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THEORY AND PERFORMANCE OF THE WPL
CROSSWIND PROFILER MODEL O

G. R. Ochs!, R. J. Lataitis?, and J. J. Wilson?

ABSTRACT

A system that measures the crosswind component at five locations along an
optical path has been developed. The theory of operation is discussed, and
wind data from the operation of the system on a 500-m path agrees well with
that predicted by the theoretical analysis.

1. INTRODUCTION

Various optical systems have been proposed and implemented that use the drifting of
the intensity scintillation of a light source, as seen at a receiver, to measure the transverse
wind component at right angles to the line of sight (Lawrence et al., 1972; Ochs and Miller,
1973; Wang et al., 1974; Clifford et al., 1975; Ochs et al., 1976a; Ochs and Wang, 1978;
Ochs and Cartwright, 1980). Over a period of years, improved techniques for obtaining wind
measurements from the scintillation have been developed. Initially, laser light sources were
used (Lawrence et al., 1972; Ochs and Miller, 1973; Wang et al., 1974). The saturation of
scintillation affected the wind measurement on paths having high integrated turbulence,
however. These effects were minimized by using large incoherent light sources and receivers
(Ochs et al., 1976a). Quartz-halogen incandescent light sources were first used. These light
sources were later replaced with light-emitting diodes (LEDs) when high power versions
became available (Ochs and Cartwright, 1980). Though the LEDs radiate less total power,
the radiation is over a much narrower bandwidth and is easily modulated, so that by using the
LEDs, the overall signal-to-noise ratio is improved. The methods of analyzing the signals to
obtain wind speed have also evolved over this period, and the latest techniques measure more
accurately by using more of the information contained in the scintillation pattern (Wang et al.,
1981).

It is possible, by changing the transmitter or receiver optics, to measure the crosswind
over only portions of the optical path. In fact, the instruments that measure a so-called
space-averaged crosswind respond most strongly to winds in the central one-third of the
optical path, tapering to zero response at the transmitter and receiver; i.e., the weighting of

‘Science and Technology Corporation, 3100 Arapahoe Ave., Boulder, CO 80303.

2Wave Propagation Laboratory, NOAA/ERL, 325 Broadway, Boulder, CO 80303.



the response is a bell-shaped curve. With incoherent aperture systems, this weighting function
can be biased toward one end of the path by making the aperture diameter smaller at that end.
A system using this principle has been analyzed and constructed (Ochs and Wang, 1978). To
obtain sharper weighting functions, however, more complex transmitting and receiving filters

are required.

The Crosswind Profiler Model 11 that is analyzed and described here is based on a
technique first proposed by Lee (1974), and was developed by the Wave Propagation
Laboratory (WPL) of NOAA. Four prototype units were constructed. A detailed description
of the system is contained in NOAA Technical Memorandum ERL WPL-152 (Ochs et al.,
1988). In this companion report we develop the equations that predict system performance,
and describe the results of experiments designed to measure the actual performance of the
system. Additional measurements of system performance are described by Bilthoft (1988)
and Wang and Bilthoft (1991). A commercial version that also profiles refractive-index
turbulence (Cn2) is now available.*

2. ANALYSIS

Lee (1974) initially described a line-of-sight technique in which spatial filters were
used to obtain highly localized measurements of atmospheric turbulence. The method
required an extended, spatially incoherent source and receiver with spatially modulated
aperture responses. This spatial modulation could be generated, for example, by placing
vertically striped transmission masks across the transmitting and receiving apertures. The
stripes alternately block and pass the incident light. The resulting transmission functions are
L everywhere the light is passed and 0 everywhere it is blocked. They are characterized by
their spatial wavelengths, A( and Ar , which, in this example, are the distances between the
centers of the stripes that form the filters. This modulation filters spatially the optical
scintillation pattern produced when light passes through a random medium such as the
atmosphere. It is also possible to construct a system with more complicated "zero-sum”
filters that have transmission functions which oscillate about 0. We discuss in detail how this
is accomplished later in this section. Lee (1974) demonstrated that such a system was
sensitive to the transverse motion of refractive index irregularities only at the single path
position:

L
Kr + Kt (1a)

‘Scientific Technology, Inc., 205 Perry Parkway, Gaithersburg, MD 20877.
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where L is the propagation path length, and Kt=2n/At and Kr=2nlAr are the spatial
wavenumbers of the transmitter and receiver filters, respectively. In addition, he showed that
such a system was sensitive only to the single scale size A0 =2n/K0 of the irregularities at
lq, where

141 - 1%, e*1 (Ib)

The vector nature of the wavevectors Kt and Kr in (Ib) describes the orientation of the spatial
filters. A vertically striped filter would, for example, have a wavevector pointed horizontally,
although there would still remain an inconsequential ambiguity in sign. In (Ib), we have
assumed that the transmitter and receiver filters always have the same orientation; that is, Kt
and Kr point in the same direction.

