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Laser remote sensing of the mean wind
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The representativeness and accuracy of laser Doppler anemometer (LDA) mean wind velocity
measurements in the planetary boundary layer under different conditions of atmospheric stability and
earth surface roughness is studied, both theoretically and experimentally, for two measurements
techniques: 1) Velocity-Azimuth-Display (VAD) and 2) Doppler Beam Swinging (DBS). In many
instances LDA measurements better represent true mean wind than traditional point measurements,

because of measured spatial temporal averaging.

Introduction

Radar wind profilers measure the atmospheric wind
profiles up to the stratosphere,!® and laser Doppler
systems are accepted to give excellent wind data in the
same environment. Now wind lidar is becoming a
standard tool for environmental studies purpose. To
apply such a system one has to know how long one has
to measure to get the same mean wind as that obtained
with standard wind measuring devices. Doppler lidars
measure the wind component along the line of sight,
i.e., along the direction of transmitted laser radiation
propagation. By scanning with an appropriate technique,
the 3D wind vector can be measured.>Y Figure 1 shows
the schematic of measurements.
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Fig. 1. Schematic of the measuring technique of a Doppler
lidar (VAD scan or DBS technique).
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A ground-based lidar with a scanner allows one to
retrieve, in principle, the wind speed and direction
throughout the entire troposphere. Necessary assumptions
include homogeneity of the wind over the sensing
volume. Turbulence has to be taken into consideration.
This paper focuses on the question of how representative
lidar wind measurements are in the boundary layer.

1. Doppler lidar

A frequency-stable, pulsed or continuous wave
(cw) laser transmits energy with the frequency fy via a
transmitting optics into the region of investigation in
the atmosphere. The temporal pulse shape is either
Gaussian (for a solid state laser) or like gain-switched
spike (for the COj laser). For the cw laser system — also
called laser Doppler anemometer — the sensing volume
can be defined by focusing in the layer (range) of
investigation. Some of the radiation is backscattered by
small aerosol particles which move with the prevailing
wind speed across the laser focus volume.9

A line-of-sight (LOS) component of that wind is
called radial component or V,; it produces a Doppler
shift Afp. This is obtained from the equation

Ve
Afp =27 fo,

where ¢ is the speed of light and f is obtained from
f=c/\ At COy laser wavelengths (L) of 10.6 um the
velocity component of 1 m/s corresponds to a
frequency shift, Afp, of 189 kHz.

By measuring at an azimuth angle 6 and an elevation
angle ¢ one gets a radial (line-of-sight) velocity V,
which depends on the wind vector components u, v,
and @ given by

V.=usin® cos¢p + v cosO cos ¢ + w sin ¢.

The frequency shift can be measured in the backscattered
signal, which is received with the receiving optics (same
path as transmitting). A polarization switch is used to
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separate the outgoing radiation from the backscattered
radiation. The backscattered radiation is mixed on a
detector with the radiation of a local oscillator (LO)
laser. A locking loop is used to keep the LO frequency and
the transmitted laser frequency within a given bandwidth.

1.1. Velocity-Azimuth-Display
(VAD) technique

To determine the magnitude and direction of the
horizontal wind from measured LOS component, some
type of scanning over azimuth and elevation angles is
required.> Lhermitte and Atlas!3 showed that it is
possible to retrieve mean horizontal wind magnitude
and direction from radial velocity data acquired on
the horizontal circles centered about the vertical axis
of the scanner (Fig. 1). This type of the pattern
is called a conical scan because the lidar beam sweeps
a cone with the apex at the scanner. In an ideal case
of a homogeneous atmosphere, the measured LOS
components follow a sine-wave behavior (Fig. 2). In a
turbulent atmosphere deviations from the sine-wave can
occur. The representativeness of wind values derived
from scans over parts of circle has been made in Ref. 5.
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Fig. 2. Example of sine fitting of the radial wind velocity
simulated with the use of the VAD technique.

With the meteorological definition of wind (speed,
direction), one obtains

V,=—usin® coso — v cos0 cosp — w singp, (1)

where u is the West-East-wind component; o is the
South-North-wind component; w is the vertical wind
component; 0 is the azimuth angle (clockwise from the
North); ¢ is the elevation angle (see Fig. 1).

