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Abstract: The capabilities of hovering unmanned aerial vehicles (UAVs) in low-altitude sensing
of atmospheric turbulence with high spatial resolution are studied experimentally. The vertical
profile of atmospheric turbulence was measured at the Basic Experimental Observatory (Tomsk,
Russian Federation) with three quadcopters hovering at altitudes of 4, 10, and 27 m in close proximity
(~5 m) to anemometers installed on weather towers. The behavior of the longitudinal and lateral
wind velocity components in the 0–10 Hz frequency band is analyzed. In addition, the obtained wind
velocity components were smoothed over 1 min by the moving average method to describe long
turbulent wind gusts. The discrepancy between the UAV and anemometer data is examined. It is
found that after smoothing, the discrepancy does not exceed 0.5 m/s in 95% of cases. This accuracy is
generally sufficient for measurements of the horizontal wind in the atmosphere. The spectral and
correlation analysis of the UAV and anemometer measurements is carried out. The profiles of the
longitudinal and lateral scales of turbulence determined from turbulence spectra and autocorrelation
functions are studied based on the UAV and anemometer data.

Keywords: profile; turbulence; wind velocity; quadcopters; anemometer; spectra; correlation; scales
of turbulence

1. Introduction

Traditional aviation faces the necessity to monitor atmospheric vortices with a size
larger than 100 m that carry high kinetic energy. In contrast to manned aviation, the flight
dynamics of light unmanned aerial vehicles (UAV) in the atmosphere can be affected by
relatively weak turbulent inhomogeneities with a size within 10 cm or more [1,2]. The
atmospheric turbulence can result in UAV control loss, flying off the intended flight path or
altitude, and rapid battery drain. Thus, the knowledge of the state of turbulence allows
one to predict critical flight parameters such as attitude, altitude, speed, roll, pitch, yaw,
and so on. It forms the basis for the development of UAV safe flight standards in a turbu-
lent atmosphere as well as standards of micrometeorological turbulence data with high
spatial resolution.

The development of these standards requires the use of modern methods for diagnos-
ing turbulent vortex formations. An analysis of the existing diagnostic methods shows [3]
that in the height range needed for low-altitude sensing (up to 500 m), there are no instru-
ments that can be used for UAV navigation under adverse meteorological conditions and
that have a unique characteristic in terms of high spatiotemporal resolution. For example,
sodars, radars, and lidars [4–9] can provide spatial resolution from tens to hundreds of
meters. However, it is insufficient for the diagnostic of small low-intensity vortices having
a size of 10 cm and more to provide for navigation of small UAVs.

The capability of small copter-type UAVs to hover at a required spatial point for a
considerable time allows them to be used for the solution of problems associated with
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microphysics of atmospheric turbulence. In addition to high spatiotemporal resolution,
small copter-type UAVs have small mass and dimensions, low cost, and the capability to
monitor turbulence in a territory with complex orography, such as an urban environment
and various types of natural landscapes (rugged terrain cut by rivers, ditches, woodlands,
etc.). Thus, the development and creation of devices for low-altitude monitoring of the
state of atmospheric turbulence with high spatial resolution based on copter-type UAVs
are considered an urgent problem primarily in UAV aviation micrometeorology, as well as
in other scientific and applied issues for which the knowledge of the state of turbulence
is decisive.

Such problems include a deterioration in the quality of drone images [10,11] and a
deterioration of the communication quality in a quadcopter swarm in the presence of
significant wind gusts [12]. In addition, the knowledge of the state of turbulence is decisive
in the issue of including various types of UAVs in the Aircraft Meteorological Data Relay
(AMDAR) system, one of the main tasks of which is to obtain atmospheric data for numeri-
cal weather forecasting (NWP) [13,14]. Large and expensive UAVs capable of flying at high
altitudes should bridge the gap between satellite data [15] and measurements obtained
from ground-based networks in global NWP. At the same time, small and inexpensive
UAVs can fill the gaps in obtaining data on profiles of the turbulent atmospheric boundary
layer, especially in hard-to-reach or dangerous places [16–19] for short-term forecasting in
local territories.

Thus, knowledge of the state of turbulence will allow us to make UAV flights in
the atmosphere safe, to develop methods for improving the quality of drone images, to
formulate recommendations for overcoming the loss of communication in a quadcopter
swarm in the presence of significant wind gusts, and to obtain data on the profiles of the
turbulent atmospheric boundary layer that are necessary for numerical weather forecasting.

The main disadvantage of small and inexpensive UAVs is the limited battery life. In
addition, the use of extra sensors, such as a pitot tube or an acoustic anemometer [19–22],
can significantly increase the weight and cost of a drone. A possible solution to this problem
is the use of the UAV itself as a detector of the state of the atmosphere. The use of a UAV as
a detector makes it possible to obtain information about the wind velocity in a turbulent
atmosphere from autopilot data of hovering UAVs [17,19,23–29].

