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Abstract. A hexacopter unmanned aerial vehicle (UAV) was fitted with a three-dimensional sonic 12 

anemometer to measure three-dimensional wind speed, air temperature, relative humidity, and pressure. 13 

To obtain accurate results for three-dimensional wind speeds, we developed an algorithm to correct 14 

biases caused by the propeller-induced airflow disturbance, UVA movement, and changes in flight 15 

attitude in the three-dimensional wind measurements. The wind measurement platform was built based 16 

on a custom-designed integration kit that couples seamlessly to the UAV, equipped with a payload and 17 

the sonic anemometer. Based on an accurate digital model of the integrated UAV-payload-anemometer 18 

platform, computational fluid dynamics (CFD) simulations were performed to quantify the wind speed 19 

disturbances caused by the rotation of the UAV's rotor on the anemometer during the UAV's steady flight 20 

under headwind, tailwind, and crosswind conditions. Through analysis of the simulated data, regression 21 

equations were developed to predict the wind speed disturbance, and the correction algorithm for rotor 22 

disturbances, motions, and attitude changes was developed. To validate the correction algorithm, we 23 

conducted a comparison study in which the integrated UAV system flew around a meteorological tower 24 

on which three-dimensional wind measurements were made at multiple altitudes. The comparison 25 

between the corrected UAV wind data and those from the meteorological tower demonstrated an 26 

excellent agreement. The corrections result in significant reductions in wind speed bias caused mostly 27 

by the propellers, along with notable changes in the dominant wind direction and wind speed in the 28 

original data. The algorithm enables reliable and accurate wind speed measurements in the atmospheric 29 

boundary layer made from rotorcraft UAVs. 30 
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1 Introduction 32 

Wind measurement is crucial in various fields of research and application, including meteorology and 33 

environmental sciences. Accurate wind characteristics facilitate modeling of atmospheric transport 34 

patterns (Gryning et al., 1987; Stockie, 2011), remote sensing data verification (Drob et al., 2015), model 35 

input data assimilation (Gousseau et al., 2011; Vardoulakis et al., 2003) and digital modeling result 36 

optimization (Booij et al., 1999; Van Hooff and Blocken, 2010). In particular, wind profile measurements 37 

near surface can improve the understanding of atmospheric boundary layer (ABL) dynamics and 38 

micrometeorological turbulence at the surface (Seibert et al., 2000), allowing detailed understandings 39 

and model description of energy and mass exchanges between air and surfaces and transport processes.   40 

The recent development of unmanned aerial vehicles (UAVs) has provided an opportunity for the 41 

measurement of wind fields in three dimensions with high spatial resolutions (Mcgonigle et al., 2008; 42 

Martin et al., 2011; Kim and Kwon, 2019). The small size, low flight altitude, high mobility and ability 43 

to assemble sensing devices make UAVs ideal platforms from which to measure wind in the ABL 44 

(Thielicke et al., 2021; Shaw et al., 2021; Stewart et al., 2021). Multirotor UAVs allow flexible control 45 

of flight attitude and stationary hovering, and can carry varying payloads depending on the number of 46 

rotors (Villa et al., 2016; Riddell, 2014; Bonin et al., 2013; Stewart et al., 2021), offering significant 47 

advantages in capturing high-resolution wind characteristics in low-altitude conditions (Anderson and 48 

Gaston, 2013; Mcgonigle et al., 2008).  49 

UAVs are often employed to measure wind characteristics both directly and indirectly. Indirect 50 

measurement methods involve utilizing pre-installed sensors on the UAV (Elston et al., 2015), in 51 

conjunction with specialized flight patterns and wind retrieval algorithm (Bonin et al., 2013; Rautenberg 52 

et al., 2018; Gonzalez-Rocha et al., 2019) to achieve wind speed measurement. Although this method is 53 

straightforward to operate, it does not accurately reflect actual wind conditions during flight. Direct 54 

measurement methods entail installing additional wind sensors on the UAV to obtain real-time wind 55 

information in the field. Porous probes (Soddell et al., 2004; Spiess et al., 2007), pitot tubes (Niedzielski 56 

et al., 2017; Langelaan et al., 2011), and anemometers (Rogers and Finn, 2013; Nolan et al., 2018) are 57 

commonly used sensors. Sonic anemometers are a more prevalent choice for rotorcraft UAVs, capable 58 
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of measuring wind speed by detecting changes in the speed of sound travel between different 59 

sensors(Thielicke et al., 2021). Due to the increasing use of rotorcraft UAVs for wind measurements, 60 

sonic anemometers are recognized as one of the most promising methods in terms of measurement 61 

accuracy and precision.  62 

Sonic anemometers have been mounted onto rotary-wing UAVs for measuring wind speed to varying 63 

degrees of success. Typically, an anemometer is mounted at a position along the central axis above the 64 

UAV, with data adjusted for the additional wind speed signals induced by UAV motion and attitude 65 

changes. Nevertheless, the strong airflow perturbations caused by the rotating propellers can distort real 66 

wind flow patterns and significantly affect the accuracy of wind measurements (De Divitiis, 2003). 67 