For the VAD scan for each range interval a separate
“best” sine-wave fitting is necessary, yielding the offset
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w', the amplitude A, and the phase 0'. From these the
following components are determined:

— wind direction 8’ (Fig. 2),

— horizontal wind velocity vy,

A
Ohor = oS = \]uz + 02, (2)

— vertical wind velocity @

w = - w'/sin @, 3)
— horizontal wind components
A4
u= coso sin 0; (4)
V= Cosg % 0. (5)

1.2. Doppler Beam Swinging technique

For Doppler Beam Swinging (DBS) it is possible
to measure wind components using only 3 beam-pointing
directions (see Fig. 1). Here beam / points vertically,
beam 2 to the North, and beam 3 to the East. With the
convention, that V1 =w, V5 is the LOS component
from North, and V3 is the LOS component from East,
the following relations are valid:

Vo — Vq sing . )

u=
cosp

Vi3 — V1 sing
R (7

cosQ

2. Turbulence effect assessment

Equation (1) is acceptable, when the velocity
components #, v, and w are constant in time and space.
Atmospheric wind turbulence causes fluctuations of the
velocity V, measured. That is, V is a random function
of range R, direction (¢ and 0), and time ¢. Temporal
and spatial averaging of the wind velocity estimated
from measured LOS components V. allows one to acquire
information about mean wind. In the case of measurement
with a cw Doppler lidar in the atmospheric boundary
layer, the turbulent fluctuations of V. are the main
source of the error in the mean wind estimate.

In the atmospheric boundary layer the statistical
parameters of wind turbulence depend mainly on height,
geostrophic wind, thermal stratification, and earth
surface roughness. In this work we investigate the
representativeness of laser Doppler anemometer (LDA)
mean wind velocity measured by two techniques (VAD
and DBS) in the planetary boundary layer under
conditions of different atmospheric stability and earth
surface roughness. The question to be addressed in this
paper is: how many revolutions (VAD technique) should
one use, and what duration of measurement (DBS
technique) is necessary, to measure the mean wind with
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a required accuracy? The mean wind normally is
measured with a point sensor averaged over 10 minutes.
As explained in Fig. 1, the LDA averages over a much
large spatial volume than the point sensor. It is presumed
that the measurement time for LDA is much smaller
than 10 minutes (Ref. 1).

2.1. Theory

In the atmosphere the wind velocity vector V(r, t) =
={V,, V,, Vy} ={Vy, Vy, V3} is a random function of
the coordinates r = {z, x, y} = {rq, ro, r3} and time ¢,
where V,, V,, and V, are, correspondingly, the
vertical, longitudinal, and transverse components of
instantaneous wind velocity. In what follows we
assume that random variations of the wind velocity are
caused by atmospheric turbulence only, that turbulent
velocity field is statistically homogeneous and isotropic,
and, that we can wuse the hypothesis of “frozen”
turbulence:

V(r, t) = V(r + (V) 1),

where (V) = {0, U, 0}, U is the mean wind velocity.

Let V = {‘72, ‘7x, ‘A/y} be the wind velocity vector
estimate obtained from measurement data. For an

unbiased estimate (V) = (V) and (f/x> = U. Absolute and
relative errors in the mean wind velocity measurement
are E = [((f/x - U)z)]1/2 and €= E /U, respectively.
Later on we shall use €pp, &vap, €pps as relative and
Epm, Evap, Epps as absolute errors of mean wind
velocity measurement with the point sensor (eppn;, Epp),
and the cw Doppler lidar with scanning (VAD technique,
evap, Evap), and with three beams (DBS technique,

epBs, Epps)-
For a point velocity sensor the longitudinal

component of wind velocity V., averaged over time T,
can be estimated as

V,= dt v,(o0, Ut, 0). (®

1
T

oH\]

The estimate (8) is unbiased ((IA/,L.) = U). For the mean
square error sp%,l we have

T
2
Eom = T2 [ du (T =0 By(0, U, 00, (9)
0

where Bj,(p) = (Vi(r+p) V,(r)) is the correlation
wind velocity tensor, V= V; — (V).

We use in Eq. (9) the von Karman model for the
longitudinal correlation function of wind velocity
fluctuations?:
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By(p) = f dk @y (x) cos (xp), (10)
0

2

2 Cy LV

where ®y(x) == 76

' T (1 + 1.8L7 k2O

spectrum, G%y: ((V,—U)? is the velocity variance,

and Ly is the integral scale of the velocity correlation

(the outer scale of turbulence), and p=|p|. As a
result we obtain

is the velocity

17 ur
spid:mfdn Dy (k) sinc2<KT). “n
0

It follows from Eq. (11) that for short averaging period
T <Ly/U

SP%/I ~ f dk @y (x) /U2 = 6‘2,/U2.
0

For long averaging period under condition T >> Ly, /U

gppg = (r@1(0) /U /(UT) = (oy,/U)* 2Ly /(UT),

therefore for T'>>Ly /U the error epy; is less than
Gv/ U.

