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Based on numerical simulations a possibility of sensing clear sky turbulence with an airborne
coherent Doppler lidar is analyzed. It is shown that the accuracy of estimating the turbulence level from
lidar data depends on the turbulence intensity, signal-to-noise ratio, and on the number of sounding
pulses. The conditions are determined under which the detection is possible of clear sky turbulence areas

using a coherent Doppler lidar.

Introduction

Basic causes of the clear sky turbulence in the free
atmosphere are temperature and the wind velocity
gradients formed due to interaction of air masses with
different characteristics in the regions near atmospheric
fronts and altitude frontal zones, as well as the loss of
wave stability in the temperature inversion layers, at
the tropopause and near other dividing surfaces in the
atmosphere, deformation of air currents by mountain
obstacles and the formation of wave perturbations at
the slopes of mountains.! According to data of airborne
measurements,! in the upper troposphere (at altitudes
of 6-10 km) and in the lower stratosphere (up to
025 km) the turbulence with the recurrence period up
to 25% can be observed in the broken (with typical
horizontal size of separate parts 010 km) and continuous
zones, which are transported by the mean flow. In this
case the vertical size of the turbulent zones is 1 km.

The areas of increased turbulence under clear sky
conditions are dangerous for aircrafts, and to improve
the flight safety early detection of such areas on the
aircraft flight routes is necessary. For these purposes it
is promising to use Doppler lidars. At present the
projects are being realized aimed at creating such lidars
and at developing the methods of detecting the areas of
intense turbulence. Thus Ref. 2 shows the results of
first experiments on measuring the dissipation rate of
turbulent energy along the aircraft flight using an on-
board Doppler lidar.

In this paper, with the use of numerical simulation
of a lidar return of an airborne Doppler lidar a
possibility is studied of determining the level of
turbulent intensity in clear sky from the estimates of
the lidar return power spectral width.

1. Model of turbulence

The measurements of spectral densities of
fluctuations of horizontal (longitudinal) wind velocity
component
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S (K) = ! J dr B,(r) e %", (1

where B,(r) = Wy +r) Ulrg)T is the correlation
function, U is the wind velocity fluctuations, have
shown! that at high spatial frequencies kK 1073 m™!
(up to the boundary of viscous turbulence interval) the
density spectrum fits the Kolmogorov—Obukhov law
(S, (k) Ok™>/3), and at low frequencies (outside the
limits of the inflow of turbulent energy) the exponent v
in the power-law relation of spectrum to the spatial
frequency (S,(k) Ok") differs from &5/30 and,
according to different data the exponent varies from
v =-2.2tov =-3.1 (on the average, v = =2.7).

The two portions of the spectrum do exist because
in the upper troposphere and stratosphere there are, as
a rule, conditions of stable temperature stratification.
Therefore, the transfer of wind disturbances energy
from large-scale vortices to smaller ones is, first,
accompanied by the consuming kinetic energy of motion
to overcome the Archimedean forces (a high percentage
of potential energy of turbulence converts into the
potential energy of stratification) and only then in the
region of scales corresponding to inertial interval, the
process of energy transfer begins to proceed without
losses at a constant rate, being equal to the rate of
turbulence energy conversion into the heat energy. !

The degree of danger from the clear sky
turbulence to the aircraft flight stability can be
assessed using the four-point scale: weak (by), moderate
(by), strong (b3), and very strong or storm (b,). Based
on the data from Ref. 1 for the spectrum S,(k) at
K=2 0103 m™! and taking into account the fact that
at k 2103 m™!

