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1. Introduction

Acoustic locators (sodars) are important sources of  
information about velocity, wind direction and the degree 
of turbulence of air masses at altitudes of up to 1 km. 
Information of sodars is widely used for studies of the at-
mosphere [1–3], local and global weather forecasts [4, 5],  
air traffic control services [1, 6], for monitoring the at-
mosphere at wind farms [7–10], near potential sources of 
hazardous emissions [1], etc.

As a rule, monostatic three-beam sodars with one 
vertical beam and two beams, deviated from the ver-
tical by 20...30o in mutually perpendicular directions 
are used [1, 2, 5–10]. The range to scattering volume is 

determined by the time of an echo signal delay, and wind 
projection onto the direction of sounding is determined 
by the Doppler frequency shift. Turbulence intensity is 
estimated by the power of a return signal and the width 
of the Doppler spectrum. The general tendency of so-
dars improvement is to increase reliability and operative 
measurements [1–10]. This is especially important when 
detecting hazardous meteorological phenomena, for ex-
ample, in the aircraft takeoff-landing area [6]. Taking 
into consideration the increasing requirements for mea-
surement accuracy and temporal resolution of sodars, 
the relevant task is to improve the methods for obtain-
ing meteorological information from parameters of echo  
signals.
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2. Literature review and problem statement

Analysis of up-to-date works on acoustic sounding of 
the atmosphere shows that the efforts of many researchers 
are directed to development of the methods for obtaining 
meteorological information form echo-signals. 

Turbulence intensity is usually assessed by power of 
return signal and by the width of the Doppler spectrum  
[1, 11]. Some methods for turbulence measuring are based 
on empirical formulas that describe the relationship between 
power of signals and coefficients of structural functions of 
temperature field and wind velocity [3, 11, 12]. The width of 
the Doppler frequency spectrum that is related to the root 
mean square deviation of velocities in scattering volume is 
measured in other methods [11, 13, 14].

A common drawback of all methods for turbulence mea-
suring is the fact that it is possible to obtain reliable results 
only on long intervals of measurements. In paper [11], av-
eraging of measurement results within 10 min was used in 
order to obtain vertical profiles of structural functions of 
temperature fields and wind velocity. In the experiments, 
described in article [12], the signals of eight microphones 
also on the interval of more than 10 min were averaged in 
order to obtain vertical profiles of echo signals power, while 
for the data, obtained from the meteorological mast, average 
time of less than 5 min was enough. The study of the influ-
ence of time of averaging on the quality of measurement of 
turbulence characteristics in papers [13, 14] shows that aver-
aging signals, their spectra or results of single measurements 
within the time from 10 min to 1 hour is required. This is due 
to the random nature of acoustic echo-signals, as well as the 
final signal-to-noise ratio.

Signal-to-noise ratio is limited, on the one hand, by the 
energy potential of the system. Output acoustic power of 
sodars does not exceed 300 W, which is caused by non-linear 
interaction of sound and atmospheric air [15]. On the other 
hand, sodars often operate under conditions of a high level 
of external acoustic interference, especially in the airport 
zones [6] or in industrial areas [12]. Special aerials, based 
on phased aerial arrays, are developed for improvement of 
power efficiency of sodars and their protection from external 
interference [15, 16]. These measures increase measurement 
reliability, but do not significantly decrease the time of mea-
surements.

Measurements on several frequencies using pulse [17] 
or continuous [18] signal are applied in a number of cases 
for an increase in the time resolution of a sodar. Results 
of measurements at a given range are averaged by the fre-
quencies ensemble. The use of some frequencies decreases 
the minimally permissible signal-to-noise ratio compared 
to signal-frequency sounding. In addition, accuracy of mea-
surement of meteorological parameters within a short time 
improves. One of the drawbacks of the multi-frequency 
method is a decrease in effectiveness of an acoustic aerial 
when setting its optimal frequency.

In the patent [19], an alternative method of determining 
turbulence parameters by statistical characteristics of the 
envelope of sodar signals was proposed. The method does not 
require measurement of the Doppler spectrum and makes 
it possible to refer turbulence to a particular class accord-
ing to the degree of its intensity. Experimental turbulence 
measurements with the help of this method have not been 
performed so far. 

