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Abstract—The operating experience of a wind profiler operating at a frequency of 35 GHz is considered. Par-
ticular attention is paid to radar reflections from the clear sky (angels), which can be detected down to a level
of –60 dBZ. We showed that, in some cases, clear-sky signals cannot be interpreted within the framework of
the traditional theory of ref lections from turbulent irregularities. The impossibility of interpreting the
received signals as ref lections from insects or large aerosols is statistically substantiated. Various putative
sources of clear-sky reflections in a given wavelength range are considered.
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INTRODUCTION
Radar reflections from a clear, cloudless atmo-

sphere (sometimes called “angels”) are the least stud-
ied phenomena in radar meteorology and statistical
radiophysics. This is especially true for the millimeter
wavelength range, which began to be widely used for
meteorological purposes only in the last 10–15 years.
The first meteorological radar measurements carried
out in the 1950–1960s of the 20th century showed that
radio echo is formed not only from precipitation or
clouds, but often from a visually transparent clean
atmosphere [1–3]. During the research, it was
revealed that the sources of such reflections can be
visually unobservable scatterers: birds, insects, plant
seeds carried away by air f lows, large aerosols, as well
as inhomogeneities in the refractive index of air [3, 4].
The latter can be conditionally divided into layered
horizontally extended formations at the boundaries of
which the gradients of the refractive index are formed
[5, 6]. Another type of reflection is associated with
turbulent inhomogeneities that are distributed over the
space volume [6, 7]. Layered irregularities usually
form a reflected signal the power of which is maxi-
mum at specular reflection and decreases very quickly
when deviating from this condition. Usually, radar
reflections in the meter and decimeter wavelength
ranges have this character. For this reason, meter and
decimeter profilers (in the English language literature
they are called profiler) usually carry out sounding at
elevation angles close to the zenith, with a beam devi-
ation from vertical by 10°–20°. Reflections distributed
over the volume are associated with Bragg scattering
by turbulent vortices with a scale equal to half the
wavelength [6–8]. There is a minimum vortex size
below which the vortices are destroyed by viscous fric-

tion. For the lower troposphere, this scale, according
to estimates by various authors, is a few millimeters
and increases with height, reaching decimeter scales in
the upper troposphere. When operating in the 35 GHz
frequency range (wavelength 8.6 mm), we find that the
size of turbulent vortices should not exceed 4 mm, and
this value is at the lower limit of applicability of the
turbulent scattering theory for the troposphere. Under
such boundary conditions, the use of classical formu-
las can lead to errors, since other scattering mecha-
nisms can also be included into play. To study this very
topical problem, special comprehensive studies, the
accumulation of statistical material and its careful
analysis are required. This paper presents the experi-
mental results of measurements of radar reflections
from a clear atmosphere, obtained using a Doppler
radar station (radar) in the 35 GHz range. The analysis
of the level of radar reflectivity and statistical proper-
ties of signals was carried out, however, complex stud-
ies were not carried out. It should be noted that the use
of the millimeter wavelength range for meteorological
purposes has been widely used only in the last 10–
15 years [9, 10]. In Russia, research on the use of mil-
limeter waves to create a wind radar began earlier than
abroad. In the early 2000s, the research “Mechanism”
was carried out in Moscow State University of Instru-
ment Engineering and Computer Science (now Rus-
sian Technological University, MIREA). In 2004, at
the Central Design Bureau of Apparatus Engineering
(CDBAE) in Tula, the first 35 GHz model of a small-
sized wind-sounding radar complex was created
[11, 12]. Already the first field measurements showed
that the range of meteorological conditions under
which its application is possible turned out to be much
wider than predicted by theoretical estimates and the
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experience of using longer-wave radars. Radar signals
were formed in the 300–500 m layer in almost 80% of
cases, including in clear weather. In addition, the
potential of the radar made it possible to receive sig-
nals from almost all types of clouds, which, along with
surface data, made it possible to reconstruct the wind
profile from below to the upper cloud limit. Consider-
ing that in central Russia, cloudiness is observed in
more than 70% of cases, it turned out that the created
radar is an effective means of wind sounding of the
troposphere.

1. MEASUREMENT INSTRUMENTATION 
AND TECHNIQUE

A detailed description of the technical characteris-
tics of the radar, which has the working name of the
probeless wind profiler (PWP), is given in [12–14].
Here, we will briefly describe only the part that con-
cerns the assessment of the meteorological potential of
the radar and the methodology for measuring the
radar reflectivity of meteorological objects.

