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Abstract—The ranges of the parameters of wind and temperature (refractive) turbulence are estimated corre-
sponding to the four-point scale of turbulence intensity at f light altitudes in the free atmosphere. It is shown
that the estimates of both the variance of the radial velocity measured with a coherent lidar in the f light direc-
tion and of the structural constant of the refractive index from the lidar measurements of the intensity of
refractive turbulence in the f light direction make it possible to judge the potential danger of bumpy flight of
aircraft in clear-air turbulence zones ahead of the aircraft.
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Aircraft measurements [1] have shown turbulence
to occur in the upper troposphere (at altitudes of 6–
10 km) and lower stratosphere (up to ~25 km) with a
relative frequency of up to 25% mainly in discontinu-
ous (with characteristic horizontal sizes of individual
parts of ~10 km) and continuous (with horizontal sizes
of ~100 km) zones that drift with an average air f low.
The vertical size of a turbulent zone is ~1 km. These
zones are dangerous to aircraft under clear sky condi-
tions. To reduce the risk of accidents, it is important to
localize them in advance ahead of aircraft.

Clear-air turbulence (CAT) is usually assessed in
terms of the degree of impact on the aircraft f light sta-
bility on a four-point scale: light (b1), moderate (b2),
severe (b3), and extreme (b4). Based on the experimen-

tal data for the turbulence spectrum of the longitudi-
nal wind velocity component in the free atmosphere

at κ = 2 × 10−3 m−1 [1] and with allowance for the
possible spectrum definition 

when estimating the turbulent energy  in
the spectral range of aircraft-affecting inhomogene-
ities from κ1 = 3 × 10−4 to κ2 = 3 × 10−1 m−1, we have
calculated the turbulence energy dissipation rates ε in
correspondence with this four-point scale (Table 1).
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Table 1. Ranges of the parameters characterising the intensity of CAT

Intensity of CAT, 
point

Turbulence energy 
dissipation rate ε, m2/s3

Doppler spectrum 
width σS, m/s

Radial velocity 

variance  m2/s2

Structural constant 
of air refractive index 

f luctuations  m−2/3

b1 10−3−5 × 10−3 0.97–1.65 0.9–2.7 3.5 × 10−14 –10−13

b2 5 × 10−3−1.5 × 10−2 1.65–2.39 2.7–5.7 10−3 –2.1 × 10−13

b3 (1.5−4.5) × 10−2 2.39–3.45 5.7–11.8 (2.1–4.4) × 10−13

b4 ≥4.5 × 10−2 ≥3.45 ≥11.8 ≥4.4 × 10−13
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Thus, measuring the turbulence kinetic energy dis-
sipation rate in the f light direction, the location of
CAT zones along the aircraft course can be detected in
advance and the potential hazard can be estimated.
Pulsed coherent Doppler lidars can be used for these
purposes.

An important point in the lidar detection of CAT
zones during a f light is the promptness of receiving
necessary data. Assessment of the turbulence kinetic
energy dissipation rate by the method of the azimuthal
structure function [2] or from the spectra of turbulent
fluctuations of the radial velocity [3] requires not only
long-term measurements (about half an hour under
ground conditions), but also a long time for iterative
computation of the dissipation rate. In this work, we
analyze a possibility of localizing CAT from other
parameters of atmospheric turbulence, which can be
remotely determined with lidars.

The most suitable technique for detection of CAT
zones with coherent lidars is the estimation of the wind
turbulence strength from broadening the Doppler power
spectrum because of a random (due to wind turbulence)
spread in the velocities of scattering particles in a volume
sounded. The Doppler spectrum width (provided that
the signal time window TW significantly exceeds the
sounding pulse duration τp) can be estimated by the sim-
ple formula [4]:

(1)

where  λ is the wavelength; c is the
speed of light. The results of numerical simulation [4]
for the lidar [5] with the parameters λ = 2.09 μm, τp =
400 ns, and TW = TSM = 20.48 μs, where TS = 20 ns is
the sampling time of a complex signal; М = 1024 is the
number of samples, confirm a possibility of estimating
the intensity of turbulence ahead of the aircraft from
the width of the Doppler spectrum of such lidars.

Table 1 presents the Doppler spectrum width cal-
culated for these parameters and corresponding to dif-
ferent levels of turbulence ε. In the absence of turbu-
lence (ε = 0), the Doppler spectrum width is deter-
mined by the sounding pulse duration (σS ∼ λ/σР),
σS ≈ 0.49 m/s, which is an order of magnitude larger
than the spectral channel width in units of speed ΔV =
λ/(2TW) ≈ 0.05 m/s. The spectrum broadens when
turbulence appears. According to the table data, the
spectrum width σS > 0.97 m/s already under weak tur-
bulence (b1) for the parameters σР and TW selected. As
the turbulence becomes stronger, the spectrum widens
to 3.45 m/s and more, which can serve an indicator of
CAT zones (this spectrum width (3.45 m/s) is approx-
imately seven times larger than the above estimate of
the instrumental spectrum broadening (0.49 m/s)).