The estimate of wind velocity Vp(l, t) =V,
measured with a cw Doppler lidar during time ¢ at the
azimuth angle 6 can be derived as follows

Vp@, 0 = [ d2' O,z) V(S(0) + (V) 1) S(0),  (12)
0

where
0y(2) = {mka? [(1 - 2/R)* + (z/kad)*]}"

is the function characterizing the spatial resolution;
here R is the range of sounding (focal range), ay is the
initial beam radius,

k=2n/X\; S(0) = {sin ¢, cos ¢ cos O, cos ¢ sin O} =

= {51(0), S5(0), S3(0)}.

It follows from Eq. (12) that the spatial averaging
of wind velocity fluctuations along the beam axis
occurs. The averaging volume is positioned near the
point z/ = R and has the longitudinal size Az = (A /2) x
X (R/aO)Q, if the condition R << 27ra(2)/k is fulfilled.!

When the Velocity-Azimuth-Display technique is
used, the azimuth angle 6 is a function of time: 8 = wyt,
where g is the speed of the laser beam rotation about
vertical axis of the VAD cone. The VAD estimate of
wind velocity vector V= {f/z, XA/'x, I7y} is determined by
use of the expression!
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dt Vp(aot, t) F(1), (13)

o
V=T

OH\]

where averaging time T = (2n/0y)N, N is the number
of rotations, and

1 2cos ogt 2sin ogt }

sing’ cos¢@ ' cos@

F(t) —{

Equations (12) and (13) allow one to write the
following formula for the mean square error of the
VAD estimate of the wind speed:

T
2 4
BVAD = 22 o0 cosz(p ff dtq dty cos gty cos mgty x
0
X ff dZ1 d22 QS(21) QS(22) X
0
3
x 2 Silogty) Splwgtz) Bip(p), (14)
i, k=1
where

P~ 2 S(O)O t1) ) S((DO tz) + <V> (t1 - t2).

When the Doppler Beam Swinging technique with
three sounding beams at the same elevation angle ¢ is
used, the estimate of wind velocity vector is made
based on the relationship

L

T
V== [ devp®) 4, (15)
0

where
Vo) = {Vp(0y, 1), Vp(0y, 1), Vp(03, 1)},

01, 69, 63 are the beam azimuth angles, A = {4,,,} is the
matrix with the elements:

Ay = az, Ayp = a3, Az = agy, Agg = bzg, Agy = by,
Agz = by, Az1 = c32, Azp = ¢13, A3z = ¢,
a;, = (Dsing) ™! sin(8; — ),
bir, = — (Dcose)™! (sind; — sindp),
cir = (Dcosp)~1(cosB; — cosby,),
D =sin(03 — 03) + sin(6y — 63) + sin(6, — 04).

Substituting Eq. (12) into Eq. (15), for the mean
square error of the DBS wind velocity estimate we obtain

T 0
8%)35 = U22T2 f dt (T - ©) ff dzy dzy Q4(z1) O4(zy) x
0 0
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3 3
X Z b;bl; z Sl(ei) Sm(ek) Blm(p) ) (16)
i,k=1 I,m=1

where
by =bzy, by=biz, b3=by;
P =21 S(0;) — 2, S(6) + (V) t.
The correlation tensor Bj,(p) in Eq.(14) and B,,(p) in

Eq. (16) is determined, in accordance with the
assumption of isotropic turbulence, as

1 dBy(p) Pi Pk
Bir(p) = By(p) ir + 5 p —,;— Bk - ;,2 , (7)

where §;p, is the Kronecker delta, and By (p) is given by
the von Karman model (10).

2.2. Calculations

To calculate the errors epy, &yap, and €pgs,

parameters U, 6‘2/, and Ly are needed as functions of
height 4. These can be estimated using a theory of the
boundary layer of the atmosphere, and they depend on
the surface roughness parameter z(, the geostrophic wind
velocity G, the Coriolis parameter f, and the vertical
turbulent flux of heat H. There are only few models of
the height profiles U(h), c&(h), and Ly(h) (Refs. 1-3,
6-8, and 12). In our calculations here we use simple
models for these parameters,! that depend on Monin—
Obukhov length L = - U%/(O./Lg H/TypgCp), where
U is the friction velocity, g is the acceleration due to

gravity, C, is the air heat capacity, T¢ is the mean
temperature, and py is the air density. The friction
velocity Us as a function of the parameters z;, G, and

H is calculated using the theory (Ref. 12).