The sounding mode consists of conducting an azi-
muthal section at constant elevation angle β = 45°,
with 12 discrete values of azimuth angle αi = 0°,
30°, …, 270°. The pulse power radiated into space was
Ppulse = 3.5 kW, the duration of the probing pulses was
τ = 0.4 μs (the resolution in the range was 60 m and in
the height was 42.6 m), the repetition frequency could
be switched to frep1 = 12.5 kHz or frep2 = 25 kHz. In
each of the 12 sounding directions, the signal was
accumulated for 6 s, which made it possible to analyze
either 75000 or 150000 pulses at each discrete height
Hj, where j = 1–200 or j = 1–100. Considering that the
width of the distribution over the projections of veloc-
ities  in the probed volume almost always exceeds
0.4–0.5 m/s, the width of the Doppler spectra will be
equal to

Consequently, the optimal duration of one realization
under the fast Fourier transform should be

Taking into account two possible pulse repetition
rates, this corresponds to dividing the signal into real-
izations according to M1 = 128 or 256 samples. The
accumulation of signals for 1 s in each direction of
sounding will provide further incoherent accumula-
tion of М2 = 6 s/0.01 s = 600 spectra for each selected
element of the space volume.
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1 0.01  s.
f
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In accordance with [7], the radar equation for
meteorological radars with a parabolic antenna can be
represented as follows:

(1)

Here,  is the power of the received signal;  is the
power of the emitted pulse; G is the gain of the trans-
mitting/receiving antenna; h = сτpulse is the length of
the irradiated volume; θ is the width of the antenna
directional pattern; η is the specific radar reflectivity
per unit volume; k1 and k2 are coefficients that take
into account losses in the radar paths and its non-opti-
mal reception mode, respectively; k is a coefficient
that takes into account the attenuation of the signal
when passing twice the atmosphere; k3 is a coefficient
that takes into account the degree of filling of the scat-
tering volume; and R is the range of the scattering vol-
ume. All parameters characterizing the radar are usu-
ally combined into constant P, which is called the
meteorological potential of the radar. Taking into
account the effective area of antenna aperture Ar =
0.95 m2, we obtain the antenna gain equal to

For the created version of the PWP radar, it is neces-
sary to take into account the level of losses in paths
k1 = 0.5 and the possible suboptimality of signal pro-
cessing mode k2 = 0.4. As a result, we find that the
meteorological potential of the created radar is

 m3 W.
To determine the detection capabilities of the cre-

ated radar, it is necessary to calculate the level of min-
imum detectable signal , which depends on the char-
acteristics of the receiver and the signal accumulation
time. The noise power at the output of the receiving sys-
tem can be estimated by relation: . The
noise factor of the receiving system is equal to ,

 and the optimal bandwidth of the receiver

is  The optimal processing
mode means coherent accumulation of the signal
within the signal coherence time, i.e. during

. This corresponds to the dura-
tion of one implementation. With a repetition rate of
25 kHz, one implementation will have М1 =
256 pulses, then, taking into account the quadrature
analysis, we will get the same number of points of the
Doppler spectrum. In this case, all the noise power is
distributed on М1 points of the spectrum, which leads
to a decrease in the noise power per element of the
Doppler spectrum resolution by a factor of М1 (from
this moment we turn to the terminology of spectral
density, the power referred to the Doppler resolution
step). Note that the entire signal power is recorded in
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one element of the Doppler spectrum. The incoherent
accumulation of Doppler spectra for 6 s allowed the
incoherent accumulation of М2 = 6 s/0.01 s = 600 spec-
tra, which gives a gain in the signal-to-noise ratio
(SNR) by factor of . The experience of processing
Doppler spectra shows that for signal recognition it is
sufficient that the SNR in the spectrum is SNR = 3.
As a result, it is easy to calculate the power of the min-
imum detectable signal falling on the minimum fre-
quency interval of the Doppler spectrum:

(2)

If we use the definition of potential (1), then it is easy
to calculate the minimum value of the specific radar
reflectivity that a wind radar can register at altitude
h = 1000 m (distance R = 1410 m).