S,(K) = 0.2562/3 k=5/3, (2)

where € is the rate of dissipation of turbulent energy,
we calculated the values of € corresponding to the
levels of these four-point scale. The results are given in
Table 1.
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Table 1

Intensity Dissipation rate of the
of turbulence turbulence energy €, m2/s3
by 103 5 0103
by 501073 — 1.5 01072
b3 1.5 01072 — 4.5 01072

by > 4.5 0102

The airplane responds not to any turbulent gusts
but only to the disturbances from a relatively narrow
range of turbulence spectrum. In particular, the vortex
structures of the size from 10—20 m up to 3—4 km (for
heavy airplanes — 6 or 7 km) produce an effect on the
airplane motion at subsonic speeds.! The estimates of

K2
turbulence energy I dkS,(k) made by the authors in

Ky
the frequency range from k;=3010%4m! to Ky=
=300t m~! based on the assumption that the spectrum
is described by formula (2) with k 2103 m™! and
S,(K) =Ak27 for kK < 1073 m~! where, according to the
data from Ref. 1, A « 1076 (m3 /s) On~27 and using only
the formula (2) for the entire range [Ki, K»] indicated
that both types of calculations gave close results for the
turbulence energy practically for all the values of €
cited in Table 1. Therefore later on we shall use the
spectral model (2) for the entire frequency range.

2. Algorithms of numerical simulation
of lidar return and assessment
of turbulence level

Let us assume that a coherent Doppler lidar is
installed on board an aircraft and sensing of turbulence
is performed along the direction of the aircraft flight.
The lidar receiving system records a lidar return due to
scattering of sounding pulse on aerosol particles,
entrained by the wind z(mTy), as a function of time
t =ty + mls, where t; is the time of the start of
measurements, Ts = B! is the frequency of data reading,
B is the receiver’s transmission band, m =0, 1, 2, ... .
From z(mT,) the data are extracted on the turbulence
in the volume sounded at a distance cty,/2, where c is
the speed of light. The turbulence can also be estimated
from a series of lidar returns z(mT,) from several
sounding pulses with the use of a corresponding
procedure of data storage.

According to Ref. 3 and expression for a normalized
complex signal, the function z(mT) takes the form:

DSNR Qlj/2 nr.
D2\F[ P kzoa(k + ml) x

X exp - 2%&[1_1

- STV, PG+ mD)E+ é (3

z(mTy) =
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where SNR is the signal-to-noise ratio, np =
= [4\/§P/AP] is the number of layers, into which the
volume sounded is divided; AP is the thickness of a
separate layer; P = O,c/2; Op is the duration of a
sounding pulse; [=[cT,/(AP)]; a(k) and n, are
independent complex random values with the zero mean
and Gaussian distribution of the probability density
(variances of the real and imaginary parts are equal to
unity); A is the wavelength of sounding radiation. The
radial (along the direction of sounding) speed component
V.(2) in Eq. (3) is simulated in the spectral range using
Eq. (2) for the fluctuation power spectra of the wind
velocity. The values of SNR in Eq. (3) for the aircraft
sounding paths were calculated by the formula3-4:

r]q U cBr e v ~20.R
SNR=""05 1w B_ H DS’_)\RD @
BT[ aL

assuming  homogeneity of the light-scattering
characteristics of the medium (along a horizontal path)
and that turbulent fluctuations of the refractive index
of the air can be neglected. In the expression (4) ng is
the detector quantum efficiency, U, is the sounding
pulse power, Av is the photocurrent power, B is the
backscattering coefficient, a, is the extinction
coefficient, R is the sounding path length; a@; is the
transmitting aperture radius.

Figure 1 shows the SNR as functions of the
backscattering coefficient By at 5—20 km altitudes,>6
and the sounding pulse power U, for lidar with
A =209 pm, a; =10 cm, Ng = 0.4, =50 MHz, and
R =10 km. It is clear that the values of SNR,
depending on By and U, can vary within five orders of
magnitude: from 01074 to 0 10.

An important condition in lidar detection of
turbulence at a definite distance along a trajectory of
aircraft motion is the promptness of obtaining necessary
information. In this regard the most suitable method is
the evaluation of turbulence intensity from the power
spectrum width of a Doppler-lidar return, determined
by random, due to the turbulence, scatter in speeds of
scattering particles in a volume sounded.

