𝑢ᇱ，𝜎௩ = ඥ𝑣ᇱ𝑣ᇱ，

𝜎௪ = ඥ𝑤ᇱ𝑤ᇱ. 
The turbulent parameters are computed using following formulae.  
 
                       e = 0.5(𝜎୳

ଶ + 𝜎୴
ଶ + 𝜎୵

ଶ)  (7) 
                       τ = −ρ𝑢ᇱ𝑤ᇱതതതതതത   (8) 
                      H = 𝐶௣𝜌𝑤ᇱ𝑇ᇱതതതതതത  (9) 
                          LE = λρ𝑤ᇱ𝑞ᇱതതതതതത  (10) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2020                   doi:10.20944/preprints202011.0608.v1

https://doi.org/10.20944/preprints202011.0608.v1


 5 of 16 

 

Where ρ and 𝐶௣ are the density and the constant specific heat capacity of air, 𝑞ᇱ is the fluction 
of water vapor density and λ is the latent heat of evaporation.  

The M-O similarity theory is an important basis for understanding and explaining the 
characteristics of low-level atmospheric turbulence, and the relationship between flux, wind speed 
and scalar variance can be obtained [35]. According to the M-O similarity theory, the normalized 
standard deviation of the turbulent velocity component can be expressed by the universal function 
of the atmospheric stability parameter 𝑧/𝐿: 

஢౫,౬,౭

୳∗
= cଵ(1 + cଶ|𝑧/𝐿|)

భ

య    (11) 

Under the condition of free convection, the dimensionless temperature variance σ_T/|T_* | 
satisfies the following relationship with the stability z/L: 

஢౐

|୘∗|
= c(−𝑧/𝐿)

భ

య   (12) 

Where c is the site-specific modeling coefficients. 

3. Results and discussions 

3.1. Atmospheric stability parameter and aerodynamic roughness 

Atmospheric stability 𝑧/𝐿 and aerodynamic roughness 𝑧0 are important factors that control 
the energy exchange between the earth and atmosphere. They are the most important physical 
parameters on the earth's surface and are essential for accurate calculation of the turbulent flux on 
the earth's surface. The diurnal variation of 𝑧/𝐿 is analyzed for the PV plant and the reference site in 
Figure 2. The positive 𝑧/𝐿 during early morning and at night indicate stable conditions of near-
surface atmosphere due to the stratification of atmosphere caused by surface radiational cooling, 
while the negative 𝑧/𝐿 during the daytime from 9:00 to 17:00 indicate unstable conditions resulted 
from the accumulation of surface solar radiation. Although similar characteristics of 𝑧/𝐿 are found 
in both sites there are few differences. In the PV plant (Figure 2(a)), the atmosphere is higher unstable 
with the minimun average of 𝑧/𝐿 less than -1.5 at 12:00 than the reference site during the daytime. 
The highly unstable conditions of near surface atmosphere may be caused by the strong convection 
exchange in the PV plant reported in the previous study [15]. For nocturnal hours, lager 𝑧/𝐿 for the 
PV plant indicating more stable near surface atmospheric stratification than that of the reference site. 
This highly stable condition may be resulted from the thermal insulation effect of PV modules on the 
ground surface at night[14]. The variability of 𝑧/𝐿 in the PV plant is larger than that of the reference 
site as evident from the length of the whiskers.  