However, these distortions were not considered in the adjustment algorithms. To address this issue, 68 

researchers have developed several new correction methods. The first method involves mounting the 69 

anemometer along the central axis high above the UAV where the rotor wash effects are believed to be 70 

limited on the wind speed measurement (Shimura et al., 2018; Barbieri et al., 2019). However, it may 71 

not be suitable for hexacopters and octocopters due to the high position required, which may raise safety 72 

and flight control concerns. The second method involves new corrections based on experiments in an 73 

indoor area to measure wind velocity signal bias caused by the rotors during flight and then subtracting 74 

the bias (Palomaki et al., 2017). However, this method is limited by the size of the indoor area, 75 

inadequate for full simulations of real UAV rotor speed and attitude changes during flight, and 76 

insufficient for the development of a comprehensive correction scheme. Additionally, it does not take 77 

into account the detailed coupling of true winds with propeller downwash. The third method is similar 78 

to the second except the use of wind tunnels to establish a more accurate relationship between increased 79 

air speed and UAV motion or attitude parameters (Thielicke et al., 2021; Neumann and Bartholmai, 80 

2015). While effective in determining numerical relationships, the method is limited by the high cost of 81 

wind tunnel experiments, and more importantly, by the additional errors introduced by reflected airflows 82 

from the wind tunnel walls and ground, as well as the same issues of full simulations of real UAV rotor 83 

speed and attitude changes during flight.  84 

The flaws in these correction methods could be addressed by using computational fluid dynamics (CFD) 85 

simulations to analyze the airflow generated by the UAV's propellers. As far as we know, CFD has been 86 

employed to analyze airflow patterns around drones but hasn't been utilized to correct wind 87 
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measurements obtained from UAVs (Oktay and Eraslan, 2020; Hedworth et al., 2022). In this paper, we 88 

introduce a three-dimensional wind speed correction algorithm for sonic anemometer wind 89 

measurements taken from a rotary UAV. This algorithm considers the propeller-induced airflow of the 90 

UAV, based on CFD simulations, along with the UAV's motion and attitude changes during flight. The 91 

accuracy of the algorithm is confirmed by comparing the corrected wind speeds with those measured 92 

from a meteorological tower at multiple altitudes. These results could contribute to ongoing efforts 93 

aimed at enhancing the performance and reliability of UAV-based wind speed measurement techniques. 94 

Additionally, they pave the way for potential applications, such as quantifying pollutant emissions from 95 

industrial complexes (Han T, 2023). 96 

2 Method 97 

2.1 Equipment and Digital Model Representation 98 

A six-rotor UAV (KWT-X6L-15, ALLTECH, China), equipped with six 32 cm diameter propellers 99 

driven by M10 KV100 brushless DC motors, was the platform from which wind was measured. The 100 

UAV has a symmetrical motor wheelbase of 1765 mm with an unloaded takeoff weight of 22.5 kg and 101 

a maximum flight speed of 18 m s-1. It has a flight endurance >30 min while carrying its maximum 102 

payload of 15 kg. 103 

A miniature three-dimensional ultrasonic anemometer (Trisonica-Mini Wind and Weather Sensor, 104 

Anemoment, America) allowed the measurement of wind speed under 15 m s-1 with an accuracy of ± 105 

0.1 m s-1 and a resolution of 0.1 m s-1, and wind direction of 0-360° with an accuracy of ± 0.1° and a 106 

resolution of 0.1°. It was set at 70 cm above the plane of the propellers of the UAV, mounted on a custom-107 

design carbon fiber tube and frame which was further mounted onto a rectangular carbon fiber support 108 

base attached to the underbelly of the UAV body, to minimize the effect of propellers-induced flow on 109 

the anemometer measurement. The xt-yt-zt coordinate axes of the anemometer, with its center as the 110 

origin, were set to be parallel to the x-y-z axes of the aircraft body frame. The mounting of the three-111 

dimensional anemometer is shown in Fig. 1(a). 112 

A base digital model of the UAV was provided by its manufacturer for the present CFD simulations. The 113 

digital model was further augmented with the accurate digital representation of the three-dimensional 114 

anemometer and its mounting frame. Furthermore, considering that the UAV wind measurements are 115 
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usually tied to other air measurement applications, necessitating additional payload attached to the UAV 116 

underbelly simultaneously. Such a payload on the UAV needs also to be included in the digital model 117 

for the CFD simulation. In the present case, we added the digital model of a 6.37 kg air sampler 118 

developed in our group (Han T, 2023) to the UAV base digital model (Fig. 1(b)).  119 

For CFD simulations, the complete digital model for the UAV and its payloads was set in the xs-ys-zs 120 

simulation coordinate system in Solidworks, a computational fluid simulation tool, on a one-to-one scale 121 