Lee (1974) showed that the variance of the spatially filtered intensity fluctuations
was proportional to the turbulence intensity described by the refractive index structure
parameter C2 at the single path position z0 . He also indicated that the angular frequency
Oq of the filtered fluctuations was related to the transverse wind velocity V at z0 through
000 = [£0+V(zJ], so that the component of the wind velocity along R0 could be measured.
With vertically striped filters we could, for example, measure the horizontal wind. Clearly,
by changing At or Ar , different path positions could be probed and profiles of C 2 and the
transverse wind along a line-of-sight propagation path retrieved. The resolution A of such a
system, in percent of the total path length, is typically (Chumside et al., 1988) 64/(Nt + Nr) ,
where Nt and Nr>> 1 are the number of spatial cycles in the transmitter and receiver filters,
respectively. We caution, however, that this estimate is based on a highly idealized model for
the spatial filters and should be considered only as an approximate measure of the resolution.

A substantial amount of recent theoretical and experimental work on this technique
(Churnside et al., 1988; Ochs et al., 1976b; Hill, 1982; Lataitis et al., 1986; Clifford and
Chumside, 1987; Clifford and Lataitis, 1987) demonstrates its tremendous potential for ob-
taining high-resolution turbulence measurements. This report describes for the first time the
potential performance of a practical wind profiling system based on the spatial filter concept.

We first consider the transmitter and receiver filters, shown in Figs. 1 and 2, respec-
tively. Two transmitter filters with At= 20 cm and 5 cm are used in the system. The filters
are zero-sum; that is, the detected light intensity from the elements labeled is subtracted
from the detected light intensity from the elements labeled "+". This is accomplished by
coding the signals from the different regions of the transmitter so that they can be uniquely
identified at the receiver. The three receiver filters (Fig. 2) have spatial wavelengths of
Ar=20 cm, 10 cm, and 5 cm. They are also zero-sum in that light detected by the elements
marked is subtracted from that detected by those labeled "+". The receiver filters have
spaces between the elements to allow for a second identical filter shifted in space by Ar\4
needed to identify the wind direction. With this system we can probe the horizontal compo-
nent Vx of the wind at five different path positions, one for each transmitter-receiver pair



combination (except for two combinations that give the same result). The different normal-
ized path positions u0 = z0/L = [1 + (Ar/At)]~l and spatial wavelengths

Ag = 2;t/K0 = AtAr/(At+ Ar) sampled are shown in Table 1 along with the number of
spatial cycles N, and Nr across the transmitter and receiver filters, respectively, and the
expected path resolution A. We note that the frequency f0 of the spatially filtered intensity
and the horizontal component Vx(u0) of the wind are related through f0 = Vx(u0)/A0 .

“*1 I* 1

<—10cm 2.5cm
1 —40cm-------- 4 NGEEEEEE 40cm--------- »

Figure 1. A schematic of the two spatial-filter transmitters used in the system.
The corresponding spatial wavelengths (Af) are 20 cm and 5 cm. The "+"

and signs identify regions of the transmitter aperture from which the detected
light intensity is either weighted by +1 or -1, respectively, before the contribu-
tions from all of the transmitting elements are summed.

- 5cm *2.5cm ~—1.25¢cm
t*-Ar—| ““1 ' —Ar F—-Nr
28cm
l«- 5cm
-4|: 3%ci 10cm « —2.5¢cm
—_—— R P G
Ccm —————— K 87.5¢m <--m--- 38.75 cm------- »

Figure 2. A schematic of the three spatial-filter receivers used in the system.
The corresponding spatial wavelengths (Ar) are 20 cm, 10 cm, and 5 cm.
The "+" and signs identify regions of the receiver aperture from which the
detected light intensity is either weighted by +1 or -1, respectively, before
the contributions from all of the receiving elements are summed.



Table 1. The spatial wavelengths of the transmitter (Af) and receiver (Ar)
filters in Fig. 1, together with the expected spatial scale A0 = K0/2w and
normalized path position u0 = z0/L, sampled as computed from (1a) and (1b),
respectively. The number of spatial cycles in the transmitter filter Nt and
receiver filter Nr and the expected path resolution A - 64/(Nt + Nr) are also

shown.