The results of studying the profiles of the longitudinal and lateral relative spectra of
turbulence and the longitudinal and lateral scales of turbulence with a copter-type UAV in
a hover mode are presented in [3,30–32]. The theoretical part is considered most thoroughly
in [3], where the model of ideal quadcopter hovering in a turbulent atmosphere is proposed.
This model is based on dynamic equations of a quadcopter and the basic principles of the
theory of turbulence. The aspects of the theory of turbulence that are necessary to carry
out experiments correctly are detailed in [3]. They include determination of the correlation
tensor of the wind velocity field, choice of the coordinate system, in which the turbulence
tensor takes the canonical form, and the use of Taylor’s frozen turbulence hypothesis,
which relates the spatial and temporal turbulence spectra.

The feasibility of measuring the longitudinal and lateral turbulence spectra was demon-
strated in [30], despite the atmospheric hover of a quadcopter not being ideal. The possibil-
ity of measuring the turbulence profile is discussed in [31], which presents the longitudinal
and lateral turbulence spectra at different heights, as well as the profile of the longitu-
dinal and lateral turbulence scales calculated by the least square fit method for the von
Karman model.

Turbulence close to isotropic in its properties is observed periodically in the atmo-
sphere. This type of turbulence is well-studied theoretically [33–35]. Therefore, it is
interesting to know to what extent the UAV data correspond to the theoretical ideas about
this phenomenon. The capability of a quadcopter to measure the spectral profiles in the
atmosphere in the case of isotropic turbulence was studied in [32]. This paper presents
the results of comparative analysis of the turbulence spectra measured with UAV and an
acoustic anemometer and studies the behavior of the turbulence spectra in the inertial and
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energy-containing ranges. In [3], we partly generalized the experimental results reported
in [30–32], but the main result was the use of UAV for remote monitoring in an urban
environment with complex orography, and turbulence spectra and scales were measured
in different seasons (winter, spring, summer, and fall). It was shown in [3,30–32] that to
determine the longitudinal and lateral turbulence scales, it is sufficient to measure the
profile of the turbulence spectra. Consequently, UAV calibration is not necessary to obtain
the result.

In addition to the measurement of the three wind velocity components, the turbulence
spectra, turbulence kinetic energy, and variances of the three wind components were
studied in [36,37]. It was shown that the results are in agreement with the reference data.
The potential of copter-type UAVs for fundamental studies of the atmospheric boundary
layer has been demonstrated by the obtained 4.5 h long continuous time series of the main
atmospheric parameters at six heights [36,37].

The authors of [36,37] noted that in UAV calibration, they faced the problems associ-
ated with the use of the field data because they were subject to large errors due to complex
air flows in the atmosphere. These problems are planned to be solved by conducting
experiments in a wind tunnel for a more detailed study of aerodynamic effects in a wider
range of horizontal and vertical wind speeds.

This paper presents the results of low-altitude sensing of atmospheric turbulence
profiles with several UAVs hovering at different vertically spaced points. The measurements
were carried out in the Basic Experimental Observatory (BEO) of the V.E. Zuev Institute
of Atmospheric Optics SB RAS (Tomsk, Russian Federation). Two weather towers 4 and
30 m high are located next to each other in the BEO territory. Due to this arrangement
of the weather towers with acoustic anemometers installed on them, we can obtain data
about the state of the atmosphere at several vertically spaced points and compare these
data with measurements by UAV hovering near the anemometers. The orography of the
BEO territory is similar to the orography of the Tsimlyansk Scientific Station of the A.M.
Obukhov Institute of Atmospheric Physics. Thus, we can compare our results concerning
the turbulence scales with the results reported in [38,39].

Section 2 considers the models of atmospheric turbulence that are used for correlation
and spectral analysis of measurements obtained with UAVs and acoustic anemometers.
The territory and the weather conditions of the experiment are described. In addition, the
scientific instrumentation used to measure wind velocity components at different altitudes
is presented. The atmospheric turbulence profiles were measured with three anemometers
installed at a weather tower at heights of 4, 10, and 27 m. The quadcopters hovered at
the same heights in close proximity (~5 m) to the anemometers. When calibrating the
quadcopter measurements of the longitudinal and lateral wind velocities, the approach
described in [32] was used.

Section 3, the UAV speed relative to the ground during hovering is analyzed. The
longitudinal and lateral components of the wind velocity, as judged from autopilot data of
UAV in the hover mode, are given in the comparison with the results of measurements by
the acoustic anemometers. Correlation and spectral properties of atmospheric turbulence at
different altitudes are investigated, and profiles of the longitudinal and lateral turbulence
scales are examined.

2. Materials and Methods

This section provides the main equations of the von Karman and Dryden models of
atmospheric turbulence. These models are used to analyze measurements of quadcopters
and AMK-03 anemometers [40,41] installed on the weather towers. The territory of the
Basic Experimental Observatory (Tomsk, Russian Federation) and the weather conditions
of the experiment are described.