However, this is not completely true for coherent
all-fiber lidar systems with shorter sounding pulses
and signal sampling time (for example, τp = 170 ns and

σ = λ π σ + ε2 3 2 32 2 2 2
S P W( 2) (8 ) 0.45 ( 2) ,T c

σ = pР (2 ln 2);t
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TS = 20 ns for a StreamLine all-fiber lidar (Halo Pho-
tonics, UK)). For this lidar with λ = 1.5 μm, the
instrumental spectrum broadening σS = 1.5 m/s if
TW = 120 ns and 0.83 m/s if . At TW = TSM =
20.48 μs, the turbulent broadening of the spectrum is
also 3.45 m/s at ε = 4.5 × 10−2 m2/s3, which corre-
sponds to the b4 level.

Thus, while the turbulent spectrum broadening at
the storm level is seven times greater than the instru-
mental broadening for the lidar [5], the broadening at
the same level of turbulence exceeds the instrumental
one by 3.45/0.83 ≈ 4 times as a maximum in all-fiber
lidars. When narrowing the time window TW, the
instrumental spectrum broadening finally prevails over
the turbulent one at any level of turbulence, which can
be an obstacle to reliable detection of CAT zones.

This problem can be solved with the use of short-
pulse all-fiber Doppler lidars based not only on the
estimation of the turbulent broadening of the Doppler
spectra, but also on other characteristics of the data
measured, for example, on the variance of the radial
velocity. In contrast to the dissipation rate, the estima-
tion of the radial velocity variance from the initial lidar
data does not require much time and can be carried
out in real time with the current update according to
the next estimate of the radial velocity from a distance
specified. To estimate the radial velocity variance in
the atmospheric boundary layer with an acceptable
error, half-hour measurement series are required, like
for estimation of the turbulence kinetic energy dissipa-
tion rate. However, during lidar measurements from
aircraft, averaging due to the aircraft motion occurs
along with averaging due to the drift of turbulent air
inhomogeneities with a mean wind speed (which is usu-
ally much higher at aircraft flight altitudes than near the
surface). At an aircraft speed of 800–900 km/h, an
additional “drift” of turbulent inhomogeneities occurs
at a speed of 220–250 m/s, which significantly (by
about 40 times) reduces the averaging time as compared
to ground-based measurements, down to 45 s on aver-
age. If we take into account that the mean wind speed at
such altitudes is several tens of meters per second and is
several times higher than the wind speed in the atmo-
spheric boundary layer, then less than 20 s is actually
required for the accurate estimate of the radial velocity
variance. For this time, the aircraft flies no more than
5 km, and a pilot has time to make a decision if an echo
signal is received from a distance of 10–15 km.

The equation for integral longitudinal scale of wind
velocity turbulence,

(2)

where С2 ≈ 1.2717. Derived in [6] under the assump-
tion of the applicability of the Karman turbulence
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Fig. 1. Altitude and time distributions of the (a) turbulence kinetic energy dissipation rate, (b) radial velocity variance, and
(c) integral longitudinal turbulence scale derived from StreamLine lidar measurements at BEO IAO SB RAS on July 21, 2019.
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Local time
model, allows one to connect ε with the variance of
the lidar-measured radial velocity 

(3)

To compare ε and  (3), we used StreamLine coher-
ent wind lidar measurements in the atmospheric bound-
ary layer. The measurements were performed at the
Basic Experimental Observatory (BEO) of the V.E. Zuev
Institute of Atmospheric Optics, Siberian Branch, Rus-
sian Academy of Sciences (IAO SB RAS), on July 21,
2019, when a strong smog from wildfires was observed
in Tomsk and the lidar signal-to-noise ratio (SNR)
was quite high (no less than –15 dB, mostly higher
than –10 dB, and sometimes 0 dB) within the kilome-
ter-thick surface air layer. That ensured high accuracy
of estimates of ε from the lidar data. In most cases, the

σ2:r

σ = ε 2 32
2( ) .r VC L

σ2
r
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relative error in the dissipation rate Eε calculated by
the algorithm [7] did not exceed 30% provided that
ε ≥ 10−5 m2/s3. Therefore, the estimates of ε and 
were compared for ε ≥ 10−5 m2/s3.