A, (cm)  Ar(cm) A0 (cm) “q N, "r A{%)
20 5 4.00 0.80 15 7.5 7.11
20 10 6.67 0.67 15 35 12.8
20 20 10.0 0.50 1.5 1.5 21.3

5 5 2.50 0.50 7.5 7.5 4.27
5 10 3.33 0.33 7.5 35 5.82
5 20 4.00 0.20 7.5 15 7.11

The values for u0 and A0 shown in Table 1 are based on geometric optics arguments
and on the assumption that the spatial filters are ideal; that is, they have an infinite transverse
extent and perfectly sinusoidal character. Clearly, the filters shown in Fig. 1 only approxi-
mate the ideal case, and it is therefore important to compute their actual path and wave-

number response.

Wind information is obtained from the time-delayed covariance of signals from two
spatial filter receivers shifted in space by Arl4. The mean frequency of the covariance
reflects the wind speed, and the sign of the delay to the peak, or sign of the slope at zero-lag,
reflects the wind direction (Wang et al., 1981). The equation for the spatially filtered space-
time intensity covariance CTp*, r), where p is the transverse vector separation of the two
receiving filters and r is the time delay, is given by (Clifford and Churnside, 1987)

i
C/(p', t) = 8nk2L fdu f d2K 0,,(A, 0, u)e,* IfiutPWTi
0

X sin? K2 ZLKU(' -U) \FtteF(1-u)]\2 |Fr(Ku) 2, (2)



where k = 2tt/A , A is the optical wavelength, u = z/L is the normalized path position, z is
the position along the path, and $n(K, Kz, u) is the normalized, path-dependent, three-
dimensional refractive index spectrum evaluated at the transverse wave vector it and
longitudinal wavenumber Kt . The functions |Ft\2 and |Fr\2 are proportional to the spatial
power spectra of the transmitter and receiver transmission functions /f(F) and /r(r) ,
respectively, where T is a transverse vector in either the transmitting or receiving plane, and
are defined through

wWnN / dr2 eif%(r) (2b)

In (2b) At and Ar are the effective areas of the transmitter and receiver apertures, respective-
ly. Equations (2a) and (2b) are valid provided Taylor’s hypothesis holds, the turbulence
statistics are stationary and homogeneous, and the turbulence outer scale LO<< L (Tatarskii,
1971).

The quantity described by (2a) and (2b) can be experimentally generated in the
following way. The signal Sf from the spatial-filter system is found by taking the signal S+ ,
obtained by summing the signals from each pair of transmitter-receiver elements of like sign,
and subtracting the signal S. , obtained by summing the signals from each pair of transmitter-
receiver elements of the opposite sign; that is, Sf = S+ + S . If we take the signal Sf at time
t and position p) +p and form the time-lagged correlation with the signal Sf at time t+ r
and position p) , and then divide the result by the square of the mean unfiltered signal S
(i.e., the detected intensity with all of the elements changed to "+" elements), we obtain

C){p,r) as defined by (2a). That is,

Sfifi + p,QS/(p)>r+ r)

cf(p, r) ©)

where the overbar describes a time average and we have assumed homogeneous and station-
ary propagation statistics.

For filters with many spatial cycles we expect the fluctuations in the filtered intensity
to be narrow band, and the corresponding space-time covariance to be essentially sinusoidal
with a frequency f0 - | Vx(u0) VA0 . This frequency can be measured in a variety of ways,
including counting zero crossings or computing the peak or the mean frequency of the
corresponding power spectrum. Each method will have slightly different path and wave-
number responses. We choose to base our calculations on the computation of the mean
angular frequency @ of the space-time covariance function. This can be found by first
computing the spatially filtered cospectrum 5/(p, o) defined by



WV, 6,) = J- Fdr C(p,r) e-“r. (4)
1 2n J l

Substituting (2a) in (4), assuming the transverse wind vector V(u) has only a component VJu)
in the horizontal, and the separation p of the spatial filter receivers is a distance px in the
horizontal, we obtain

Sf(px,0>) = Snk2L f du F dKx6[o>-KxVx(u)] / dKy*n(Kx,Ky,0,u)

(K* +K?) Lu(l - uB _
x eiK*PxU sin2 o [FF[~N( -u),K (1 -<«)] |2 \Fr(Kxu,K u)\2 ,

()

where 6 is the Dirac delta function. Using (5) to compute the mean angular frequency (see
Appendix), we obtain

\ Im \]Idu <y SJ(pX, <y) (6a)

ImUdcoST(px, 0)

©

= Kx0 [ dul Vx(u) | WN(u) | (6b)

where Kx0 is the sampled horizontal wavenumber as computed by (Ib),

WNQ) = — WU

F duw'(u) (6¢)