Drones 2023, 7, 412 4 of 19

2.1. Models of Atmospheric Turbulence

Turbulence can be described by various models, which allow us to explain the different
behavior of the turbulence spectrum in the atmosphere. The most commonly used models
of turbulence include the von Karman, Dryden, and Kaimal models [33–35,42], as well as
the unified turbulence model [43]. The von Karman model is used to analyze UAV dynamics
in a turbulent atmosphere [2]. The simpler but mathematically convenient Dryden model
is also a suitable approximation for analyzing UAV dynamics [2]. The description of the
von Karman and Dryden models and the determination of the longitudinal and lateral
turbulence scales used by us for analysis of the measurements are given below.

2.1.1. Von Karman Model

The equations for the longitudinal and lateral spectra in the von Karman model have
the form [33–35,42]

Φu( f )
σ2

u
=

2Lu

π

1[
1 + (1.339 Lu·2π f /W)2

]5/6 , (1)

Φv( f )
σ2

v
=

2Lv

π

1 + 8
3 (2.678 Lv·2π f /W)2[

1 + (2.678 Lv·2π f /W)2
]11/6 , (2)

where Lu is the longitudinal turbulence scale, Lv is the lateral turbulence scale, σ2
u and σ2

v
are the turbulence intensities, and W is the average horizontal wind velocity.

One of the methods to determine the turbulence scales is to measure the maxima of
the functions f Φu( f ) and f Φv( f ) [44]. For the von Karman model, the relation between
the turbulence scales and the maxima takes the form

Lu = 0.146
W

fu,max
, (3)

Lv = 0.106
W

fv,max
, (4)

where fu,max is the maximum of the function f Φu( f ) and fv,max is the maximum of the
function f Φv( f ). These maxima can be calculated by Equations (1) and (2).

2.1.2. Dryden Model

The equations for the longitudinal and lateral spectra in the Dryden model are as
follows [33–35,42]:

Φu( f )
σ2

u
=

2Lu

πW
1

1 +
(

2π Lu
W f
)2 (5)

Φv( f )
σ2

u
=

2Lv

πW

1 + 12
(

2π Lu
W f
)2

[
1 + 4

(
2π Lu

W f
)2
]2 (6)

The relation between the turbulence scales and the maxima of the functions f Φu( f )
and f Φv( f ) for the Dryden model takes the form

Lu = 0.159
W

fu,max
, (7)

Lv = 0.117
W

fv,max
. (8)
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where fu,max is the maximum of the function f Φu( f ) and fv,max is the maximum of the
function f Φv( f ). These maxima are calculated by Equations (5) and (6).

In the case of the von Karman model, the longitudinal and lateral correlation functions
have a complex form and can be determined through second-kind Bessel functions of
an imaginary argument [33–35,42]. For the Dryden model, the longitudinal and lateral
correlation functions have a simple analytical form

Ru(t) =
ru(t)

σ2
u

= e−|t|/(Lu/W), (9)

Rv(t) =
rv(t)

σ2
v

=

(
1− t

(4Lv/W)

)
e
−|t|/(2Lv/W)

. (10)

With the Taylor hypothesis of frozen turbulence [33–35], we can pass to the spatial
longitudinal and lateral correlation functions. Then, it follows from Equations (9) and (10)
and ξ = Wt that Lu and Lv have the meaning of the integral longitudinal and lateral scales
of turbulence, that is, Lu = σ−2

u
∫ ∞

0 Ru(ξ)dξ and Lv = σ−2
v
∫ ∞

0 Rv(ξ)dξ. For Kolmogorov–
Obukhov turbulence, the relation Rv(ξ) = Ru(ξ) +

ξ
2 R′u(ξ) is true. This leads to the

ratio of the integral turbulence scales Lv/Lu = 0.5 [33–35]. If the ratio of the integral
turbulence scales Lv/Lu 6= 0.5, this means that the turbulence observed in the atmosphere
is anisotropic. Thus, the integral scales Lu and Lv describe the longitudinal and lateral
dimensions of a turbulent structure, inside which an air vortex moves almost synchronously.
The above properties of the integral scales have a general character and, in particular, are
valid for the von Karman model [33–35].

It can be seen from Equations (1), (2), (5), and (6) that for the von Karman and Dryden
models, the profile of the turbulence spectra depends only on the turbulence scales and is
independent of the turbulence intensities σ2

u and σ2
v. This means that when determining

the scales, it is sufficient to measure only the profile of the turbulence spectra, and the
calibration of the UAV measurements of the longitudinal and lateral wind velocities is
not required.