In the case of a positive result of research, implementa-
tion of this method in sodar signal processing will allow us 
to use the information of echo-signals more fully, to improve 
temporal resolution and accuracy of determining turbulence 
parameters.

3. The aim and objectives of the study

The aim of present study is to theoretically substantiate 
and experimentally determine the possibilities of the meth-
od for turbulence intensity measurement by the envelope of 
sodar signals.

To accomplish the aim, the following tasks have been set:
– to carry out theoretical analysis of the relation of sta-

tistical characteristics of the envelope of acoustic echo-sig-
nals to intensity of atmospheric turbulence; 

– to apply the method of turbulence intensity mea-
surement using characteristics of the envelope of acoustic 
echo-signals when processing sodar signal records;

– to explore convergence of the experimental law of 
distribution of the envelope of acoustic echo-signals to the 
theoretical law at different measurement time; 

– to establish the possibility of turbulence classification 
by the envelope using the records of acoustic echo-signals, 
obtained under different meteorological conditions.

4. Theoretical analysis of statistical characteristics of the 
envelope of acoustic echo-signals

During acoustic probing of the atmosphere within the 
scattering volume, there are many elementary scatters, the 
number, dimensions and location of which are random. In 
this case, a number of scattered signals arrive at that re-
ception point, and the envelope of the total scattered input 
signal E  should be considered as a random magnitude, 
changing in time. Depending on the state of scattering me-
dium, the total input signal E  obeys a rather determined 
distribution law. Knowing this law and its parameters, it is 
possible to determine the state of the atmosphere, specifical-
ly turbulence intensity.

In the boundary layer of the air, fragmentation of tur-
bulent vortices goes on until the magnitude of Reynolds 
number that is less than the critical value is achieved [1]. 
The emerging smallest perturbations, the size of which cor-
responds to the inner turbulence scale are resistant. Strong 
reflected acoustic signals occur at large enough spectral den-
sity of temperature fluctuations, the scale of which is equal 
to half the length of the emitting sound wave [1].

Since temperature pulsations and wind pulsations are 
correlated, the reflected acoustic signal carries information 
about atmospheric turbulence, the intensity of which can be 
determined from the measured characteristics of this signal. 
In this case, large-scale turbulence causes only additional 
shift of the entire spectrum of the Doppler frequencies of 
the scattered signal by the frequency axis. Small-scale vor-
tices and thermal pulsations, which are commensurate with 
dimensions of scattering volume and the wavelength of the 
acoustic locator, cause fluctuations of the envelope of the 
signal and expansion of its range. 

The instantaneous value of the input signal of the acous-
tic locator [1]
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where E0, Ei are the amplitudes of the regular and random 
components of the input signal; f, fi are the phases of the 
regular and random components of the input signal.

Since phase of the regular component at the reception 
point is constant, for further transformation we will put f=0. 
If the resulting amplitude of the sum of random components 
is designated as ES, and the phase is designated as fS, expres-
sion (1) will take the form:
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Since scattered waves are added together at the reception 
point with random relative phases, evenly distributed in the 
interval 0...2p, amplitude ES of the total scattered signal is 
random and phase fS is evenly distributed with density 1/2p.

Analysis of the amplitude of the resulting signal can be 
performed according to the known technique, applied when 
considering narrowband random processes, reflected radar 
signals, signals in tropospheric and ionospheric communi-
cations lines.

Let us decompose fluctuation 
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into two orthogonal components, of which the cosine compo-
nent coincides by phase with the direct wave field:
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Representing fluctuations with amplitudes E0, ES1, ES2 
with the help of vectors, we will write down:

1 0 1;E E ES= +
  

 2 2.E ES=
 

 	 (4)

Vectors 1E


 and 2E


 are orthogonal and amplitudes of or-
thogonal components E1 and E2 are independent magnitudes. 
Let us find the law of probability distribution E.

At successive atmosphere soundings, the number of 
elementary scatters in volume n, differences of distances 
to them Dri, coefficient of reflection from each lens Ri will 
change due to a change in their dimensions and so on. There-
fore, amplitudes of orthogonal components ES1 and ES2 will 
change.