For the ith sounding pulse normalized to the
square root of the mean noise power and demodulated
taking into account the frequencies of the reference and
sounding beams and the Doppler frequency shift of a
complex signal z;(mT,) due to the aircraft motion, one
can obtain the estimate of the spectral density

[
W;(k/T) using FFT:

T

where T = MT, is the time of measurement, k=
=0,1,...,M—1. At a sufficiently high pulse-
repetition rate f}, it is possible to obtain the estimate of

2
T Z z;(mTy) exp %%g’iMka , (3)
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n
the mean spectrum n™') \%/i(k /T) with a high degree

=1
of accuracy, where 7 is the number of pulses selected so
that the random distribution of wind velocity over the
sounding volume can be considered to be “frozen” and
at a given time n/f, an essential shift of the sounding
volume is not observed due to the aircraft motion.
Using the expression from Ref. 3 for z(mT,) and
Eq. (5), after passing in equation (5) from summation
to integration, with the account of the condition
Ts <<0, <<T, and averaging over the ensemble for all
parameters, except for the velocity V.(z), for the

o
average spectrum W(f) = W(f) — Wy, we obtain

1

4 +oo T/2
W() = SNR— [ dz I dt x
—0 -T/2
O+ (R=-2)2/c]? o 9 2 M
X exp E——Gg Gp(ZTE) Lf X V.(2)] H, (6)
where
+o00 —
SNR = I df w(p; @)

Wy = T is the mean noise spectral component and here
k/T > f.

Taking into account the Doppler ratio V = fA /2,
the lidar estimate of radial wind velocity Vp in the

sounding volume is determined as the first moment:
+oo

A —_—
Vb =§5NRI dff wp . €©)
After substituting Eq. (6) into Eq. (8) we have
+o0
Vp = j dz Oy(2)V,(2) , C))

—00

where

0 = R -2+ 5
p p

—erfai—(R—z)—%H} (10)
P p

is the function characterizing the visibility and
longitudinal size of the sounding volume,3 erf (x) is the
probability interval.

Now we determine the square of the Doppler
spectral broadening AVI% (in velocity units) as the
second central moment:

+00

AVE = SNR*J df (/2= Vp)2 W(H . (11)

From Egs. (6) and (11) we obtain

1 +o0
AV = %%g ?"3 + J dz Qs V() — Vpl2. (12)
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Fig. 1. The dependence of the signal-to-noise ratio on the
backscattering coefficient Br(a) and the sounding pulse power
Up (0); (@ Uy,=1 (1); 10 (2); 100 (3), and 1000 mJ (4);
(b) Br=500" (1); 1078 (2); 5008 (3); 107 (4), and
5007 m~! (5).

For the mean value of the square of the Doppler

spectral broadening oz = ELVIZDEI where the brackets
denote averaging over the ensemble of wind velocity,
from Eq. (12) taking into account the model chosen for
the turbulence [formula (2)] we have

2 2 2
Os = osp + Ost » (13)

1
2 _ -
Gsp = E% g 87'[0% (14)

is the square of the Doppler spectral broadening in the
absence of turbulence,

where

o5 = 0.5¢"3 J' dkk 73 1 = H(K)] (15)
0
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is the component due to the contribution of turbulence
to the Doppler spectral broadening,

H(k) = exp ﬁ—% (O'pc‘/Z)zKQﬁsinc2 H% K % H (16)

is the transmission function of the low-frequency filter,
sinc(x) = sin(x) /x.

The integral in expression (15) can be calculated
analytically for two asymptotic cases ¢, >>T and
0, <<T. When the pulse duration far exceeds the

[
measurement time of the unsmoothed spectrum W;(f)
(o, >T)

02 = c1€2/3 (o,c/2)2/3 17)

where ¢; =0.5T(1,/3)274/3=0.53. For the case of
T >0, we obtain, from Eq. (15), being of prime
practical interest, that

02 = cp€2/3(Tc/2)2/3 (18)

where ¢y = 0.5 T(1,/3)27 /80 = 0.45.