(Fig. 1(b)).  122 

 123 

Figure 1: (a) The UAV wind speed measurement platform. (b) The digital model of the UAV wind 124 

measurement platform in the 3D CFD model simulation domain. 125 

2.2 CFD Simulation Parameters Configuration 126 

2.2.1 Environmental Parameters 127 

Since the UAV's predominant flights are within the atmospheric boundary layer, characterized by 128 

significant variability in wind speed and directions, a flight envelope for the UAV in the simulated 129 

environments was setup for the complete UAV digital model for flight altitudes of 30 meters and 1000 130 

meters, respectively. These flight envelopes were designed for the UAV to subject to headwind, tailwind, 131 

and crosswind relative to its flight direction. Under the constraint that the UAV can only operate under 132 

true wind speeds ≤18 m s-1, and assuming the applicability of the correction algorithm to most flight 133 

scenarios, CFD simulations were conducted for the UAV under these three wind directions. The 134 

simulations encompassed the following flight envelopes as listed in Table 1: the UAV flew at ground 135 

speeds of 18, 14, 10, and 8 m s-1, respectively, and adapted to wind speeds of 1.5, 3.3, 5.4, 7.9, 10.7, and 136 

14 m s-1. 137 
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Table 1: Ground speed and wind speed configuration in the presence of tailwind, headwind, and crosswind 138 

conditions relative to the UAV's flight direction. 139 

Wind 

Type 

Ground 

Speed 

(m s-1) 

Wind 

speed 

(m s-1) 

Wind 

Type 

Ground 

Speed 

(m s-1) 

Wind 

speed 

(m s-1) 

Wind 

Type 

Ground 

Speed 

(m s-1) 

Wind 

speed 

(m s-1) 

Tailwind  

8 

1.5 

Headwind 

8 

1.5 

Crosswind 

8 

1.5 

3.3 3.3 3.3 

5.4 5.4 5.4 

7.9  7.9 

10.7  10.7 

  14 

10 

1.5 

10 

1.5 

10 

1.5 

3.3 3.3 3.3 

5.4 5.4 5.4 

7.9 7.9 7.9 

10.7  10.7 

  14 

14 

1.5 

14 

1.5 

14 

1.5 

3.3 3.3 3.3 

5.4 5.4 5.4 

7.9 7.9 7.9 

10.7 10.7 10.7 

  14 

18 

1.5 

18 

1.5 

18 

1.5 

3.3 3.3 3.3 

 5.4 5.4 

 7.9 7.9 

 10.7 10.7 

 14 14 

2.3 Flight Parameters 140 

The movements of the UAV through air, including takeoff, ascent/descent, attitude changes, turning, and 141 

horizontal flights, are driven by the rotary propellers, whose power requirement is closely tied to the 142 

weights of the UAV and its payload as well as the relative motions of the UAV in air. During a normal 143 

flight, the UAV adjusts its inclination angle and propeller speeds in order to achieve a set ground speed 144 

for flight. By analyzing the gravity G, pull T and wind resistance D experienced by the UAV under flight 145 

conditions, its inclination angle θ and propeller rotation speed M can be calculated according to Eqs. (1)-146 

(5)(Quan, 2017). 147 
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tan𝜃 ×  𝑚𝑔 =  𝐷 (1) 148 

𝑝 × (𝑠𝑖𝑛𝜃 × 𝑆𝑥𝑜𝑦 +  cos𝜃 × 𝑆𝑥𝑜𝑧) = 𝐷 (2) 149 

0.5𝜌(𝑉𝑤𝑖𝑛𝑑 + 𝑉𝑈𝐴𝑉)2 = 𝑝 (3) 150 

cos𝜃 ×  𝑚𝑔 =  𝑇 (4) 151 

𝑇 = 𝐶𝑇 ×  𝜌 × (
𝑀

60
)

2

×  𝐷𝑝
4 

(5) 152 

where θ is the inclination angle of the UAV; m is the combined weight of the UAV and the payloads (i.e, 153 

the air sampler and the anemometer plus its installation frame in the present case), calculated to be 154 

28.869 kg; g is the gravitational constant at 9.8 m s-2; D is the wind resistance in Newtons; Vwind is the 155 

wind speed in m s-1; VUAV is the ground speed of the UAV in m s-1; p is the wind pressure on the UAV in 156 

N/m2; Sxoy and Sxoz are the projected surfaces of the UAV in the horizontal direction and vertical directions, 157 

determined to be 0.296 and 0.229 m2, respectively; CT is the rotor pull coefficient with an experimentally 158 

determined value of 0.048542; Dp is the UAV propeller diameter at 0.8128 m; ρ is the air density in kg 159 

m-3; T is each rotor pull in Newton; M is the rotation speed of the rotors in RPM. 160 

The calculated M values were corrected for the different UAV attitude, Vwind, and VUAV combinations as 161 

appropriate. Each set of flight condition parameters that constitute the full flight envelope, including 162 

wind directions, wind speeds, airspeeds, ground speed, inclination, wind resistance, pull, M and 163 

corrected M are given in Table S1 and S2 of Support Information. The CFD simulations were performed 164 

to determine the wind fields for each set of parameters in the flight envelope one at a time.  165 

2.4 Simulation Parameters 166 

During the CFD flow simulations of the UAV using Solidworks, the computational domain was set to 167 