Aerodynamic roughness 𝑧0 refers to the height of the ground with a wind speed of zero and 
changes dynamically because its magnitude not only depends on the structure and shape of the 
surface roughness element, but also depends on the near-surface airflow conditions to a certain extent 
[36]. The magnitude of 𝑧0 in the PV plant is between 0.08 and 0.1m, while in the reference site is 
slightly larger than 0.04m, and the 𝑧0 in the PV plant is larger than the reference site and changes 
more drastic (Figure 2(c)). This is because the PV underlying surface is rougher than the flat barren 
Gobi surface, and the panels have a greater effect on the airflow, which leads to a larger roughness. 
For the average roughness, the PV plant and the reference site are 0.089m and 0.041m respectively, 
which are not much different from the grassland and shrub sandbags in New Mexico[37], but an 
order of magnitude larger than the Heihe desert(0.0045m), Heihe Gobi(0.0045m) and Dunhuang Gobi 
(0.0019) which may be related to turbulent conditions near the ground surface. 
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Figure 2. Diurnal variation of the atmospheric stability parameter 𝑧/𝐿 in the PV plant (a) and the 
reference site (b) The height of the box shows the range from 25th to 75th percentile. The horizontal 
red line inside the box and solid red dot denote the median value and mean value respectively. The 
ends of the whiskers are drawn to 10th and 90th percentile values. (c) is the aerodynamic roughness 
𝑧0 in the PV plant and the reference site 

3.2. Scaling parameters 

Friction velocity 𝑢∗  is the main dynamic characteristic parameter that characterizes the 
interaction between the near-surface airflow and the surface roughness element. As the velocity scale 
of turbulent motion, it reflects the diffusion and transport capacity in all directions in space [38]. The 
𝑢∗ of the PV site and the reference site have obvious diurnal variations, with large fluctuations during 
the daytime, and both can reach more than 0.3m/s in the afternoon and stable at the night that keep 
near 0.1m/s (Figure. 3). The 𝑢∗ of the PV site is larger than that of the reference site, indicating that 
the turbulent mixing in the PV plant is more complete. In the entire daily cycle, the friction speed in 
the PV plant is higher than the reference site, which is not only affected by the difference in surface 
roughness element, but also related to the wind speed and the intensity of mechanical turbulence. 
The wind speed of the PV plant decreases faster due to the airflow is blocked by the panels, and the 
wind speed pulsation is larger than that of the reference site, which is particularly obvious during 
the daytime. 

The characteristic temperature 𝑇∗ of the PV plant and the reference site have the opposite trend 
to the 𝑢∗  (Figure. 3). They begin to decrease at 8:00, and in the afternoon the PV plant and the 
reference site decrease to -0.65 and -0.47 respectively. Then gradually increase and reach above 0 after 
20:00. The 𝑢∗  is relatively stable at night, maintaining within the range of 0 to 0.1. During the 
daytime, the PV plant is significantly lower than the reference site, while at night it is slightly higher 
than the reference site. When the atmospheric stratification tends to be stable, the 𝑢∗ in the PV plant 
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and the reference site increase rapidly with the increase of the stability, and both reach the maximum 
value at the near neutral stratification. The maximum 𝑢∗ in the PV plant can reach more than 1.2m/s. 
while the maximum 𝑢∗  in the reference site is 0.98m/s; when the atmospheric is in an unstable 
stratification, 𝑢∗  tends to gradually decrease as the instability increases. 𝑇∗  is relatively discrete 
under unstable conditions, and maintains around 0 when the neutral stratification. 

 
Figure 3. Variation of the scaling parameter of velocity (𝑢∗), temperature (𝑇∗) with time and stability 
in the PV plant and the reference site 