The values of the Doppler spectral broadening oy,
calculated by the formula (13) and corresponding to
different turbulent levels from Table 1, are given in
Table 2. The calculations have been made using the
following parameters: A =2.09 um, o, = 1 ps, T'= 20.48 ps
(T=TM, Ty=20ns, M=1024). In this case the
longitudinal size of the sounding volume Az = Q?(R)
(Ref. 3) is about 3 km.

Table 2

Dissipation rate of the
turbulence energy €, m2/s3
(Intensity of turbulence)

Width of the Doppler
spectrum, m /s

1073 — 5 01073 (b 0.97 — 1.65
501073 — 1.5 01072 (by) 1.65 — 2.39
1.5 01072 — 4.5 01072 (by) 2.39 — 3.45
> 4.5 01072 (by) > 3.45

In the absence of turbulence (¢=0) o= 0oy, =
= )\/(\/5 4Trcp) =0.1 m/s, i.e., it is comparable with
the spectral resolution in the velocity AV =\/(Q2T) =
=0.05 m/s. With the increase in the intensity of
turbulence, the spectral broadening increases up to
3.45 m /s and more.

According to data given in Table 2, for the selected
parameters o, and T at g < 0.97 m/s the turbulence
will not have a pronounced effect on the aircraft.

The longitudinal size of the sounded volume is 3 km
at T =20 ps and it is commensurable with the upper
limit of scales of wind turbulent disturbances affecting
the flight of a subsonic aircraft. It is evident that even
at statistical inhomogeneity of wind turbulence the
spectral broadening estimated by the formula (11) will
fluctuate greatly in passing from one sounded volume
to another since V,.(z) is a random function and the
greatest scale of wind disturbances is much larger than
the size of a volume sounded.
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To obtain a stable estimate of oy, it is essential

to average over the ensemble of realizations of AVIQ)
corresponding to nonoverlaping volumes sounded.
Therefore, the net longitudinal size of the volume
sounded, NAz, where N is the number of realizations,
can far exceed the sounding path length R. However, if
an airborne lidar is intended for provisional information
on the presence of the areas with intense turbulence at
a definite distance from the aircraft, then the averaging

of the values of AV% loses its meaning. In this case we
propose to proceed as follows. The value of AVp is
measured (from a sounded volume spaced from the
aircraft at R = 10 km). Then, depending on the range
of the Doppler broadening values in what AVp falls,
the dissipation rate of turbulent energy is determined
and, accordingly, the force of the bumpy air, which (f
the estimate of AVp is true) affects the aircraft after it
covers the distance R. Thus, Table 2 may be used to
determine the “running” level of turbulence (bumpy air
force) by the value AV measured in routine mode.

The results of numerical simulation and estimation
of the Doppler broadening by formula (11) have shown
that such a procedure of extracting information on the
turbulence is acceptable only at high signal-to-noise
ratios (SNR). At SNR <1, as a rule, the estimated
value is far in excess even at spectral smoothing by a
selected spectral window and at the corresponding
account of the mean noise level Wy. An attempt to
average the spectra obtained from different sounding
pulses reduces somewhat the requirements to SNR, but,
as the experience shows, the realization of this approach,
taking into account the data in Fig. 1, is impossible.

g
To assess the Doppler broadening 05 from

nog
\;/(k) =n'y Wi(k/T), we used the procedure of

=1

fitting the \%(k) to a certain model spectrum

Wo(k) = SNR 5 ——=

21 gy

5,G,00 P, 08
XexpD-E D@—EDD‘FTS (19)

O ., 00 ag

[]
using the least squares method. In Eq. (19) SNR and

ED are the estimates of SNR and the radial wind
velocity — averaged by the volume  sounded,
AV =\/(2T) is the spectral resolution in the wind
speed, T =TyM. Based on determination of the
discrepancy minimum using the least squares method

RmaxtM /4
B = T (W) - Wek)P2 (20)

Rmax—M /4
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a
the unknown quantity 05 was determined, where k. is
the number of the spectral channel, in which ‘g(k) has

maximum. The value of SNDR in Eq. (19) can be found
with a high degree of accuracy using a large bulk of
data measured before the moment of turbulence sensing
in a considered volume (if the scattering medium is
statistically homogeneous). The estimate of wind velocity

0
Vp was found by the iteration method. For this

]
purpose, first the value AVk, ., was assigned to Vp.
Then, according to the median in the selected range

0 g
[Fomax — R4, Rmax T k1], where Ry = [05/AV], Oy is the
estimate of spectral broadening with the use of Egs.