(3)

This value can be converted to equivalent radar reflec-
tance Z, assuming that the signal is formed by a drop
of water [7]:

(4)

where  for water droplets, β = 10–18

takes into account the transition of dimensions in the
value of Z to mm6/m3. For our system, taking into
account, we obtain

(5)

Thus, on the basis of the presented data, it turned
out that the theoretical value of the meteorological
potential of the radar is such that it allows recording a
signal from objects with specific radar reflectivity η =
2.8 × 10–14 m–1 or Zmin (h = 1 km) = –63 dBZ at an
altitude 1 km.

The theoretical assessment of the meteorological
potential of the wind radar was confirmed by complex
radar-radiometric measurements of clouds [15]. The
physical basis of such measurements was the fact that
the water content of the cloud can be estimated from
the radiometric contrast that occurs between the
cloudless zone of the sky and the zone with a cloud of
good weather “Cumulus Humilis.” In this case, the
radar reflectivity obtained by a radar operating at the
same wavelength, in turn, is associated with the water
content of the cloud [7]. As a result, it is possible to
estimate the potential of the radar by joint measure-
ments of the reflectivity contrasts and the radiometric
contrast created by the cloud [15]. The results of com-
plex measurements made it possible to estimate the
minimum value of the effective radar ref lectivity that
the radar can record at an altitude 1 km with value
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Zmin (h = 1 km) = (–58 ± 5) dBZ. Compared to the
theoretical estimate based on the radar parameters, the
resulting value differs by 4 dB. We will take the average
value between the theoretical calculation and the
experimental estimate as true value Zmin (h = 1 km) =
(–60 ± 5) dBZ.

Next, we will consider the technique for measuring
the vertical profile of the effective radar reflectivity.
Figure 1 shows examples of Doppler spectra measured
in clear-sky conditions near the Baikonur cos-
modrome on July 1, 2017 at 16:05 Moscow time. Spec-
tral density is presented in relative units on a logarith-
mic scale.

Figure 2 shows a spectrogram obtained for the
selected direction of sounding, which combines all
Doppler spectra into one demonstrative plot. In this
case, each line of the spectrogram represents a spec-
trum at the corresponding height, and the spectral
power density is depicted by the shading density. It
should be noted that in this example, the width of the
spectra obtained under clear-sky conditions up to an
altitude 2200 m sometimes reaches 3–4 m/s, which is
more than is usual in the case of clouds or precipitation.

On the spectra, presented on a logarithmic scale, at
high signal levels, a symmetrical part of the spectrum
is visible, which is 25 dB below the true signal. This is
due to incomplete suppression of the signal during
quadrature processing. It should be noted that the
level of the noise track depends on the range and, to a
lesser extent, on the direction of sounding. At the low-
est altitudes, this level increases by 6–8 dB compared
to altitudes greater than 250 m. Apparently, this is due
to reflections from local objects falling into the side
lobes of the antenna. For this reason, we also mea-
sured the level of the useful signal from the average
noise level in the spectral regions that are far from the
region of possible signals. Approximately the same
methodology for assessing the noise level was used in
[16]. At the same time, rms spectral noise density σn
was calculated in the same areas. The power of the
radar signal is calculated in relative units as an integral
of the Doppler spectrum, which exceeds the average
noise level plus 3σn. Noise during such processing was
not included in the calculation of the signal level.
However, increasing the noise level does not change
the signal strength, so simply subtracting the noise
track and integrating the remaining spectrum will
underestimate the signal. In this regard, in the calcu-
lations, the signal power was corrected for the differ-
ence arising from the rise in the noise level. To convert
the signal power into radar reflectivity, it was multi-
plied by the square of the height. The resulting radar
reflectivity, expressed in relative units, was normalized
to the radar potential so that at a distance of 1 km the
minimum signal level was –60 dBZ.
OLOGY AND ELECTRONICS  Vol. 66  No. 9  2021
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Fig. 1. Typical shape of Doppler spectra obtained under clear-sky conditions at the Baikonur cosmodrome (on July 1, 2017 at
16:05 Moscow time) at heights of 3742 (a), 2257 (b), 857 (c), and 51 m (d).
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Fig. 2. Spectrogram, each line of which is a Doppler spectrum at a given height.
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Fig. 3. Dependences of clear sky radar reflectivity on altitude for 12 different azimuthal sounding directions obtained at the
Baikonur cosmodrome on July 1, 2017 at 16:04 Moscow time.
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2. MEASUREMENT RESULTS 
OF RADAR REFLECTANCE 