Let us assume the following: the number of scattered 
signals is large enough, amplitudes of particular scattered 
components are much smaller than the resulting amplitude, 
phases of particular components Ei are distributed arbitrari-
ly; resulting power of echo-signals over observation time is 
constant. 

For the sums with the specified properties, the central 
limit theorem of probability theory is true, that is why 
we can consider that random magnitudes E1 and E2 of the 
orthogonal components are distributed by the normal law. 

Mathematical expectations of these components: 1 0;E E=  

2 0.E =  Given the symmetry of decomposition of a random 
resulting received signal to orthogonal components, it can 
be argued that dispersions of amplitudes of the orthogonal 
components are

2 2 2 2
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Orthogonal components are statistically independent. 
That is why two-dimensional density of probability of ran-
dom magnitudes E1 and E2 is equal to the product of

1 2 1 2

2 2
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We will find one-dimensional law of distribution of the 
resulting envelope of echo-signal E. Probability of finding 
resulting magnitude E within elementary rectangle dE1×dE2 
is equal to 

1 2 1 2 1 2 1 2( , ) ( ) ( ) .p E E dE dE p E p E dE dE= 	  (7)

Amplitude E and phase f of the resulting echo-signal are 
random coordinates of the point in coordinate system E1, 
E2, where E1=E×cosf, E2=E×sinf. Turning to new variables 
from formula 

( , ) ( cos , sin ) ,p E p E E Df = f f ⋅ 	  (8)

we will obtain joint density of probabilities for random mag-
nitudes E and f:

2 2
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2 2
E E E EE

p E
 + − f
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Integrating (9) on all possible values of f, we find one-di-
mensional probability density for E:
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where I0 is the modified zero-order Bessel function of the 
first kind.

Expression (10) of probability density of the envelope 
of acoustic echo-signals is a generalized Rayleigh law (the 
Rice law). Parameter of the generalized Rayleigh law, char-
acterizing the processes of formation of a resultant signal, 
is magnitude k=E0/sE. If there is a stable stratification in 
the scattering volume, the regular component increases 
and the sum of scattered components of the reflected signal 
decreases, as a result, parameter k increases. At destruction 
of stratification and an increase in turbulence, the regular 
component and magnitude k decreases abruptly, tending in 
the limit to zero. 

Let us determine dependence k on parameters of enve-
lope E of an echo-signal.
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where I0 and I1 are the modified zero-order Bessel function 
of the first kind. From formulas (11) and (12), it is possible 
to find the relationship 
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Calculation results from formula (13) are represented 
in the form of the diagram in Fig. 1, where parameter k is 
represented in more convenient form K=20lg(k) in order to 
decrease the dynamic range of this parameter. 

Fig. 1. Dependence of ratio 
____

2 2/E E  on parameter K

By degree of impact of aircraft, atmospheric turbu-
lence is divided into four classes and can be quantitatively 
described by root mean square values of pulsations of the 
vertical component of wind velocity. According to ICAO cri-
teria, turbulence is classified by intensity as weak, moderate, 
strong and storm [20]. Table 1 shows the magnitudes of root 
mean square pulsations of vertical wind, corresponding to 
this classification, and corresponding values of parameter K 
at standard atmospheric stratification [19].

Table 1 

Criteria of turbulence intensity division into classes

Turbulence intensity 
Root mean square 

value of wind pulsa-
tions, sW, m/s

K, dB

Weak sW£0.5 K³16

Moderate 0.5<sW£2.5 16>K³8

Strong 2.5<sW£4.0 8>K³0

Storm sW>4.0 K<0

Thus, it is possible to assess atmospheric turbulence in-
tensity by applying the following algorithm of sodar signals 
processing:

– registration of echo-signals envelope E of within some 
observation time TH; 

– calculation of ratio 
____

2 2/E E  for measured implementa-
tion of envelope E;

– determining the value of parameter K in accordance 
with expression (13) and data from the diagram in Fig. 1;

– classification of turbulence in accordance with the data 
from Table 1.