3.3×3.3×3.3 m³ according to the wingspan of the UAV, with the complete UAV plus payload digital 168 

model set at the center of the domain. The computational domain was divided into two parts with 169 

different spatial resolutions based on the grid sizes，considering the computational time and accuracy 170 

required for resolving the details of the digital UAV model. The first part was the global domain with a 171 

grid size of 0.23×0.23×0.23 m³, providing a lower spatial resolution. The second part was a nested 172 

subdomain within the global domain, specifically defined for the position and dimensions of the 173 

anemometer to simulate the measured velocities. The grid size for this nested subdomain was set at 174 
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0.0125×0.0125×0.0125 m³, providing a higher spatial resolution. The total number of grids in the 175 

computational domain was 1.113×108, and the specific grid configurations are shown in the Fig. 2. The 176 

fluid was modeled as air with characteristics of turbulent and laminar flow, with a turbulence intensity 177 

of 0.1% and a turbulence length scale of 0.012 m. The atmospheric pressure was adjusted to 100976.99 178 

Pa and 90017.95 Pa at altitudes of 30 m and 1000 m, respectively, and the atmospheric temperature was 179 

assumed to be 25 °C at both altitudes. The relative humidity at different altitudes was determined based 180 

on the prescribed pressure and temperature corresponding to each altitude. The UAV's airspeed and 181 

aerodynamic angles, including the angle of attack and sideslip, were configured according to the 182 

different flight parameters provided in Table S1 and S2. To represent the rotor digitally, six virtual 183 

cylinders of the same volume were used to encapsulate the six rotors, with their circumferences match 184 

the rotating trajectory of the propeller tip. These virtual cylinders were treated as the rotational regions 185 

in the CFD simulation, with their rotation directions aligned with the actual rotation direction of the 186 

UAV's propellers. The rotation direction from rotor No. 1 to 6 was alternately clockwise and 187 

counterclockwise, and the rotation speed for each flight condition was obtained from Table S1 and S2. 188 

 189 

Figure 2: Grid configuration of the computational domain. 190 

To ensure relatively accurate simulations, two categories of flow field properties were specified as 191 

computational objectives prior to the start of the simulations, and the simulations were terminated upon 192 

convergence of the simulation results for all objectives. The first category comprised global domain 193 

computational objectives, including average total pressure (PG), average velocity (VG), average vertical 194 

velocity (VGy), and average forward velocity (VGz), where the subscript G denotes the global domain. 195 

Front view Side view

（a） (b)
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The second category consisted of subdomain computational objectives, which included the average 196 

velocity (Vs), three-dimensional average speed components Vsx, Vsy and Vsz at the anemometer position 197 

in the simulation coordinate system.  198 

Upon simulation completion, these velocity components (Vsx, Vsy, Vsz) were further converted to 199 

velocity components at the anemometer sensor position (𝑢𝑥_sensor, 𝑢y_sensor, 𝑢z_sensor) in the airframe 200 

coordinate according to Eqs. (6)-(8) below. The converted velocities, 𝑢𝑥_sensor, 𝑢y_sensor, 𝑢z_sensor, were 201 

subtracted from the wind velocity (denoted as 𝑢𝑥_𝑎𝑖𝑟 , 𝑢𝑦_𝑎𝑖𝑟 , and 𝑢𝑧_𝑎𝑖𝑟 ) setting for each CFD 202 

simulation, to estimate the false wind signals arising from the induced flow by the UAV rotors, expressed 203 

with ∆ux, ∆uy and ∆uz, respectively, using Eqs. (9)-(11). 204 

𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟 = −𝑉𝑠𝑧                                                                              (6) 205 

𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟 = 𝑉𝑠𝑥                                                                               (7) 206 

𝑢𝑧_𝑠𝑒𝑛𝑠𝑜𝑟 = −𝑉𝑠𝑦                                                                            (8) 207 

∆𝑢𝑥 = 𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟 − 𝑢𝑥_𝑎𝑖𝑟                                                                        (9) 208 

∆𝑢𝑦 = 𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟 − 𝑢𝑦_𝑎𝑖𝑟                                                                 (10) 209 

∆𝑢𝑧 = 𝑢𝑧_𝑠𝑒𝑛𝑠𝑜𝑟 − 𝑢𝑧_𝑎𝑖𝑟                                                                  (11) 210 