FOR VARIOUS CLEAR SKY EXAMPLES

Consider examples of measurements taken under
clear sky conditions in the summer months of the year.
In Fig. 3, on a logarithmic scale, the dependences of
radar reflectivity on altitude for ten different directions
obtained near the Baikonur cosmodrome on July 1,
2017 at 16:04 Moscow time are presented. The surface
temperature was 26°C. Similar measurements were
obtained in the vicinity of Tula on June 16, 2016 at
12:51 Moscow time (Fig. 4). The temperature on the
ground was 28°C. The plots show a general underesti-
mation of the reflectivity in the 50–250 m layer, which
is apparently associated with an increase in the level of
the noise track in this height interval. The common
property for both measurements are: firstly, a high
average level of radar reflectivity Z = –30 to –20 dBZ
up to an altitude of 2000–2200 m, and secondly, uni-
formity of radar reflectivity in this altitude range. So,
in Fig. 3 in 7 directions out of 12, and in Fig. 4 in all
12 directions in the altitude range of 500–2000 m, the
radar reflectivity is kept in a very narrow interval
(‒35 ± 5) dBZ.

It should be noted that the very high value of radar
reflectivity, which is stable in space and time, is close
to the reflectivity of clouds.
JOURNAL OF COMMUNICATIONS TECHN
2.1. Interpretation of Results and Analysis 
of Possible Sources of Clear-Sky Reflections

Reflections from a clear cloudless sky are tradition-
ally divided according to the types of reflection
sources. It has been shown that reflections can be
formed by birds, insects, plant seeds carried away by
air currents, aerosols, and fluctuations in the refractive
index of air [1–7]. Reflections from seeds and large
aerosols, on average, obey the Boltzmann distribution
over height and, even in the presence of vertical f lows,
should decrease exponentially with height. This does
not happen in our examples. Therefore, this reason for
the formation of signals should be discarded.

The peculiarity of reflections from birds and
insects point reflections and do not fill the entire sens-
ing area but are noted at certain distances and in cer-
tain directions. In our examples, the reflections are
volumetric and uniformly fill the entire layer up to a
height of 2000 m. Therefore, a natural assumption is to
interpret the signals as reflections from fluctuations in
the refractive index. The theory of such reflections in
the microwave wavelength range was developed by
V.I. Tatarskii in his fundamental study [17]. It shows
that turbulent f luctuations of the refractive index
(within the inertial range of turbulence) form in space
many periodic structures of various scales. Micro-
waves undergo Bragg-type backscattering from peri-
OLOGY AND ELECTRONICS  Vol. 66  No. 9  2021
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Fig. 4. Dependences of clear sky radar reflectivity on altitude for 12 different azimuth sounding directions, obtained on June 16,
2016 at 12:51 Moscow time (Tula).
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odic inhomogeneities in the refractive index, the size
of which is half the wavelength. A relation is obtained
for calculating the specific scattering area (specific
reflectivity) of developed turbulence [7, 17]:

(6)

where  is expressed in m–1,  is a measure of the
intensity of f luctuations of the refractive index and has

the dimension of m–2/3, and  is the wavelength, in m.

In [17], a large number of experimental data are
presented, which confirm the developed theory as
applied to wavelengths of 3 cm and above. Collected

experimental material [17, p. 434] showed that  can

vary in the range from  = 2 × 10–14–10–16 cm–2/3 to

4.3 × 10–13–2.1 × . The data obtained

during the year on the 10 cm radar [18] show the max-

imum values of  an order of magnitude less. We take

maximum value  and, by rela-

tion (6), we obtain the maximum theoretical value of
the specific reflectance for a wavelength λ = 8.6 mm:

(7)
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If, according to formula (5), this value is converted
into effective radar reflectivity Z, then we obtain

Obviously, in the cases under consideration, with a
weak wind (V < 10 m/s), the intensity of turbulence
should not take extreme high values and the radar
reflectivity formed by turbulent pulsations should be
several times less, at the level from –55 to –65 dBZ.
These values are at the edge of the radar sensitivity and
should hardly be recorded by it. Nevertheless, in the
cases under consideration, in a layer up to 2 km, we
register Z at a level of –35 ± 5 dBZ. These values are
15–20 dB higher than theoretical estimates! This dis-
crepancy can hardly be attributed to the error in
assessing the potential of the radar, since our radar
registers all types of clouds up to 12 km, which is
impossible for low-potential radar. A similar potential
is demonstrated by foreign millimeter-wave radars
[19, 20].