5. Experimental results of turbulence classification by the 
characteristics of the envelope of acoustic echo-signals

The data, obtained by the sodar at Kharkiv National 
University of Radio Electronics, were used in the study. A 
large amount of experimental data in the form of digital re-
cords of echo-signals was obtained at this sodar in the sum-
mer in 2011 and 2012 [21, 22]. In the summertime, warming 
of the underlying surface, which is accompanied by intense 
turbulent exchange, is distinctly pronounced. Therefore, the 
selected records are well suited for measuring turbulence. 

In the described experiments sounding was performed 
vertically. Sodar parameters: frequency of probing signal is 
5 kHz, electric power of the transmitter is 160 W, duration 
of sounding pulse is 3 ms, pulse repetition period is 1 s, 
duration of implementations is 1 hour, transmitting aerial 
is the phased array of loudspeakers 4×4, parabolic-reflector 
receiving aerial of 0,8 m in diameter.

The records of echo-signals are represented in the form 
of 2-dimensional arrays of amplitude E(i, j). Columns of 
array Ei( j) are single vertical profiles of echo-signals, and 
each line of array Ej(i) is a series of discrete readings of 
echo-signals for altitude h=Dh×j, where Dh=0,5 m is the 
discrete altitude pitch. 

The obtained original material was classified by the 
authors of papers [21, 22] and selected according to the 
principle of conformity of echo-signals: to a fluctuating 
ground level, a perturbed layer, a completely perturbed 
ground layer. These records were obtained as the under-
lying surface was warmed and correspond to an increase 
in intensity of turbulent exchange. In all cases, horizontal 
wind velocity is close to zero, it is clear without any cumu-
lonimbus cloud. Fig. 2 in the form of a halftone image gives 
an example of altitude-temporal implementation of the 
amplitude of acoustic echo-signals, obtained under condi-
tions of intense solar warmup of the underlying surface, and  
Fig. 3 shows a fragment of the envelope of echo-signals from 
the altitude h=30 m.

Fig. 2. Echogram of acoustic echo-signals

Convergence of the experimental law of distribution of 
envelope E of echo-signals to theoretical distribution (10) 
depends on observation time To. Original assessment of 
parameters of the distribution law was performed by the 
moments method. Sample mathematic expectation ME and 
dispersion DE were calculated:

1

(1/ ) ( ),
n

E j
i

M n E i
=
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where number of samples n depends on observation time, 
n=To/T. To obtain minimally shifted estimates of distribu-
tion parameters 0E  and ,s  their values were sought for in 
the vicinity of ME and ED  until obtaining the minimum of 
disagreement measure.

Fig. 3. A fragment of envelope E of echo-signals from 
altitude of 30 m

Fig. 4 shows experimental distributions of probability p 
of envelope E of acoustic echo-signals and their approxima-
tion by the Race distribution (10) for observation intervals 
of 5 min (Fig. 4, а), 10 min (Fig. 4, b), 20 min. (Fig. 4, c) and 
40 min (Fig. 4, d). 

а                                             b 

c                                             d 

Fig. 4. Experimental distributions of probability p of 
envelope E of acoustic echo-signals (blue continuous line) 

and their approximation by the Rice distribution  
(green dash line) for observation intervals:  

а – 5 min, b – 10 min, c – 20 min, d – 40 min 

Echo-signals meet the condition of strongly perturbed 
ground layer at altitude h=15 m. To reduce the influence of 
pulsed acoustic interference that existed in the recording, 
readings of amplitudes of echo-signals with magnitude 
E>5ME were not included in statistics. Less than 10 sam-
ples were practically discarded from implementation of  
1 hour of duration. Visually, the law of distribution of enve-

lope (E) well agrees with the Rice law at observation time 
To>5 min.

As a measure of misalignment of the distribution laws, 
we used the Pearson criterion [23], in which magnitude 

2
2

1

( )
,

m
x x

x x

p v
n

p=

−
χ = ∑  	 (15)

was accepted as a relative measure of divergence of theoret-
ical p and experimental v distributions, where m is the num-
ber of intervals of grouping of observation results, at m=20; 
there is the best qualitative correspondence of theoretical 
and experimental distributions; vx=nx/n, nx is the number 
of samples in the interval of grouping with number x. The 
hypothesis that laws of distribution of p and v do not agree 
is true with probability 

2 2

2

( )d ,P p a a
∞

χ χ
χ

= ∫ 	  (16)

where 

2
( /2) 11

( ) ( / 2) exp( / 2)
2 ( / 2)

mp a a a
m

−
χ
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Γ

is the law of probability distribution, Г(m/2) is the gam-
ma-function. 