In other words, the false wind signals ∆ux, ∆uy and ∆uz are the terms that must be determined and 211 

corrected for in the wind measurements from the UAV.  212 

3 Result and Discussion 213 

3.1 The effect of flight altitude on rotor interference with anemometer measurements 214 

Through simulating the flight of UAV in diverse environmental scenarios (as illustrated by the example 215 

results in Fig. S1), the deceptive signals produced by the UAV rotors on the anemometer at different 216 

altitudes and wind characteristics were captured. Initially, the influence of flight altitude on the false 217 

signals was examined. 218 

The simulation results for the UAV anemometer under different wind directions and speeds at the 30 m 219 

and 1000 m altitudes are summarized in Table S3 and S4, respectively. The simulated flight data under 220 

tailwind and headwind conditions were integrated into a unified data set since the UAV flight velocity 221 
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vector is parallel to the tailwind and headwind velocity vectors during normal flight. The simulated false 222 

wind signals on the anemometer in the airframe x, y, and z directions, caused by the propeller induced 223 

airflow under tailwind and headwind conditions, were represented by ∆𝑢𝑥
T/HW

, ∆𝑢𝑦
T/HW

, and ∆𝑢𝑧
T/HW

, 224 

respectively. For the tailwind and headwind datasets, according to the Wilcoxon non-parametric test for 225 

paired samples (as shown in Table 2), the differences in ∆𝑢𝑥
T/HW

 , ∆𝑢𝑦
T/HW

  and ∆𝑢𝑧
T/HW

  were not 226 

significant (Sig. = 0.05) at either the 30 m or the 1000 m altitudes. Therefore, in the presence of tailwind 227 

or headwind, the interference from the UAV propeller-induced flow on the anemometer measurement 228 

can be considered independent of the flight altitude in this altitude range. 229 

Similarly, the simulated false wind signals on the anemometer in the x, y, and z directions were 230 

represented by ∆𝑢𝑥
CW,  ∆𝑢𝑦

CW, and ∆𝑢𝑧
CW. The Wilcoxon non-parametric test of paired samples was 231 

also applied (shown in Table 1) between the two altitudes. No significant differences were found for 232 

∆𝑢𝑥
CW, ∆𝑢𝑧

CW between the two altitudes, but there was an obvious discrepancy for ∆𝑢𝑦
CW（p=1.5×10-233 

5< α=0.05）at the two altitudes. This indicates that under cross wind conditions, the disturbances of the 234 

UAV propeller in the x and z directions of the anemometer are not altitude dependent, but that in the y 235 

(upward) direction it is necessary to distinguish the altitude. 236 

Table 2: Wilcoxon nonparametric tests for paired samples of false wind velocity signals between 30 m and 237 

1000 m flight altitudes. 238 

Wind Types 
False Wind 

Signal 
Significance α Test results 

Tailwind/Headwind 

∆𝑢𝑥
T/HW

 0.93 0.05 No difference 

∆𝑢𝑦
T/HW

 0.72 0.05 No difference 

∆𝑢𝑧
T/HW

 0.21 0.05 No difference 

Crosswind 

∆𝑢𝑥
CW 0.36 0.05 No difference 

∆𝑢𝑦
CW 1.5×10

-5

 0.05 
Significant 

difference 

∆𝑢𝑧
CW 0.81 0.05 No difference 

3.2 Rotor Interference on Anemometer Measurements 239 

The false wind signals (∆𝑢𝑥
T/HW

, ∆𝑢𝑦
T/HW

, and ∆𝑢𝑧
T/HW

) on the anemometer resulting from the UAV 240 

rotor -induced flows under tailwind and headwind conditions at both flight altitudes were aggregated 241 

and fitted as dependent variables in a regression using 𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟 as the independent variable as shown 242 
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in Fig. 3. Good linear relationships y=0.51+0.061x (R2=0.75), y=-0.010+0.70x (R2=0.69) and 243 

y=1.22+0.17x (R2=0.95) were found between ∆𝑢𝑥
T/HW

 , ∆𝑢𝑦
T/HW

 , and ∆𝑢𝑧
T/HW

  and the simulated 244 

velocity components in the x-direction ( 𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟 ), respectively. Thus, using the UAV velocity 245 

components in x direction, the false wind signals caused by the UAV propellers can be determined and 246 

removed from the raw measured wind velocity from the anemometer. 247 

For crosswind conditions, regressions were fitted with false wind signals (∆𝑢𝑥 and ∆𝑢𝑧) as dependent 248 

variables and 𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟 as the independent variable in the same way (See Fig. 4). A linear relationship 249 

was observed between the false wind signals in both x and z directions (∆𝑢𝑥
CWand ∆𝑢𝑧

CW) and 𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟, 250 

with the specific expressions y = 0.71 + 0.071x (R2 = 0.65) and y = 0.84 + 0.13x (R2 = 0.86), respectively. 251 

As described in Section 3.1, ∆𝑢𝑦
CW was sensitive to flight altitude under crosswind conditions, hence 252 

∆𝑢𝑦
CW at 30 m and 1000 m altitude (∆𝑢𝑦(30)

CW  and ∆𝑢𝑦(1000)
CW ) were regressed against 𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟 for the 253 

two flight altitudes separately. The ∆𝑢𝑦(30)
CW   exhibited a linear relationship with 𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟  (y=-254 

0.0043+0.19x, R2=0.45). However, the correlation coefficient between ∆𝑢𝑦(1000)
CW  and 𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟 was 255 

found to be lower than 0.5, indicating that ∆𝑢𝑦(1000)
CW   may be considered independent of 𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟 . 256 

Therefore, the average value of ∆𝑢𝑦(1000)
CW  (0.006 m s-1) was regarded as the ∆𝑢𝑦(1000)