3.3. Turbulence intensity and turbulent kinetic energy  

Turbulence intensity characterizes the strength of atmospheric turbulence motion and the 
magnitude of turbulence motion energy. Comparing the turbulence intensity of the PV plant and the 
reference site helps to understand the impact of PV panels on the near-surface turbulence 
characteristics and material energy transport in barren areas. The turbulence intensity components 
𝐼୳(longitudinal wind), 𝐼୴(lateral wind) and 𝐼୵(vertical wind) of the three wind directions of the PV 
plant and the reference site have obvious diurnal variation (Fig. 4). In the unstable condition with 
strong wind speed and strong heating during the daytime, the turbulence is fully developed and 
relatively strong. For the horizontal turbulence intensity 𝐼୳ and 𝐼୴, the former of the PV plant is 
slightly higher than the reference site, and the latter of the reference site is slightly higher than the 
PV plant. This may be related to the installation direction of the PV panels. The PV panels are placed 
facing south, which produce greater friction and obstruction to the north-south airflow, making the 
north-south wind speed decrease more and the longitudinal wind speed pulsation is larger than the 
reference site, resulting in the stronger longitudinal turbulence intensity. While the air flow in the PV 
plant is concentrated and divided into the east-west direction, making the wind speed decreases less 
and the wind speed pulsation is smaller than the reference site, resulting in the weaker lateral 
turbulence intensity. Convective exchange near the ground is suppressed, and turbulence is mainly 
generated by mechanical dynamics at night, 𝐼୳ and 𝐼୴ of the PV plant are smaller than the reference 
site mainly induced by the lower wind speed in the PV plant. Regarding the vertical turbulence 
intensity 𝐼୵, most of the time the PV plan is significantly higher than the reference site. This may be 
due to the blocking effect of the panels in the PV plant. The wind speed decreases more obviously, 
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and the vertical exchange effect of the atmosphere is also more obvious. The average of 𝐼୳，𝐼୴ and 
𝐼୵ in the PV plant (the reference site) are 0.29 (0.32), 0.34 (0.34) and 0.12 (0.10), indicating that the 
turbulence intensity in the horizontal direction is larger than that in the vertical direction, and the 
turbulence intensity in the horizontal direction is dominant. The turbulence intensity in the 
horizontal direction of the PV plant is slightly lower than the reference site, while the vertical 
direction is opposite.  

From the variation of turbulence intensity with wind speed (Fig. 5), it can be seen that wind 
speed affects the development of turbulence. The lower the wind speed, the greater the intensity of 
turbulence exchange in the three directions. In the state of free convection where the wind speed is 
less than 2m/s, the turbulence intensity of the PV plant and the reference site decrease rapidly with 
the increase of wind speed; when the wind speed is less than 4m/s, the turbulence develops 
vigorously; when the wind speed is greater than 6m/s, the turbulence intensity is both becoming 
steady. When the wind speed is less than 4m/s, the variation amplitude of the turbulence intensity in 
the PV plant with the wind speed is smaller than that of the reference site, and the vertical direction 
is particularly obvious.  

 
Figure 4. The average daily variation of turbulence intensity component of longitudinal wind (𝐼୳), 
lateral wind (𝐼୴) and vertical wind (𝐼୵) for the PV plant (the reference site) 

 
Figure 5. Relationship between turbulence intensity and wind speed. 
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Turbulent kinetic energy (TKE,e) is an important indicator to measure the development and 
decline of turbulence, involving the transport of momentum, heat and water vapor in the boundary 
layer. The TKE increases rapidly after 8:00 during the daytime and reaches a maximum value around 
16:00 but in the PV plant is lower than the reference site (Fig. 6(a)). It may be due to the large 
dissipation of turbulence kinetic energy in the PV plant. At night, the TKE of the PV plant and the 
reference site are basically the same, both maintained in the range of 0.2 to 0.4. From the perspective 
of the relationship between the TKE and wind speed (Fig. 6(b) and Fig. 6(c)), when the wind speed is 
less than 4m/s, the TKE increases rapidly with the increase of wind speed. When the wind speed is 
greater than 4m/s, the TKE in the PV plant and the reference site is basically stable, and the TKE in 
the PV plant is more discrete. 