Fig. 5 shows experimental dependences of magnitude 2P
χ

 
on duration of observation interval at sounding altitudes of 15 m 
(Fig. 5, а), 30 m (Fig. 5, b) and 45 m (Fig. 5, c), respectively. 

а 

b 

c 

Fig. 5. Experimental dependences of magnitude 2P
χ

 on 
duration of observation interval To at sounding altitudes:  

а – 15 m, b – 30 m, c – 45 m 
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Analysis of a large number of similar dependencies for 
records available, showed that on the samples of duration 
of more than 30 min (1,800 readings), magnitude 2 5 %P

χ
≈  % 

does not decrease at an increase in observation time. 
More rapid convergence of the law of echo-signals distri-

bution to the Rice law (about 10 minutes) is observed in an 
envelope of echo-signals from low altitudes (approximately 
up to 20 m). This, apparently, can be explained by large sig-
nal-to-noise ratio at low altitudes of sounding. 

To assess the possibility of classification of atmospheric 
turbulence by the parameters of the envelope of acoustic 
echo-signals, the dependence of relation 

____
2 2/E E  on dura-

tion of the observation interval was studied.
Experimental dependences

____
2 2/E E  and 

____
2E  on To for a 

fluctuating layer (Fig. 6), a perturbed layer (Fig. 7) and a 
completely perturbed atmospheric layer (Fig. 8) are shown 
below. These states correspond to gradual warming of the 
underlying surface and an increase in intensity of turbulent 
exchange. Magnitude 

____
2E  corresponds to average power of 

received echo-signals, traditionally measured in acoustic 
locators to assess turbulence intensity.

а 

b 

Fig. 6. Experimental dependences 
____

2 2/E E  and 
____

2E on 
observation time To for a fluctuating layer: а – dependence ____

2 2/E E (To), b – dependence 
____

2E (To) 

As an analysis of these and other similar dependenc-
es, obtained in the studies, shows, estimation magnitude ____

2 2/E E  changes little already at the observation interval of 
more than 10...30 minutes. An interesting feature is the fact 
that, 10 minutes of observation time is enough in the case of 
sounding more perturbed medium and 20 min and more – 
for less perturbed medium. It is also important to note that 
magnitude 

____
2 2/E E  often converge to a stationary value at 

less monitoring time To, than magnitude
____

2 .E  

а 

b 

Fig. 7. Experimental dependences 
____

2 2/E E  and 
____

2E on 
observation time To for a perturbed layer: а – dependence ____

2 2/E E (To), b – dependence 
____

2E (To) 

а 

b 
Fig. 8. Experimental dependences 

____
2 2/E E  and 

____
2E  on 

observation time To for a completely perturbed layer:  
а – dependence 

____
2 2/E E (To),  

b – dependence 
____
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Table 2 shows the results of assessment of statistical 
characteristics of the envelope and turbulence classification 
according to Table 1.

Table 2 

Statistical characteristics of the envelope and turbulence 
classification

Type of 
echo-signal 

____
2 2/E E k K, dB

Turbulence class  
according to Table 1 

Fluctuating 
layer

1.012 7.16 17.1 Weak

Perturbed 
layer 

1.025 4.73 13.5 Moderate

Completely 
perturbed 

layer 
1.061 2.92 9.3 Moderate

Estimates, given in Table 2, prove that ratio 
____

2 2/ ,E E  as 
well as parameters k and K, calculated from it, can be used 
as indicators of intensity of atmospheric turbulence. By a 
change in these parameters, an increase in turbulent ex-
change intensity at gradual heating of the underlying surface 
in the original experiment is confidently traced.

6. Discussion of the results of research and their 
application in acoustic sounding of the atmosphere

In this paper, the theoretical analysis and experimental 
study of method for assessing atmospheric turbulence by 
statistical characteristics of the envelope of a sodar signal, 
proposed in patent [19], were performed. 