CW  at this flight 257 

altitude. 258 

Despite the dependence of ∆𝑢𝑦
CW on flight altitudes, ∆𝑢𝑦(30)

CW  and ∆𝑢𝑦(1000)
CW  are confined to a similar 259 

numeric range. Therefore, they may be roughly considered as representing ∆𝑢𝑦 for lower altitude (e.g., 260 

0 to 500 m) and higher altitude (e.g., 500 to 1000 m), respectively. 261 

Hence, for crosswind situations, the wind velocities in the x, y and z directions measured by the 262 

anemometer are corrected by subtracting ∆𝑢𝑥
CW , ∆𝑢𝑧

CW  and ∆𝑢𝑦(0−500)
CW   which are estimated from 263 

𝑢𝑥_𝑠𝑒𝑛𝑠𝑜𝑟 /𝑢𝑦_𝑠𝑒𝑛𝑠𝑜𝑟 , or at relatively high flight altitudes using a constant value of 0.006 m s-1 for 264 

∆𝑢𝑦(501−1000)
CW . 265 

 266 

Figure 3: Regression fit of artificial velocity (∆𝒖𝒙
𝐓/𝐇𝐖

, ∆𝒖𝒚
𝐓/𝐇𝐖

 and ∆𝒖𝒛
𝐓/𝐇𝐖

) with 𝒖𝒙_𝒔𝒆𝒏𝒔𝒐𝒓 for tailwind and 267 

headwind flight conditions at two altitudes. In the figure, simulation data are marked with black dots, fitted 268 
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curves are indicated in black lines, the 95% confidence bands are identified as green shadows, and the 95% 269 

prediction bands are represented with gray dashed area. 270 

 271 

Figure 4: Regression fit of false wind velocity signals ∆𝒖𝒙
𝐂𝐖, ∆𝒖𝒛

𝐂𝐖 and ∆𝒖𝒚(𝟎−𝟓𝟎𝟎)
𝐂𝐖  with 𝒖𝒙_𝒔𝒆𝒏𝒔𝒐𝒓/𝒖𝒚_𝒔𝒆𝒏𝒔𝒐𝒓 272 

for crosswind flight conditions at two altitudes. The symbols in the figure are the same as in Figure 3. 273 

3.3 The Overall Correction Algorithm 274 

3.3.1 Motion and Attitude Compensation Correction of UAV 275 

In addition to the false wind signals caused by propeller rotations, additional false wind velocity signals 276 

from the anemometer can be attributed to UAV movement and attitude (pitch, roll and yaw) changes 277 

during flight, and as such also need correction. When the UAV moves horizontally and vertically relative 278 

to the ground, the velocity vector measured by the anemometer is a vector combination of the true wind 279 

velocity and the UAV's ground velocity. Consequently, the ground velocity of the UAV (vx and vz, with 280 

vy always 0 due to no motion in the y direction) contributes false wind velocity components to 281 

measurements by the anemometer. Moreover, the UAV's flight attitude undergoes adjustments in the 282 

pitch, roll, and yaw Euler angles (θ, φ, and ψ, respectively), in order to compensate for aerodynamic 283 

resistance or adapt to flight plans. These adjustments lead to the anemometer measuring additional 284 

velocities resulting from the rotational rates of the attitude angles ( 𝜇(𝜃)  and 𝜇(𝜑) , with 𝜇 ()) 285 

remaining zero due to the alignment of the rotational axis of ) with the line connecting the UAV's center 286 

of gravity and the anemometer. Furthermore, the effect is further amplified by the distance (r) between 287 

the anemometer and the UAV's center of gravity. It is noteworthy that there is currently no reported 288 

correction algorithm for influence of attitude angle variations on anemometer wind velocity 289 

measurements from UAVs. To obtain accurate wind information, after eliminating the aforementioned 290 

interferences, the wind velocities (ux, uy and uz) observed by the anemometer in the airframe coordinate 291 

(x, y and z directions) were transformed to the North-East-Down (NED) ground coordinate using the 292 

direction cosine matrix (DCM) as given in Eq. (12).  293 
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[

𝑢𝑁

𝑢𝐸

𝑢𝐷

] = DCM(𝜃, 𝜑, 𝜓) ([

𝑢𝑥

𝑢𝑦

𝑢𝑧

] + [

𝑣𝑥

0
−𝑣𝑧

] + [−
𝜇(𝜃)
𝜇(𝜑)

0

])   (12) 294 

DCM(𝜃, 𝜑, 𝜓) = [
cos(𝜓) − sin(𝜓) 0

sin(𝜓) cos(𝜓) 0
0 0 1

  ] [
cos(𝜃) 0 sin(𝜃)

0 1 0
− sin(𝜃) 0 cos(𝜃)

  ] [

1 0 0
0 cos(𝜑) − sin(𝜑)

0 sin(𝜑) cos(𝜑)
  ] (13) 295 

where DCM  is defined by Eq. (13); 𝑢𝑁 , 𝑢𝐸  and 𝑢𝐷  refer to corrected North, East and Down 296 

components of wind velocity in the ground coordinate; vx and vz are the motion velocities of the UAV 297 

in the x and z directions respectively, which are directly provided by the GPS receiver output of the 298 