The lidar measurements were carried out with con-
ical scanning by a sounding beam around the vertical
axis at the elevation angle ϕ = 35.3°. A detailed descrip-
tion of the experiment is given in [8]. Figure 1 shows
two-dimensional distributions  , and

 over altitude hk = h0 + kΔh and time tn = nΔt,
where h0 = 58 m; k = 0, 1, 2, 3, …; Δh = ΔRsinϕ =
17.3357 m, ΔR = 30 m is the range step; n = 0, 1, 2, 3, …;
Δt = 0.035346 h (2 min 7 s), calculated from the lidar
measurements of the radial velocity. White color
means that the LV estimates exceed 800 m and are

σ2
r

ε( , ),k nh t σ2( , )r k nh t
( , )V k nL h t
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Fig. 2. Lidar estimates of the dissipation rate and the radial velocity variance taken from Figs. 1a and 1b (points); result of fit-

ting  (3) (LV = 200 m) to the estimates (red line).
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incorrect for these altitudes. A similar altitude–time
distribution of the relative error in the lidar estimate of

the dissipation rate  was also calculated.

The lidar estimates of ε and  taken from Figs. 1a
and 1b, respectively, are compared in Fig. 2. Accord-
ing to the theoretical model used (Eq. (3)), the depen-
dence of the variance of the radial velocity on the dis-
sipation rate obeys the power law with the exponent

“2/3”  The result of the least-squares fit of

the dependence  calculated by Eq. (3) at the fixed
value LV = 200 m is shown by the red line in Fig. 2.

Thus, the integral scale in the atmospheric bound-

ary layer, where ε ≥ 10−5 m2/s3 (green, yellow, and
brown areas in Fig. 1a), averages approximately 200 m.
As can be seen in Fig. 1c, the integral scale signifi-
cantly varies with hk and tn, especially with altitude

(mainly LV increases with altitude) within these

regions. This explains the quite wide scatter of points
around the red line (at a fixed ε) in Fig. 2.

The analysis of Figs. 1 and 2 shows that up to 90%

of the  estimates at fixed ε have been derived at the
integral scale values from 50 to 800 m.

The experimental confirmation of dependence (3)
by the data in Fig. 2 allows us to use it for estimating
the radial velocity variance ranges corresponding to
the four-point scale of aircraft f light stability. Data [1]
imply that the integral turbulence scale LV varies from

100 m to 1.9 km and is 630 m on average at altitudes of

10–12 km. The  ranges calculated for LV = 630 m are

ε( , )k nE h t

σ2

r

σ ε∼

2 32
( ).r

σ ε2
( )r

σ2

r

σ2

r

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36  No
given in the 4th row of Table 1. The values of the radial
velocity variance evidently significantly differ for dif-
ferent levels of the aircraft “bumpiness”; therefore, the
variance can be used as an indicator of a CAT.

Attempts to design lidars for measuring the optical
turbulence strength are known [9–11]. Experimental
prototypes of the lidars exist today [10, 11]. Although
their capability of receiving real-time information
about CAT is not evident, the question is quite in order
about the range of variations in the structural constant

of turbulent f luctuations of the air refractive index 
which characterizes the intensity of a refractive turbu-
lence, corresponding to the range of ε values in Table
1. The relationship [12]:

(4)

with connects the structural constant of the tempera-
ture and the turbulence kinetic energy dissipation
rate, allows to do that. Here, a is the constant on the
order of unity; KT is the turbulent heat diffusivity

coefficient; ∂T/∂z is the vertical gradient of the
potential temperature. Hence, lidars which make

possible estimation of  can be used for detection of

CAT zones  and  are connected by the well
known relationship from [12]).

At air traffic altitudes of 10–11 km, the thermal
stratification of the atmosphere is stable. Based on the
two-parameter theory of turbulent closure by Zilit-
inkevich [13], we can write

(5)
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where А = 1.85 K2 s2/m2 is the dimensional constant,
under the assumption that the mean absolute tem-
perature is equal to 220 K and the potential tempera-
ture gradient ∂T/∂z = 0.0033 K/m at altitudes from 10
to 11 km according to the standard model of the atmo-
sphere.

The  values calculated by Eq. (5) with the use of

the relationship between  and  [12] are given in
Table 1 for the ranges of ε corresponding to the four-

point scale of the intensity of CAT. One can see that 
changes by more than an order of magnitude, from

3.5 × 10–14 to 4.4 × 10–13 m–2/3, which makes it possi-
ble to use the structural constant of turbulent f luctua-
tions of the air refractive index for CAT localization.

Thus, the analysis of experimental data and theoret-
ical calculations has shown that the potential danger of
aircraft bumpy flight in CAT zones ahead of the aircraft
can be estimated from both the variance of the radial
velocity measured with a pulsed coherent wind lidar and
the structural constant of the air refractive index derived
from the lidar measurements of the intensity of refrac-
tive turbulence in the flight direction.
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