In Fig. 3 we show the calculated data on the
relative € (epy;, &yap, and €ppg) and absolute £ (Epyy,
Eyap, and Epgg) errors of estimation of the mean
velocity, as they depend on the measurement time T,
for the height # =50 m in the surface layer of the
atmosphere. The errors &y,p, Eyap and €pgs, Epgs
are calculated for ranges R =70m (a), 150 m (b),
300 m (¢), and 1000 m (d). In calculations of eppg and
Epgs we set 01 = 0°, 6, = 120°, and 03 = 240°. Figure 4
illustrates the range dependence of the relative and
absolute errors of VAD and DBS techniques, Tt is
seen from Figs. 3 and 4 that due to spatial averaging
of velocity fluctuations the accuracy of Doppler lidar
measurements of the mean velocity is higher than
the accuracy of point sensor measurements. The
VAD technique is more accurate than the DBS
technique, due to additional spatial averaging over the
scanning cone.
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Fig. 3. Calculations of the time dependence of the relative and absolute errors of estimate of the mean wind velocity: gpy,,

Epy (=5 gyap, Evap (—=); epgs, Epps ¢

); U=7m/s,cy=12m/s, Ly=200m; R=70m, Az=4.5m (a); R =150 m,

Az=21m (b); R=300m, Az=83m (¢); R =1000 m, Az =920 m (d); » =50 m, ¢ = arcsin(h/R); 2n/w¢ = 12 s.
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Fig. 4. Comparison of the range dependences of &y,p,

400 600
Eyxp (== ) and epgs, Epps (—) calculated for the

measurement time 7 =12s (/) and 120 s (2). Parameters #,
U, oy, Ly, and o) are the same as in Fig. 3.

All calculations of the error in the mean wind
velocity estimate for the heights exceeding 50 m have
been carried out for the elevation angle of 30°. In
Fig. 5 we show the height profiles of the errors &pyp,
Epp; evap, Evap and epgs, Epps calculated for different
types of thermal stability of the atmospheric boundary
layer. It is seen from the figure that in the case of
unstable thermal stratification the averaging time 120 s
is not sufficient to achieve & < 10% with the use of
point wind sensor. At the same time in order to achieve

the accuracy € < 10% using the VAD technique, it is
enough one rotation only, that is 12 s.

3. Measurements

Simultaneous measurements of the mean wind
velocity by a cup anemometer, which can be considered
as a point sensor, and by a scanning Doppler lidar were
carried out by us earlier in 1992 in Lichtenau. The results
of these experiments are published in Ref. 1. The
comparison shows that the experimental values of €py;
and &y,p obtained there are in a good agreement with
the theoretical estimates made in section 2.2.

In order to compare the accuracy of the estimate of
mean velocity by the VAD and DBS technique we have
carried out the experiments on October 20 and November
4, 1999 in Oberpfaffenhofen. In the experiment we used
a cw COy Doppler lidar of the DLR Lidar Group.
Beginning of the experiments (fg,.¢) was at 15:40 local
time on October 20 and at 9:40 on November 4. All
measurements were made at the range R = 150 m and at
the elevation angle ¢ = 30°, thus at 75m height. We
measured the radial velocity alternately at the fixed
azimuth angles 61, 65, 83 and using the conical scanning
with the laser beam about the vertical axis. Each
measurement at a fixed azimuth angle 6; took 21 seconds,
each rotation took 7 seconds and we made 3 rotations.
After that, we repeated the described procedure.
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Fig. 5. Calculated height profiles of the relative epm, evap, epps and absolute Epn, Evap, Epss errors for the stable (curves 7,
H=-20W,/m?), neutral (curves 2, H =0), and unstable (curves 3, H = 200 W /m2) stratifications. zg = 10 cm, G = 10 m /s,

@ =30° 2n/w9=12s, T = 12 (a) and 120 s (b).
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Fig. 6. Example of sine fitting of the radial wind velocity measured with the use of VAD technique. Measurements on 11.04.99.

In Fig. 6 we show an example of sine fitting (solid
curve) of measured by the VAD technique radial velocity
(points). The inhomogeneity of wind velocity is
observed which persisted during all the three rotations.