UAV or can be directly computed from the UAV longitude/latitude coordinate output; 𝜇(𝜃) and 𝜇(𝜑) 299 

represent the product of the pitch rate 𝜔 (𝜃) and roll rate 𝜔 (𝜑), respectively, with the rotation radius r, 300 

which is the distance between the anemometer and the center of gravity of the UAV, as defined in Eqs. 301 

(14)-(15). Due to the alignment of the anemometer's z-axis with that of the UAV, the variation in yaw ) 302 

does not introduce false wind speed to signals from the anemometer in the airframe coordinate, resulting 303 

in μ()) being equal to zero. 304 

𝜇(𝜃) = 𝜔(𝜃) × 𝑟 =
𝑑(𝜃)

𝑑𝑡
× 𝑟                                                      (14) 305 

𝜇(𝜑) = 𝜔(𝜑) × 𝑟 =
𝑑(𝜑)

𝑑𝑡
× 𝑟                                                     (15) 306 

where ω(𝜃)  and ω(𝜑)  are defined as the differentiation of 𝜃  and 𝜑  with respect to time t, 307 

respectively. 308 

3.3.2 Compensation Correction for Induced-Flow Disturbance by UAV Rotor Propellers 309 

Based on the statistical analyses of the fluid simulation results in Section 3.2, the regression relationships 310 

between the false wind velocity signals generated by the propeller rotation and the simulated wind 311 

components sensed by the anemometer are integrated into the motion and attitude correction algorithm 312 

of UAV given in Eq. (12). The updated wind velocity correction algorithm is given as Equation 16, 313 

whose second and third vectors on the right side of Equation 16 represent the contributions of the 314 

propeller-induced wind signals under tailwind/headwind and crosswind conditions to ux, uy and uz, 315 

respectively, with A and B defined in Eqs. (17)-(18) to quantify their magnitudes. Since the measured 316 

wind velocities ux and uy from the anemometer correspond to the simulated ux_sensor and uy_sensor, 317 

respectively, the regression relationships are modified by replacing ux and uy with ux_sensor and uy_sensor, 318 
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respectively. This yields the estimations of the false wind velocity signals, ∆ux, ∆uy and ∆uz, under 319 

different wind directions, in relation to ux and uy, as specified by Eqs. (19)-(25). Using Eq. 16, the actual 320 

wind velocity components, including north wind (𝑢𝑁 ), east wind (𝑢𝐸 ), and vertical wind (𝑢𝐷 ), are 321 

computed after correcting for the effects of UAV's rotor propeller disturbance, motion, and attitude on 322 

the wind signal measurements from the anemometer. 323 

[

𝑢𝑁

𝑢𝐸

𝑢𝐷

] = DCM(θ, φ, ψ) (  [

𝑢𝑥

𝑢𝑦

𝑢𝑧

] − [

A × ∆𝑢𝑥
𝑇/𝐻𝑊

A × ∆𝑢𝑦
𝑇/𝐻𝑊

A × ∆𝑢𝑧
𝑇/𝐻𝑊

] − [

B × ∆𝑢𝑥
𝐶𝑊

B × ∆𝑢𝑦
𝐶𝑊

B × ∆𝑢𝑧
𝐶𝑊

] + [

𝑣𝑥

0
𝑣𝑧

] + [
−𝜇(𝜃)
𝜇(𝜑)

0

]  )  (16) 324 

𝐴 = |
𝑢𝑥

√𝑢𝑥
2+𝑢𝑦

2
| (17) 325 

𝐵 = |
𝑢𝑦

√𝑢𝑥
2+𝑢𝑦

2
| (18) 326 

∆𝑢𝑥
T/HW

= 0.51 + 0.061 × 𝑢𝑥 (19) 327 

∆𝑢𝑦
T/HW

= −0.01 + 0.70 × 𝑢𝑦 (20) 328 

∆𝑢𝑧
T/HW

= 1.22 + 0.17 × 𝑢𝑥 (21) 329 

∆𝑢𝑥
CW = 0.71 + 0.071 × 𝑢𝑥 (22) 330 

∆𝑢𝑦
CW = −0.0043 + 0.19 × 𝑢𝑦      (ℎ = 0~500 m) (23) 331 

 ∆𝑢𝑦
CW = 0.006     (ℎ = 501~1000 m) (24) 332 

∆𝑢𝑧
CW = 0.84 + 0.13 × 𝑢𝑥 (25) 333 

In Eqs. (23)-(24), the variable ℎ represents the flight altitude of the UAV. 334 

3.4 Validation of the Correction Algorithm 335 

To validate the effectiveness of the correction algorithm given by Eq. (16), wind speeds corrected for 336 

UAV motion and attitude compensation only (Eq. (12) and denoted as UAV_Original) and the wind 337 

speeds corrected for rotor disturbance, motion, and attitude compensation (Eq. (16) and denoted as 338 