According to performed theoretical analysis, it is suf-
ficient to calculate the ratio of average power to power of 
average 

____
2 2/ .E E  in order to evaluate turbulence by the 

echo-signal envelope E. 
To process experimental records of acoustic echo-signals, 

only general meteorological conditions, in which they were 
obtained, were known. Specifically: date, current time, ground 
surface air temperature, air humidity, and average wind veloci-
ty. It follows from these data that the records were obtained as 
the underlying surface warmed and correspond to an increase 
in intensity of turbulent exchange. This assumption was the 
basis for numerical assessment of turbulence intensity.

The drawback of the applied approach is that true values 
of turbulence degree in this study were not known. There-
fore, it will be subsequently required to perform additional 
acoustic and contact measurements to design accurate crite-
ria for turbulence classification by ratio 

____
2 2/ .E E  Moreover, 

it is necessary to have true values of coefficients of structural 
functions of temperature field and wind velocity for correct 
comparison. The noticeable difficulty for performing simul-
taneous acoustic and contact measurements is the need for 
the use of a meteorological mast.

For the same reason, convergence of measured values ____
2 2/E E  and 

____
2E  not to the true value but to the station-

ary value was studied. Estimate of ratio 
____

2 2/E E  changes 
little at observation interval of more than 10...30 minutes.  
10 min of observation time is enough in the case of sounding 
a more perturbed medium and 20 min and more – for little 
perturbed medium. 

In most studied records, magnitude 
____

2 2/E E  converges 
to a stationary value at less observation time than aver-

age power 
____

2 .E  This can be explained by synchronicity 
fluctuations of estimates 

____
2E  and 

____
2 2/E E  at different observa- 

tion time.
When sounding the medium with intense turbulence, ra-

tio 
____

2 2/E E  converges to a stationary value by up to 2...3 ti- 
mes faster than average power 

____
2 ,E  which suggests a possi-

bility of much faster detection of strong turbulence. This is 
especially important for detecting dangerous meteorological 
phenomena in the takeoff and landing zones.

Introduction of the studied method in processing sodar 
data does not require any changes in the hardware. This 
will make it possible to use more fully the information of 
echo-signals without considerable material expenses, to 
improve temporal resolution and accuracy of determining 
turbulence parameters.

Restrictions on the use of the studied method do not dif-
fer from those that are common to all sodars, specifically: the 
influence of precipitation, acoustic interference, limitation 
of the maximum altitude of sounding by strong wind and 
temperature inversion.

7. Conclusions

1. Theoretical analysis showed that the envelope of sodar 
echo-signals is distributed by the Rice law. The parameter 
of the distribution law is unambiguously associated with 
intensity of atmospheric turbulence.

2. Assuming standard stratification of atmosphere, the 
values of the parameter of the law of envelope distribution 
for four classes of atmospheric turbulence according to 
the ICAO classification were calculated: weak, moderate, 
strong, and stormy.

3. Numerical assessment showed that the theoretical and 
experimental laws of distribution of the envelope of sodar 
signals mismatch with probability of less than 5 % at mea-
surement time from 10 to 30 minutes. More rapid conver-
gence of the law of echo-signal distribution to the Rice law 
(about 10 minutes) is observed at low altitudes of sounding 
(up to 20 m). This can be explained by the large signal-to-
noise ratio.

4. The possibility of classification of atmospheric turbu-
lence by ratio 

____
2 2/E E  to the measured echo-signal envelope 

E was shown experimentally. It was established that ratio ____
2 2/E E  almost does not change at the observation inter-

val of more than 10...30 minutes. Moreover, the higher the 
turbulence intensity, the faster the measurement results 
converge to a stationary value. This indicates the possibil-
ity of a more rapid detection of zones with high turbulence 
intensity compared with the sodars, recording only average 
power of a signal.

5. Consideration of statistical characteristics of the enve-
lope of a sodar signal as a complement to already used meth-
ods for turbulence determining makes it possible to decrease 
the time and increase accuracy of measurement. In this case, 
it is not required to make any changes to sodar hardware.
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