 
Figure 6. Diurnal variation of turbulent kinetic energy e in the PV plant (a) and the reference site (b). 
The height of the box shows the range from 25th to 75th percentile. The horizontal red line inside the 
box and solid red dot denote the median value and mean value respectively. The ends of the whiskers 
are drawn to 10th and 90th percentile values. the relationship between turbulent kinetic energy and 
wind speed for the PV plant (c) and the reference site (d). 
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3.4 Momentum flux and heat flux 

Diurnal variation of momentum flux shows in Figure 8 to invesgate the surface layer dynamics 
differece between the PV plant and the reference site. Momentum is positive in the whole day and 
shows obvious diurnal variation in both sites. The momentum fluxes during the daytime are higher 
than that of the nighttime and the high values of momentum fluxes are related to the strong 
convective turbulence and highly unstable conditions. PV panels enhance the vertical interaction 
with the airflow above the panels, hence the wind shear as the main contributor for mechanical 
turbulance is stronger in the PV plant than the reference site. The peak daytime momentum fluxes in 
the PV plant and the reference site are 0.17 and 0.14𝑘𝑔 ∙ 𝑚ିଵ ∙ 𝑠ିଶ respectively. The low momentum 
flux at night is associated with the weak development of turbulence and the momentum flux in the 
PV plant is slightly higher than that of the reference site in the late night.  

 

Figure 7. Diurnal variation of momentum flux in the PV plant (a) and the reference site (b). The height of the 

box shows the range from 25th to 75th percentile. The horizontal red line inside the box and solid red dot 

denote the median value and mean value respectively. The ends of the whiskers are drawn to 10th and 

90th percentile values. 

The vertical heat as a measure of the surface buoyancy reflects the intensity of heat and water 
exchange between earth and near surface atmosphere. Figure 9 shows the diurnal variation of 
sensible and latent heat flux in the PV plant (Figure 9(a)) and the reference site (Figure 9(b)). The 
positive value from 9:00 to 20:00 during the daytime indicate upward sensible heat flux from surface 
to the atmosphere due to solar radiation heating for the surface. The maximum sensible heat fluxes 
are observed at about 15:00 with values of 246.3 and 175W/m2 for the PV plant and the reference site 
respectively. Compared to the reference site, the lower heat capacity and increased surface area in 
the PV plant generate stronger convective conditions, resulting higher sensible heat flux. The 
minimum heat fluxes are observed during 7:00~8:00 indicating near neutral conditions during the 
early morning. The negative value in night indicate downward sensible heat flux from loft 
atmosphere to surface caused by surface radiative cooling. With regear to the latent heat flux, the 
observed peak values are 52.4 and 98.9 W/m2 at 14:00 for the PV plant and the reference site 
respectively. The wind resistance and shielding effect of PV panels in the PV plant bring about less 
evaporation compared with the reference site. The positive latent heat flux at night is close to zero, 
which indicates that there is weak evaporation at night in both sites. 
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Figure 8. Diurnal variation of sensible heat flux (H,W ∙ mିଶ) in the PV plant (a) and the reference site (b) and 

the latent heat flux (LE,W ∙ mିଶ) in the PV plant (c) and the reference site (d). The height of the box shows the 

range from 25th to 75th percentile. The horizontal red line inside the box and solid red dot denote the median 

value and mean value respectively. The ends of the whiskers are drawn to 10th and 90th percentile values. 

3.5. The relationship between turbulence variance and stability 

The normalized standard deviation of the wind speed component that describes the relationship 
between the near-surface variance and the flux, and represents the overall characteristics of 
turbulence are applied to a variety of atmospheric diffusion modes. These relationships depend on 
the spatial and temporal in-homogeneities of the atmospheric motions and that they are also 
dependent on the atmospheric stability [39]. Additional, turbulent intensity relationships may 
may be affected by geographical location, dynamic and the thermal characteristics of 
the atmosphere [40].   