Let us consider in more detail the version that, in
principle, can explain the noted discrepancy. These
are reflections from small insects, the scattering cross
section of which is well within the observed values.
However, the statistical properties of the observed sig-

−= × = −
6
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max 3

mm
1.4 10 49  dB .

m
Z Z
 ELECTRONICS  Vol. 66  No. 9  2021
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Fig. 5. Distribution of insects (DI) by volume elements (VE) at N = 1440 (a) and N = 1920 individuals (b) in 480 volume elements.
In each case, there are insect-free volume elements.
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nals are such that the insect version is not consistent
[21]. From Figs. 3 and 4 it follows that the distribution
of reflectivity is almost uniform in all elements of the
radar resolution up to an altitude of 1600–2000 m. In
this case, such statistical properties of the signal can-
not be explained only by the appearance of insects in
the sounding volume. The fact is that the distribution
of insects in space cannot be uniform, provided that
only a few individuals fall into the probe volume. Nec-
essarily, due to the random distribution and flocking
behavior of insects, in some volumes there will be a
large number of insects, and in some they will not be
at all. Accordingly, the intensity of the radar signal will
f luctuate strongly from background values, deter-
mined by reflections from fluctuations of the refrac-
tive index, to very significant ones, determined by the
presence of insects. In our measurements, in the entire
area from 50 to 1600 m (with a step of 40 m) and in all
12 sounding directions, the radar reflectivity did not
fall below –32 dB. It is difficult to assume that insects
are constantly and evenly present throughout the
entire layer up to 1600–2000 m throughout the day.
This is statistically impossible.

This conclusion is confirmed by the results of com-
puter simulation. The entire space up to 1600 m in
height was divided into (1600/40 m) 12 = 480 volume
elements in accordance with the carried out radar
measurements. It was assumed that this space contains
N = 480n insects of the same size, on average n indi-
viduals in one volume element.

Let us consider the “idealized” case, which does
not take into account the f locking behavior of insects
and their non-uniform distribution near the ground,
and assume that the distribution of insects over the
volume elements is equally probable. What will be the
statistics of their distribution across all elements?

Figure 5 shows the histograms of insect distribu-
tions by volume elements for the case N = 480 × 3 =
1440 and N = 480 × 4 = 1920. It can be seen from the
JOURNAL OF COMMUNICATIONS TECHN
diagrams that even with a uniform distribution of
probabilities, some of the volume elements will be free
of insects (tens of volume elements). Taking into
account the schooling behavior of insects and their
uneven distribution on the surface of Earth, in reality,
the number of volume elements without insects should
be even greater. Thus, if the radar signal were formed
primarily by insects, then the radar reflectivity would
fluctuate strongly and in insect-free volume elements
would fall to Z = –55 dBZ. This was not observed in
our measurements; therefore, the background contin-
ual signal at a level from –32 to –25 dBZ was formed
from fluctuations in the refractive index. Such levels of
radar reflectivity are 15–20 dB higher than the maxi-
mum values given by Bragg’s theory for turbulent f luc-
tuations.

In this paper, we only fix the facts and cannot
explain the reasons for such a large discrepancy
between experimental data and theory. To understand
the physics of such results, apparently, it will be neces-
sary to formulate and conduct complex studies.

CONCLUSIONS

Thus, the experience of 20-year radar measure-
ments of the wind field using a 35 GHz wind profiler
is considered. The meteorological potential of the cre-
ated radar has been substantiated, which makes it pos-
sible to record radar reflections from meteorological
objects at an altitude of 1 km with radar reflectivity
Z = –60 dBZ. Particular attention is paid to reflections
in a clear atmosphere. It is shown that in a number of
cases the observed values of radar reflectivity from a
clear sky cannot be explained by the existing turbulent
theory of ref lections from fluctuations of the refractive
index. The discrepancies reach 15–20 dB. The current
situation is quite predictable. The millimeter wave-
length range lies at the limit of applicability of the the-
ory of turbulence. In such cases, as a rule, other signal
OLOGY AND ELECTRONICS  Vol. 66  No. 9  2021
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generation mechanisms, which are not yet known, are
brought to the fore. A probable explanation for the
high level of radar reflectivity in field measurements
may lie in the structure of thermals, which are formed
due to uneven heating of the surface.
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