2.2. General Information about the Experiment

The experiment was conducted on 15 July 2021 at the territory of the Basic Experi-
mental Observatory (BEO) of the V.E. Zuev Institute of Atmospheric Optics SB RAS near
Akademgorodok (Tomsk, the Russian Federation). Figure 1 shows the Google map of the
BEO territory and photographs of the 30 m and 4 m weather towers. The white arrow
shows the location of the weather tower on the ground, and the red arrows show the
positions of the AMK-03 acoustic anemometers [40,41] at heights of 4, 10, and 27 m on the
weather towers. In the experiment, we used three commercial quadcopters: DJI Mini, DJI
Air, and DJI Phantom 4 Pro. The starting point of the quadcopters was close to the weather
tower, and hovering was carried out at a distance of 5 m from the acoustic anemometers.
Table 1 gives the start, end, and hovering height for each quadcopter, as well as the wind
speed profile at the studied altitude.

Table 1. UAVs used in the experiment, the start and end time, the hover height, and wind speed.

UAV Start, UTC End, UTC Hover Height, m Wind Speed, m/s

DJI Mini
02:48:30 03:01:30

4 1.6
DJI Air 10 1.9

DJI Phantom 4 Pro 27 2.2

Strictly speaking, the BEO territory is not a flat and uniform surface. The ground
surface has a slope. It borders a villa community on one side and a forest on the other side.
Earlier, we noted that turbulence over such a territory may deviate from isotropic [32].
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Figure 1. Google map of the territory of the Basic Experimental Observatory and photographs of
the 30 m and 4 m weather towers. Weather towers with acoustic anemometers installed on them at
heights of 4, 10, and 27 m are located at the center of the Basic Experimental Observatory.

The UAV measurements of the longitudinal and lateral wind velocities were calibrated
during the experiment with the approach described in [32]. Table 2 presents the values of
the calibration coefficients, average values of the longitudinal and lateral wind velocities
W|| and W⊥, and their standard deviations σ|| and σ⊥ in the hovering period.

Table 2. Calibration coefficients, average values of the longitudinal and lateral wind velocity W|| and
W⊥, and their standard deviations σ|| and σ⊥ in the hovering period.

Height, m a|| b|| a⊥ b⊥ W|| W⊥ σ||, m2/s2 σ⊥, m2/s2

4 0.43 −0.10 0.48 0.00 1.56/1.56 * 0.00/0.00 0.48/0.51 0.54/0.44
10 0.38 0.92 0.41 0.00 1.86/1.86 * 0.00/0.00 0.63/0.44 0.59/0.48
27 0.65 0.27 0.61 0.00 2.23/2.23 * 0.00/0.00 0.73/0.68 0.76/0.70

* Note. Hereinafter, anemometer/UAV data.

According to the data of the Tomsk International Airport located at a distance of
~10 km from BEO, the weather conditions observed during the experiment on 15 July
2021 were favorable in terms of quadcopter flight: south wind, speed of 5.0 m/s, air
temperature of 17 ◦C, air humidity of 83%, horizontal visibility range of 10 km or more,
and no precipitation. In contrast to the Tomsk International Airport data, the wind speed
at the BEO territory was lower.

3. Results and Discussion

In this section, we consider the quadcopter velocity in the altitude hold mode. The
behavior of this velocity allows us to judge how closely the experimental data correspond
to ideal hovering. The longitudinal and lateral components of the wind velocity determined
from the data of the quadcopters in the altitude hold mode are compared with the results
of objective measurements by the AMK-03 anemometers. The correlation and spectral
properties of atmospheric turbulence at different altitudes are analyzed, and the profiles of
the longitudinal and transverse turbulence scales are studied.

3.1. Quadcopter Velocity

The theoretical model of ideal quadcopter hovering was proposed in [3,30–32]. One of
the main principles of this model is that the components of the quadcopter velocity during
hovering are equal to zero relative to the ground. According to this model, fluctuations of
the longitudinal and lateral wind velocity components and the behavior of the turbulence
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spectra coincide with the reference data. However, the actual hover of a quadcopter in the
atmosphere is not ideal, and the quadcopter may move along the axes x, y, and z during the
experiment. Figure 2 shows the variations of the quadcopter velocity components relative
to the ground along the x, y, and z axes during quadcopter hovering at altitudes of 4 (a),
10 (b), and 27 m (c) near AMK-03 anemometers installed on the weather towers. It can be
seen that during the measurements, the quadcopter velocity components are equal to zero
except for some periods of time. In these periods, the quadcopter velocity components are
0.1 m/s or 0.2 m/s, as can be seen from Figure 2.
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As follows from [3,30–32], the deviation from the ideal hover leads to the appearance
of high-frequency fluctuations in the fluctuations of the longitudinal and lateral wind
components as compared to the reference data. However, despite the quadcopter hovering
deviating from the ideal, the quadcopter data can be used to study the turbulence spectrum
in the energy-containing and inertial ranges.