[ [
(19) and (20) at Vp = AVk,., we determined Vo,

which finally was used in Eqs. (19) and (20) to find gls.

The spectral component containing the information
on the turbulence will differ from the Gaussian
distribution (the first term in the right-hand side of
Eq. (19) even at very sharp (n >>1) averaging of the
signal and noise fluctuations. The reason is that no
averaging happens by the wind perturbations with the
scales compared with the longitudinal size of the
volume sounded. Nevertheless, the numerical experiments

have shown that the calculation by formula (12) CEIL =

=AVp and the evaluation of gs with the use of
Eqs. (19) and (20) at SNR >>1 and n >>1 give the
results, which are in close agreement (on the average,
the difference is no more than 10%).

3. Results of numerical simulation

At numerical simulation of the lidar return z(mTy)
we used the following parameters: A = 2.09 pum,
Tg=20ns, M = 1024, and 0, = 1 ps. The SNR values
varied from 10 to 1073. The values of the dissipation
rate € were selected to meet the limits of turbulence
levels b; (see Table 1), i.e., € = 1073; 51073; 1.5 01072,
and 4.5 072 m2/s3. From simulated data the Doppler

spectra of \;/(k) were calculated at different n, but at a
constant distribution of speed V,.(z) along the sounding
path. The number n varied from 1 to 100. We used the
moving smoothing of spectra using the window of
7 spectral channels (7AV = 0.35 m/s).

Figure 2 shows 4 examples of simulating the Doppler
spectra in the absence of noise (SNR™! = 0) at different
levels of turbulence. Here and further the argument of
spectra is the velocity V = (A /2)f. All the spectra were
obtained from a single sounding pulse (n = 1).

Figure 3 shows examples of simulating the
Doppler spectra corresponding at different n =1 (1),
n=10 (2), n =100 (3) to the same random realization
of V() when SNR=10.1 (a) and SNR =0.01 (b).
Here the designation V' = V — Vp is used. It is evident
that at SNR = 0.01 and n = 1 the signal peak is fully
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immersed in the noises and it is impossible to assess its
width. However, when averaging over 100 realizations
it is possible to assess the spectral broadening.

W)

0 S5 10 15 20 25 30 35 40 V,m/s
Fig. 2. Examples of simulation of the Doppler spectra W(V)
at SNR™'=0 and £ =103 (1), 50073 (2), 1.50072 (3), and
4.50072 m2/s3 (4).

In Fig. 4 for n =1 examples are shown of the
numerical simulation of spectra (solid curves) at
SNR = 0.1 and the results of fitting by the method of
least squares to the Gaussian spectrum (19) (dashed
curve) at different levels of the turbulence intensity.

To assess the reliability of detecting the areas of
clear sky turbulence based on the Doppler spectrum
AVp measured in a routine mode depending on the
number of pulses (accumulation of data) at different n,
the value of

D .
(@20D"?%=(@avy - 6)°D'?

was calculated characterizing in a statistical sense the
difference of AV from the mean Doppler broadening (13).
To calculate the error of (@&/sz, a sample of 1000
random realizations was used. The calculated results are
given in Table 3. According to the data from Tables 1—
3 the relative error of estimating the Doppler
broadening (IEVZVD1//2/OS by the value AVp (12) and,
respectively, the error of determination of the
turbulence level in the areas of clear sky turbulence
dangerous for aircraft is 25% at n =1 and SNR = 1. It
is 50% at =1 and SNR =0.1; 37% at n =100 and
SNR = 0.01 practically at any values of the dissipation
rate of turbulent energy € given in Table 3.