Figure 7 demonstrates time behavior of the radial
velocity measured by the DBS technique. The measurements
were made at 0y = 98° (Lt = 09:55, beam No. 1),

0y = 222° (tgart = 09:56, beam No. 2), and 03 = 331°
(tstart = 09:57, beam No. 3). At the bottom of this figure
we show time behavior of the velocity components V,
V., and Vy obtained from these estimates of the radial
velocity under the assumption that measurements at the
angles 04, 65, 63 were made simultaneously. It is seen
that V, estimate varies during measurement time in the
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limits £ 1 m /s. Nevertheless, after time averaging of the

T
data presented in Fig. 7 |V = % fdt V(t) | we have:

0

V,=0.07m/s, V, =—4.18m/s, and V,, =—0.16 m /.

Beam No. 1

M
0 2 4 6 8 10 12 14 16 18 20
t,s

(3]

a

_4W

¥y

0 2 4 6 8 10 12 14 16 18 20
b t, s
Fig. 7. Example of time behavior of the radial wind velocity

and three components of the wind velocity measured with the
use of the DBS technique. Measurements on 11.04.99.

In using the VAD technique the spatial averaging of
the velocity fluctuations is greater than in the case of the
DBS technique. However, the total time of one
measurement by the DBS technique in these experiments
is longer than that for a single revolution of the VAD
technique by a factor of 3. Thus, we can expect that
measurement accuracy of the mean velocity by both
these methods should be approximately the same.

© 260 . s %o
0 10 20 30 40
tstart = 15:40 ¢, min

< o o - B =

=) . o . "

=)
0 20 30 40
Estart = 15:40 t, min

a

< L]

E L]

;N ° o o . o .
0 10 20 30 40
tstart = 15:40 b t, min

Fig. 8. Measurements on 10.20.99.
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Fig. 9. Measurements on 11.04.99.

In Figs. 8 and 9 we present the measured results
on the mean velocity, direction, and vertical component
of the wind. Data of the VAD technique are shown by
light squares and dark squares present data obtained
using DBS technique. It is seen that both these
methods give similar results. Variations of wind
velocity components are caused by large-scale turbulent
inhomogeneity of the wind and, possibly, by mesoscale
processes in the atmosphere.

Conclusions

It follows from the above results that to obtain the
mean wind by use of the sine-wave-fitting or the DBS
technique for a given range resolution, one should
measure and average data over a certain period. This
period depends on system parameters like pulse repetition
rate for a pulsed Doppler lidar or digitization rate for a
cw Doppler lidar.

Let us assume that within 12 seconds there are
enough data available for the VAD scan or the DBS
technique. For example, with a 10-Hz pulse repetition
rate, 120 data points could be acquired. It is useful to
estimate the accuracy of the mean wind measurements
for this fixed configuration depending on the surface
roughness z;, atmospheric stability, and range resolution.

Tables 1 to 3 contain the calculated measurement
uncertainties, or errors, (relative and absolute) under
given conditions.

Table 1. Measurement error depending on the surface
roughness z for neutral stability (H = 0).
G=10m/s, Az=100 m, R = 250 m

Roughness z, €, % E,m/s
cm VAD | DBS VAD | DBS
0.1 2.6 6 0.23 0.53
1 3.5 7.9 0.3 0.67
4.4 9.9 0.36 0.8
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Table 2. Measurement error depending
on the atmospheric stratification. z9 = 1 cm,
G=10m/s, Az=100 m, R = 250 m

e €, %o E, m/s
Stratification
VAD | DBS | VAD | DBS
Stable (H = -40 W /m?) 0.6 1.5 0.05 0.13
Neutral (H = 0) 3.5 79 03 0.67
Unstable (H = 400 W /m?) 5.1 112 0.5 1.09

Table 3. Measurement error depending on the range
resolution. zg = 1 ecm, G = 10 m /s, neutral stability (H = 0)

Range resolution g, % E, m/s
Az, m VAD | DBS | VAD [ DBS
100 (R = 250 m) 3.5 7.9 03  0.67
250 (R = 400 m) 2.3 5.9 0.2 0.5
1000 (R = 750 m) 1.2 3.3 0.1 0.28

From the tables one can see that for the cloud-free
atmosphere one can estimate the mean wind profile
within 12 seconds with the absolute accuracy of < 1 m /s,
except under conditions of unstable stratification, using
DBS technique (table 2). For poorer range resolutions
(250 m for example) the 1 m /s is reached for all modeled
cases in the turbulent boundary layer and above.
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