3.2. Longitudinal and Lateral Wind Velocity Components

Let us consider the behavior of the longitudinal and lateral components of the wind
velocity estimated from the data of quadcopters in the altitude hold mode in the turbulent
atmosphere in comparison with the reference results. Figure 3 shows the longitudinal
wr and lateral wt wind velocity measured by the quadcopter (black curve) and AMK-03
anemometer (red curve) at heights of 4 (a, b), 10 (c, d), and 27 m (e, f). The top plot for each
height corresponds to measurements in the 0–10 Hz band, while the bottom one is for the
same data but smoothed for 1 min.
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Figure 3. Longitudinal and lateral wind velocities at a height of 4 (a,b), 10 (c,d), and 27 m (e,f); 
quadcopter (black curve) and AMK-03 acoustic anemometer (red curve) data. Top plots correspond 
to the values of 𝑤  and 𝑤  measured with a frequency of 10 Hz, bottom plots are for the 1 min 
smoothed data on 〈𝑤 〉 and 〈𝑤 〉. 
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Figure 3. Longitudinal and lateral wind velocities at a height of 4 (a,b), 10 (c,d), and 27 m (e,f);
quadcopter (black curve) and AMK-03 acoustic anemometer (red curve) data. Top plots correspond to
the values of wr and wt measured with a frequency of 10 Hz, bottom plots are for the 1 min smoothed
data on 〈wr〉 and 〈wt〉.
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It is well known that the smoothing of random series leads to the averaging of high-
frequency fluctuations. It can be seen from Figure 3 that the averaged data demonstrate the
closest agreement between the UAV and AMK-03 data. Before the smoothing procedure,
a significant discrepancy is observed in the data, including fluctuations in the 0–10 Hz
frequency band.

The discrepancy between UAV and AMK-03 data before the smoothing procedure
is characterized by the parameters ∆r,p =

∣∣wDron
r

(
tp
)
− wAMK−03

r
(
tp
)∣∣ and ∆t,p

(
tp
)
=∣∣∣wDron

t
(
tp
)
− wAMK−03

t
(
tp
)∣∣∣ and,after thesmoothing,by

〈
∆r,q

〉
=
∣∣〈wDron

r
(
tq
)〉
−
〈
wAMK−03

r
(
tq
)〉∣∣

and
〈
∆t,q

〉
=
∣∣∣〈wDron

t
(
tq
)〉
−
〈

wAMK−03
t

(
tq
)〉∣∣∣. The series of ∆r,p and ∆t,p, as well as

〈
∆r,q

〉
and

〈
∆t,q

〉
, are random numbers whose scatter is characterized by

σr =

√√√√ 1
M− 1

M

∑
p=1

∆2
r,p, σt =

√√√√ 1
M− 1

M

∑
p=1

∆2
t,p, (11)

〈σr〉 =

√√√√ 1
〈M〉 − 1

〈M〉

∑
q=1

〈
∆r,q

〉2, 〈σt〉 =

√√√√ 1
〈M〉 − 1

〈M〉

∑
q=1

〈
∆t,q

〉2, (12)

Table 3 gives the values of the variances at heights of 4, 10, and 27 m before and
after the smoothing procedure. One can see that before the smoothing procedure, the
variances are approximately σr ∼ 0.45 m/s and σt ∼ 0.49 m/s. After the smoothing of
the measurement series, the variances decrease significantly down to 〈σr〉 ∼ 0.15 m/s and
〈σt〉 ∼ 0.17 m/s. Thus, the 1 min smoothing of the longitudinal and lateral wind velocities
suppresses considerably high-frequency fluctuations, which leads to a significant decrease
of the variances.

Table 3. Variances σr σt, 〈σr〉, and 〈σt〉.

Height Longitudinal Component Lateral Component

σr 〈σr〉 σt 〈σt〉
4 m 0.40 0.11 0.40 0.15

10 m 0.45 0.21 0.52 0.21
30 m 0.50 0.12 0.54 0.14

Average 0.45 0.15 0.49 0.17

The variance is an integral characteristic of a random process. In contrast to the
variance, the histogram and total probability in percent allows us to study the frequency
distribution of random numbers ∆r,p and ∆t,p, as well as

〈
∆r,q

〉
and

〈
∆t,q

〉
. Figures 4 and 5

show the histograms and total probabilities in percent for the discrepancy between the UAV
and AMK-03 data before and after the smoothing procedure. It follows from Figure 4 that
before the smoothing procedure, the discrepancy between the AMK-03 and quadcopter
data does not exceed 0.7 m/s for the longitudinal component and ~1 m/s for the lateral
component in 95% of cases (this level is shown by arrows in Figures 4 and 5). After the
1 min smoothing of the measurement series, the discrepancy reduces significantly. Thus,
for heights of 4 and 27 m, the discrepancy between the AMK-03 and quadcopter data does
not exceed 0.5 m/s for both the longitudinal and lateral wind velocity components. For a
height of 10 m, the discrepancy between the data ranges from 0 to 0.5 m/s in 95% of cases.
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Figure 4. Histograms and total probabilities in percent for the discrepancies between UAV and
AMK-03 data for ∆r (a,c,e) and ∆t (b,d,f) before the smoothing procedure at a height of 4 (a,b),
10 (c,d), and 27 m (e,f).
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4 m 0.68 0.94 0.68 0.93 
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Figure 5. Histograms and total probabilities in percent for the discrepancies between UAV and
AMK-03 data for 〈∆r〉 (a,c,e) and 〈∆t〉(b,d,f) after the smoothing procedure at a height of 4 (a,b),
10 (c,d), and 27 m (e,f).