Table 3

Dissipation rate

of the turbulence n=1, n=1, n =100,
energy €, SNR=1|SNR=0.1|SNR=0.01

m2/s3

1073 0.25 0.48 0.36
501073 0.39 0.86 0.61
1.5 01072 0.60 1.24 0.92
4.5 01073 0.76 1.51 1.21
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W 1

15 V', m/s

a
Fig. 3. Examples of simulating Doppler spectra W(V"); & = 50073 m? /s3, SNR = 0.1 (), 0.01 (b), n = 1 (1); 10 (2), and 100 (3).

W)

-12 -10 -8 -6 -4 -2 0 2 4 6 8 V', m/s
Fig. 4. Examples of simulating Doppler spectra W(V") (solid
curves) and the results of spectra fitting to the Gaussian
dependence on the velocity (dashed curves) at SNR =0.1
and n=1; €=0 (1); 1073 (2); 50073 (3); 1.20072 (4) and
4.50072 m?2/s3 (5).

Figure 5 shows histograms of the distribution of
absolute error &y, = AVp — 0, calculated from the
simulated data, within the intervals [ey — Aey /2,
ew + Aey /2], where Agy,=0.2 m/s and N, is the
number of “hits” of the error values €y, into one or
another interval.

From the results given in Table 3 and Fig. 5 it
follows that the absolute error of estimating the
Doppler broadening grows with increasing force of
turbulence. A decrease in the SNR also results in an
increase of the errors (both absolute and relative)_ The
results of numerical experiments show that o, at
SNR < 0.01 is estimated from a single sounding pulse
(n=1) with a very large error, and in this case it is
impossible to determine the turbulence level. However,
as follows from Table 3 and Fig. 5¢, at SNR = 0.01 the
averaging over one hundred Doppler spectra (n = 100)
can give an acceptable result. The numerical simulation
of spectra at n =100 and SNR = 1073 shows, that in
this case the error of estimating the value 0y is too
large. Hence, at such a low level of lidar return a
larger number of averaging should be made.

At a strong sidewind during the aircraft flight
toward the detected dangerous turbulent area the radial
velocity V,(2) can change, and the turbulence intensity
inside the sounded volume can change as well. However,
as the results of numerical experiments show, the value
of the relative fluctuations of the Doppler broadening
Ery=[0MAVp /04— 120172, determined by the
turbulent inhomogeneities with scales exceeding the
size of sounding volume, equals about 0.3 at any values
of € from Table 1.
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Fig. 5. Histograms of errors of estimating the Doppler broadening €y at n =1 and SNR =1 (a); n=1 and SNR = 0.1 (b);
n =100 and SNR = 0.01 (¢); € = 1073 (1); 50073 (2); 1.50072 (3), and 4.50072 m2 /s3 (4).

By this it is meant that fluctuations of the
Doppler spectral broadening AV caused by the large-
scale wind inhomogeneities, result in a small random
overlapping of the intervals determining the turbulence
intensity in forces according to Table 2: {o,[1 — Eay];
a4[1+ Eayl} ={0.70,; 1.30,} (in our case 0 = 0 ). Hence,
it follows that the error in determination of the intensity
of clear sky turbulence will not be large even under
conditions of strong sidewind.

Conclusion

The study has been presented in this paper based
on the numerical simulation made into the possibilities

of sounding the clear sky turbulence with an airborne
coherent Doppler lidar. The data on turbulence are
extracted from the width of the lidar-return power
spectrum estimated with the use of fitting procedure of
the spectrum to the Gaussian dependence on the
frequency (velocity).

From the numerical simulation it follows that the
accuracy of turbulence estimating from lidar
measurements depends on the turbulence intensity (the
dissipation rate €); the signal-to-noise ratio (SNR) and
the order of spectral accumulation (the number of
sounding pulses n). It is shown that from the
measurements using a single sounding pulse (n = 1), it
is possible to determine the turbulence level only at
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SNR 0.1. In the case of SNR =0.01 the spectra
accumulation is needed, at least, from one hundred
sounding pulses (n = 100).
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