Here we fitted the relationship between 𝜎୳/𝑢∗, 𝜎୴/𝑢∗, 𝜎୵/𝑢∗ and 𝑧𝐿 respectively for the PV 
plant and the reference site according to the formula (11), and the best similarity coefficients are 
shown in Table 1. In the near neutral range (−0.1 <

௭

௅
< 0.1), turbulence is assumed to be isotropic 

and turbulent motion is decoupled from the surface, the statistical characteristics of turbulence are 
independent of height and tend to be a constant. Under unstable conditions, the relationship between 
the horizontal and vertical wind speed normalized deviation and stability can conform to the 1/3 
square law for the PV site and the reference site (Figure 9). Compared with the horizontal velocity, 
the vertical velocity variance has better similarity, and the dispersion of scatters are small, the main 
reason is that the energy of vertical movement is buoyancy; and the wind velocity variance similarity 
of the three directions of the reference site is better than that of the PV plant, especially in the u and 
v directions, may be caused by the difference between the PV plant and reference site. Under stable 
conditions, the wind speed variance of the PV plant and the reference site can also basically meet the 
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similarity theory, but the dispersion of scatters are greater than that of the unstable conditions. The 
similarity of the wind speed variance of the PV plant is better than that of the reference site, especially 
in the w direction. 

 
Figure 9. Normalized standard deviation of longitudinal wind velocity (𝜎୳/𝑢∗), lateral wind velocity 
(𝜎୴/𝑢∗) and vertical wind velocity 𝜎୵/𝑢∗ for unstable stratification conditions at the PV plant (left) 
and the reference site (right) from June to October 2019. The red solid line represents the empirical 
relations applied to the observed data. 

 
Figure 10. The same as Figure. 9 under stable stratification conditions. 
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Table 1. Optimal similarity function coefficients for fitting normalized standard deviation of 
longitudinal wind velocity (𝜎୳/𝑢∗), lateral wind velocity (𝜎୴/𝑢∗), vertical wind velocity 𝜎୵/𝑢∗ under 
unstable and stable stratification conditions for the observed data from June to October 2019. 

 Unstable Stable 
 PV REF PV REF 
 a b R2 a b R2 a b R2 a b R2 

𝜎୳/𝑢∗ 2.24 11.97 0.67 3.01 8.67 0.59 3.16 3.73 0.41 3.50 6.05 0.30 
𝜎୴/𝑢∗ 2.30 6.50 0.58 3.11 7.4 0.53 2.1 3.52 0.30 3.31 5.7 0.20 
𝜎୵/𝑢∗ 1.03 4.51 0.92 1.01 5.42 0.89 1.12 0.67 0.30 1.08 0.78 0.15 

 

4. Conclusion 

To explore the impact of PV panels on turbulence, the observation of turbulence characteristics 
in the PV plant and the reference site over gobi area from June to October 2019 in Wujiaqu in Xinjiang 
were compared. As far as we know, this is the first time to explore the atmospheric turbulence 
characteristics of utility-scale PV plant. Results indicate that in the study region, near surface 
boundary layer is more unstable during the daytime while is more stable at the night in the PV plant 
than the reference site. The turbulence intensity in the longitudinal direction (𝐼୳) of the PV plant is 
higher than the reference site and in the lateral direction (𝐼୴) is opposite during the daytime, at night 
the 𝐼୳ and 𝐼୴ of the PV plant is lower than the reference site. The turbulence intensity in the vertical 
direction (𝐼୵) of the PV plant is higher than the reference site especially during the daytime. The 
turbulent kinetic energy of the PV plant during the daytime is lower than the reference site. 

As regard to the turbulent fluxes, the momentum which is dominated by mechanical turbulence 
in the PV plant is higher than the reference site, especially during the daytime. Compared to the 
reference site, the lower heat capacity and increased surface area of the PV panels generate stronger 
convective conditions, resulting higher sensible heat flux while the latent heat flux is reduced due to 
the wind resistance and shielding effect of PV panels in the PV plant. 

Site specific turbulent intensity relationships were developed for the PV plant and the reference 
site by analyzing wind components as a function of stability parameter (z/L). The turbulent 
components of wind followed 1/3 power law in the unstable conditions and stable conditions in the 
PV plant and the reference site. Comparison of the derived relationships of the PV plant with the 
reference site indicates that the turbulent intensity for vertical winds at the PV plant is relatively 
strong especially in the unstable conditions. 
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