With 1 min averaging of the wind velocity components, insufficient smoothing of
natural turbulent fluctuations of the wind velocity is observed [45], as can be seen from
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Figure 3. Aviation and other applications often use wind velocities averaged over this aver-
aging time, and such results are treated as long turbulent gusts [45]. For many applications,
the uncertainty of wind velocity measurements should not exceed 0.5 m/s for wind speeds
less than 5 m/s [45]. These values are the most common meteorological requirements of
the World Meteorological Organization for wind velocity measurements [45].

During our experiment, the wind speed at the heights under study did not exceed
5 m/s and the discrepancy did not exceed 0.5 m/s in 95% of cases for the longitudinal
and lateral wind velocity components after the 1 min-smoothing procedure. Thus, a
quadcopter swarm can provide the accuracy in determining the wind profile that meets the
requirements of the World Meteorological Organization in the monitoring of long turbulent
wind gusts [45].

3.3. Correlation Analysis

Let us analyze now the statistical correlation between the data measured with UAV
and the AMK-03 acoustic anemometer. The correlation coefficient serves as a mathematical
measure of the correlation between two random variables. Table 4 shows the values
of the correlation coefficients for the longitudinal and lateral wind velocity components
at heights of 4, 10, and 27 m before and after the smoothing procedure. We can see
that the average values of the correlation coefficients before the smoothing procedure are,
respectively, 0.71 and 0.66 for the longitudinal and lateral components. The 1 min smoothing
leads to the average values of the correlation coefficients of 0.93 and 0.89, respectively,
for the longitudinal and lateral components. Thus, the suppression of high-frequency
fluctuations by applying the 1 min smoothing procedure to the series of longitudinal and
lateral wind velocities leads to the significantly higher correlation manifesting itself in the
higher correlation coefficient between the UAV and AMK-03 measurements.

Table 4. Correlation coefficients.

Height Longitudinal Component Lateral Component

No Smoothing Smoothing No Smoothing Smoothing

4 m 0.68 0.94 0.68 0.93
10 m 0.69 0.89 0.56 0.77
30 m 0.75 0.97 0.72 0.96

Average 0.71 0.93 0.66 0.89

Figure 6 shows the results of the calculation of the longitudinal and lateral autocorrela-
tion functions of turbulent fluctuations of the wind velocity at heights of 4, 10, and 27 m. In
addition to autocorrelation, of great interest is the cross-correlation between the quadcopter
and AMK-03 acoustic anemometer data obtained at the same height. The behavior of
cross-correlation functions of turbulent fluctuations at heights of 4, 10, and 27 m is shown
in Figure 7.

One can see that as τ increases, the autocorrelation for both UAV and AMK-03 data
quickly drops down to zero and then oscillates around zero. The general behavior of
the autocorrelation functions of longitudinal and lateral turbulent fluctuations of wind
velocity for the two measurement methods coincides within the statistical uncertainty. It
follows from Figure 7 that the cross-correlation also drops with time and then oscillates
to zero. This behavior of autocorrelation and cross-correlation functions is typical for a
turbulent atmosphere [44,46,47].

It is well-known [46,48] that oscillations of the autocorrelation functions around zero
bear positive information about the state of the turbulent atmosphere. These oscillations
are usually not studied because of the significant noise effect. It follows from Figure 6
that the noise effect may be insignificant in some cases, for example, (b) and (e), and far
correlations coincide for the UAV and anemometer measurements. Thus, a quadcopter can
be used to study far correlations, rather than in the range of small τ only.
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curve) data. 
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the turbulence spectra, a moving smoothing procedure over 50 points was used. We used 
this procedure for calculation of turbulence spectra in [3,30–32]. 
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spectra as judged from the quadcopter and AMK-03 anemometer data, and 𝜎  is the nor-
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trum. An analysis of the turbulence spectra shows that they coincide for the data meas-
ured with the quadcopters and acoustic anemometers at different heights, while differ-
ences are observed in the high-frequency spectral range of the spectrum. This behavior of 
the turbulence spectra measured by various methods was noted earlier in [3,30–32].  