UAV_Revised) were compared with three-dimensional winds measured on an 80-meter meteorological 339 

tower (denoted as Tower). The comparison experiment was conducted with the UAV flying wind-boxes 340 

around the meteorological tower within the Experimental Base of the Beijing Key Laboratory of Cloud, 341 
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Precipitation and Atmospheric Water Resources. The meteorological tower was equipped with three-342 

dimensional ultrasonic anemometers positioned at heights of 30, 50, and 70 m, with one sensor in the 343 

north and one in the south (see Fig. S2). The UAV flew around the tower in a box flight path at a 344 

horizontal distance of about 10 m away from the tower, at all three heights. Given the potential 345 

interference from near-surface vegetation on the 30-meter anemometer on the tower, wind velocities 346 

acquired by the UAV at 50 and 70 m heights during steady flight intervals were analyzed herein.   347 

The results in Fig. 6(a) demonstrate that at elevated wind speeds (>3 m s-1), the wind velocities of 348 

UAV_Revised were substantially lower than UAV_Original and approximated those from the Tower 349 

more closely. In contrast, under gentle wind speeds (≤3 m s-1), UAV_Revised exhibited greater 350 

consistency with UAV_Original but there was still a significant down-revision in the average speed in 351 

UAV_Revised. The average wind speeds of UAV_Original, UAV_Revised, and Tower were 2.4, 1.91, 352 

and 1.81 m s-1, respectively, with UAV_Revised exhibiting a 22% decrease compared to UAV_Original. 353 

The statistical analysis using the Wilcoxon signed-rank test confirmed a significant difference (p<0.01) 354 

in wind speed between UAV_Original and Tower, whereas no significant differences (p>0.01) were 355 

found between UAV_Revised and Tower (as shown in Fig.S3). Moreover, under stronger winds, the 356 

wind direction values of UAV_Revised, UAV_Original, and Tower were relatively similar, yet at weaker 357 

winds, UAV_Revised showed a small low-bias (Fig. 5(b)). Compared to UAV_Original, UAV_Revised 358 

showed a much improved match between the corrected wind velocity and frequency distributions versus 359 

Tower (Fig. 5(c)), both showing predominant northerly winds. In summary, these analyses indicated that 360 

Eq. 16 can effectively correct wind measurement biases induced by UAV disturbances, motion, and 361 

attitude changes, particularly at higher wind speeds. 362 
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 363 

Figure 5: (a) Time-history comparison of wind speed corrected by the UAV compensation algorithm with 364 

those measured by the meteorological tower. (b) Time-history comparison of wind direction corrected by the 365 

UAV compensation algorithm with those measured by the meteorological tower. (c) Comparison of wind 366 

roses between wind corrected by the unmanned aerial vehicle compensation algorithm and those measured 367 

by the meteorological tower. (Note: The meteorological tower measured wind data at 5 s intervals, while the 368 

UAV-based measured and corrected wind data was averaged using a 10 s sliding window before calculating 369 

5 s mean values.) 370 

4 Conclusions and Prospective 371 

The scenarios involving direct measurements of wind fields within the atmospheric boundary layer using 372 

multirotor UAVs have become progressively commonplace, heightening the significance of accurate 373 

wind assessment. However, the rotor propellers during UAV flight introduce additional induced flows at 374 

the anemometer location, leading to false wind speed signals. For the present UAV-anemometer-payload 375 

configuration, a CFD-based method was used to simulate the process of the UAV wind measurement 376 

platform during stable flights under headwind, tailwind, and crosswind conditions. The analyses of 377 
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induced airflows surrounding the anemometer led to a predictive tool for disturbance airflows. Building 378 

upon the UAV motion and attitude correction algorithm, a correction algorithm was proposed for the 379 

combined false wind signals from UAV rotor propeller disturbance, motion, and attitude changes during 380 

UAV flights. Through comparison of the corrected wind speeds derived from measurements taken from 381 

the UAV platform and concurrent three-dimensional wind measurements from a nearby meteorological 382 

tower, the validity of the correction algorithm has been demonstrated. This result presents a viable 383 

approach for directly measuring wind speeds with good accuracy from multirotor UAV flights. Indeed, 384 

during the first application of the UAV measurement platform to determine greenhouse gas emission 385 

rates from a large coking plant in one of the largest steelmaker in the country, we have demonstrated that 386 

the emission rates determined on the basis of greenhouse gas concentration and three-dimensional wind 387 

measurements match closely with emission rates determined from material balance (Han T, 2023), again 388 

providing a secondary validation of such a correction algorithm. 389 

This research focused on the steady flight state of the UAV. Further research is needed to extend the 390 

correction algorithm to scenarios of UAV ascents, descents, and hovering. Our preliminary assessment 391 

of these scenarios indicate that the correction algorithm is applicable with slightly larger biases based 392 

on limited intercomparison data. In subsequent research, we intend to extend the investigation to 393 

encompass a broader spectrum of UAV flight states, with the objective of achieving a more 394 

comprehensive correction algorithm of wind speeds directly measured during diverse flight 395 

circumstances. 396 
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