Figure 7. Cross-correlation functions of turbulent fluctuations at a height of 4 (green curve), 10 (blue
curve), and 27 m (red curve) for the longitudinal (a) and lateral (b) wind velocity components.
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3.4. Spectral Analysis

The spectra of turbulent wind velocity fluctuations were calculated by well-known
methods using standard FFT software. It is known [33–35] that turbulence spectra change
significantly with small variations of the frequency f . These changes are random fluctua-
tions about the main regularities of the turbulence spectra. To reveal these regularities in
the turbulence spectra, a moving smoothing procedure over 50 points was used. We used
this procedure for calculation of turbulence spectra in [3,30–32].

Figures 8 and 9 show the calculated smoothed longitudinal Φu( f ) and lateral Φv( f )
spectra as judged from the quadcopter and AMK-03 anemometer data, and σ2 is the
normalization coefficient. The green, blue, and red curves correspond to a height of 4,
10, and 27 m, respectively, while the black curve is the Kolmogorov–Obukhov turbulence
spectrum. An analysis of the turbulence spectra shows that they coincide for the data
measured with the quadcopters and acoustic anemometers at different heights, while
differences are observed in the high-frequency spectral range of the spectrum. This behavior
of the turbulence spectra measured by various methods was noted earlier in [3,30–32].
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3.5. Longitudinal and Lateral Scales of Turbulence

It is well-known that relative turbulence spectra contain information about the longitu-
dinal and lateral scales of turbulence. The longitudinal and lateral turbulence scales were
calculated based on Equations (3) and (4) for the von Karman model and Equations (7) and (8)
for the Dryden model. The spectral maxima were determined from the smoothed experi-
mental longitudinal Φu( f ) and lateral Φv( f ) spectra obtained from both the quadcopter
and AMK-03 anemometer data. Table 5 presents the profiles of the longitudinal and lateral
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turbulence scales. The values calculated by the von Karman and Dryden models are sepa-
rated by a slash. One can see from Table 5 that the values of the longitudinal turbulence
scales coincide for both the quadcopter and AMK-03 anemometer data.

Table 5. Profiles of the longitudinal and lateral turbulence scales for the von Karman model and
Dryden model.

Lu Lv Lv/Lu

4 m

AMK-03 14.9/16.3 * 9.0/10.0 0.61/0.61
DJI Mavic Mini 14.9/16.3 8.7/9.7 0.59/0.59

10 m

AMK-03 17.8/19.4 11.6/12.8 0.65/0.66
DJI Mavic Air 17.8/19.4 12.9/14.3 0.73/0.74

27 m

AMK-03 21.4/23.3 15.5/17.1 0.73/0.74

DJI Phantom 4 Pro 21.4/23.3 12.5/13.8 0.59/0.59
* Note. Hereinafter: von Karman model/Dryden model.

When analyzing the experimental data, a difference in the behavior of the ratio of
turbulence scales from that in an isotropic atmosphere is marked. It follows from Table 5
that the experimentally measured value of the ratio of turbulence scales ranges from
Lv
Lu
≈0.59 to 0.74, whereas Lv

Lu
= 0.5 for isotropic turbulence. Thus, a deviation from the

laws of isotropic turbulence was observed during the experiment.
We have noted earlier [32] that the same deviation from the laws of isotropic turbulence

was observed in the experiment, which took place at the Basic Experimental Observatory.
In the experiments [38,39], which were carried out for several years at the territory of
the Tsimlyansk Research Station of the A.M. Obukhov Institute of Atmospheric Physics,
it was found that the longitudinal scale, on average, exceeds the lateral scale 1.4 times
or Lv

Lu
≤ 0.71. The territories of the Basic Experimental Observatory and the Tsimlyansk

Research Station have a nearly flat underlying surface. At such territories, slight deviations
from isotropic turbulence can be observed, which is also confirmed by this study.

In contrast to a territory with a flat underlying surface, stronger deviations from
isotropic turbulence can be observed in an urban environment [3]. For example, mea-
surements of the ratio of turbulence scales for the urban environment in different seasons
(winter, spring, summer, and fall) provide the ratios Lv

Lu
= 0.70− 0.79. Thus, the obtained

results on the ratio of longitudinal and lateral turbulence scales are in agreement with the
conclusions of [3,32,38,39].

During the experiment, the quadcopter was at a distance of ~5 m from the acoustic
anemometer. This distance was chosen from safety reasons for the experiment. Let us
estimate the drop in the correlation of the wind velocity field at a distance of ~5 m using the
Dryden model (9) and (10). It follows from Table 5 that the turbulence scales varied from
10 to 17 m depending on the height. This relation of the turbulence scales and the distance
from the acoustic anemometer to the quadcopter means that the instruments were within
the same turbulent structure, within which an air vortex moves almost synchronously.

The calculations show that the average values of the correlation function for two points
spaced by 5 m are 0.8 for the longitudinal wind velocity and 0.6 for the lateral wind velocity.
Thus, during the experiment, the instruments were within the same turbulent structure, but
at a significant distance. Thus, we can only approximately speak about the synchronism of
motion inside the air vortex. The problems with calibration when field data are used, which
are discussed in detail in [36,37], may be due to the decreasing correlation in the wind
velocity field with an increase in the distance between the UAV and the anemometer. The
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complex airflow in the atmosphere and, as a consequence, partial synchronism of turbulent
vortices, can lead to large errors, as indicated in [36,37].

The results of measurements of the autocorrelation functions allow us to estimate
the longitudinal and lateral turbulence scales. These scales were estimated by the least
square fit method with the Dryden model as the best fit curve. The longitudinal and
lateral correlation functions of this model have a simple analytical form described by
Equations (9) and (10). The turbulence scales are the best fit coefficients when this method
is used. Also in [3], the least square fit method was applied to estimate the turbulence scales
with the turbulence spectra used as the best-fit curve. The Dryden model qualitatively
describes the state of atmospheric turbulence, so its use allows the longitudinal and lateral
scales to be estimated only qualitatively. Table 6 provides the estimates of the longitudinal
and lateral scales of turbulence obtained by the least square fit method. The comparison of
Lu and Lv in Tables 5 and 6 shows that they coincide in the order of magnitude.

Table 6. Longitudinal and lateral scales of turbulence.

Lu Lv Lv/Lu

4 m

AMK-03 15 11 0.7
DJI Mavic Mini 17 9 0.5

10 m

AMK-03 21 12 0.6
DJI Mavic Air 20 10 0.5

27 m

AMK-03 25 17 0.7

DJI Phantom 4 Pro 24 12 0.5

4. Conclusions

Atmospheric turbulence is a random medium, in which the wind velocity field varies
significantly in space. The turbulent wind velocity field experiences the strongest variations
in the vertical direction. Therefore, of great scientific and practical interest is monitoring
of the vertical profile of turbulence with quadcopters in the hovering mode, which can
provide high spatial resolution in atmospheric monitoring. In contrast to [3,30–32], in
which atmospheric turbulence was studied based on spectral analysis, this paper presents
the results of both spectral and correlation analysis in the monitoring of the vertical
turbulence profile.

The profile of atmospheric turbulence was measured at the territory of the Basic
Experimental Observatory (Tomsk, Russian Federation) at altitudes of 4, 10, and 27 m using
both quadcopters and AMK-03 acoustic anemometers. In the experiment, the behavior
of the longitudinal and lateral components of the wind velocity was studied, and the
discrepancy between the quadcopter and AMK-03 data before and after the smoothing
procedure was analyzed. The spectral and correlation analysis of the quadcopter and
anemometer findings was carried out. The profiles of the longitudinal and lateral scales of
turbulence were studied.

It is shown that the quadcopter and anemometer data measured in the 0–10 Hz fre-
quency band have a discrepancy in the high-frequency spectral range, but are in agreement
after 1 min of averaging. Before the smoothing procedure, the variances for the longitudinal
and lateral wind velocity are about ~0.45 m/s, while the smoothing of the measurement
series reduces them down to ~0.15 m/s. The analysis of the histograms and total probabili-
ties of the discrepancies between the UAV and AMK-03 data allows us to state that during
the experiment, the discrepancy did not exceed 0.5 m/s in 95% of cases for the longitudinal
and lateral wind velocity components after the 1 min smoothing procedure. The correlation
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coefficients for the longitudinal and lateral components increase considerably from ~0.71
to ~0.9 after the smoothing procedure.

The calculations of the autocorrelation and cross-correlation functions, as well as
turbulence spectra obtained from the quadcopter and anemometer data, show the behavior
typical for a turbulent atmosphere [44,46,47]. The comparison of the longitudinal and
lateral turbulence scales obtained from the quadcopter and anemometer data suggests that
they coincide within the statistical uncertainty for the different methods of determining
these parameters.

The analysis of the data obtained revealed a deviation from the laws of isotropic turbu-
lence during the experiment: the measured ratio of the turbulence scales ranges from 0.59 to
0.74, whereas it should be 0.5 for isotropic turbulence. This behavior of the turbulence scale
ratio is in agreement with the data of [38,39] obtained over several years at the territory of
the Tsimlyansk Scientific Station of the A.M. Obukhov Institute of Atmospheric Physics, as
well as with the results of the experiment in an urban environment [3].

Based on the results obtained, we can conclude that a swarm of quadcopters is a
promising tool for determining atmospheric turbulence profiles with high spatial reso-
lution. The use of several rotary wing UAVs in the hover mode can allow a detailed
description of the state of turbulence, which significantly impacts many processes occur-
ring in the atmosphere. Detailed description of the state of atmospheric turbulence is
very important for solving numerous problems, including navigation of drones under
adverse meteorological conditions over territories with complex orography, such as ur-
ban environments and various types of natural landscapes, as well as in hard-to-reach or
dangerous places.
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