W(u) = 16 nk2L ¥ dKx F dKyKx sm(Kxpxu) $n{Kx,Ky,0, u)
0 0

(KX+K*)Lu(l-u) y
X sin ok FtKx(1-u), Ky(I-u)] 2 \Fr(Kji, Kyu) |2 (6d)

is the path weighting function describing the sensitivity of the mean frequency measurement
to the transverse velocity at different parts of the path, Kx and Ky represent the horizontal and
vertical components, respectively, of the transverse wavevector it, and W' is given by (6d)
with the Kx factor preceding the sin term in the integrand replaced by «x0 . We note that the
path weighting function calculated in this manner is identical to that obtained by using the
slope at zero lag of the covariance to infer the wind speed (Wang et al., 1981). We have
assumed in (6d) that |Ft|2 and |Fr |2 are even in Kx and Ky.

To numerically examine the behavior of (6d), we use the Kolmogorov form for the
refractive index spectrum (Tatarskii, 1971)

0.033C2(u)
4> {Kx,Ky,0,u) _ (7)
(Kx + Ky)ni6

valid in the initial subrange 2n/L0 << K << 2n/10, where 10 is the turbulence inner scale.
We also assume the refractive index structure parameter C2(u) = C2 is independent of path

position and use the change of variables x = KAL, and y = Kfl,, where L, and H, are the
length and height of the transmitter aperture, to obtain

W(U) = 1.66 L~2 fdx f dy ) XAC****?
M,tJcoD i(Px)2+y2lU16

x sin2 {[ (dx)2 + (ey)2] k(1 -u)1  FA-w),-"~(-<
Lt Ht

XL H< / (8)

where a = pJLt, p = HJLt, 6 = sfLf2kILt, and e = s/LpUc/H,.



F, and Frin (8) can be evaluated using (2b). For the transmitter and receiver
configurations shown in Figs. 1 and 2, the transmission functions/, and fr are 1 everywhere
there is a "+" sign, -1 everywhere there is a sign, and O elsewhere. The actual computa-
tion of F, and Fr is tedious but straightforward. We find that for the two transmitter configu-
rations

. 1 (I -2cos— +cos—1
2sine
. b ) f 4 2) (%3)
w Ht) ) 1 1 +cos| +2 £ (-1l)»cosH1,
2sine (9b)

a 4 «=i 10)

and for the three receiver configurations,

(9c)

b) 2stac(l )« 5 (°° — = |
kL' hs, (3d)
(%)

where y = Hr/Ht, Hr is the receiver aperture height, y* = Lr\Lt, and Lr is the receiver
aperture length. Note that Lris different for the three receiver configurations. W(u) is shown
plotted in Fig. 3 on a relative scale for the different transmitter and receiver configurations
shown in Figs. 1 and 2 using L = 1 km and X = 0.93/nm.

Two possible configurations give path weighting functions peaked at u = 0.5. The
dashed line corresponds to line 3 in Table 1. The peaks in the path weighting functions agree
almost exactly with those predicted by (la). The expected resolution A in Table 1, which is
roughly the half-power or el width of the path weighting function in percent of the total path,
agrees fairly well with the predicted result. The discrepancies are due to the spatial filter
model used to calculate A , which considered only infinite Gaussian apertures and a perfectly
sinusoidal modulation.



0.4 0.6
PATH POSITION

Figure 3. The relative path weight, computed from W(u) defined in (8)
and the transmission function defined in (9), is shown plotted as a function
of the normalized path position u = zIL, where z is the position along a
propagation path of length L, for the transmitter and receiver configuration
shown in Figs. 1 and 2. A path length L = 1 km and a wavelength

X =0.93 fim were used in the calculations.

One characteristic of the path weighting functions shown is the presence of sidelobes
that may contaminate the measurements. The sidelobes are due to the finite size and the
square wave nature of the modulation across the apertures. By making the modulation more
sinusoidal, the sidelobes can be significantly suppressed. This can be accomplished by
sinusoidally shading the transmitting and receiving apertures, or by using more transmitting
and receiving elements and weighting the received signals from each to mimic a sinusoidal
response, instead of simply using a +1 or -1 weight as indicated in Figs. 1 and 2. To
investigate the effect of more sinusoidal transmission functions, we consider the transmitter
and receiver geometries shown in Figs. 1 and 2, but with a perfectly sinusoidal transmission
function characterized by the filter wavenumber Kt=2n/Af, where Af is the filter wave-
length. We still assume the transmitter and receiver apertures to be rectangular with the same
vertical dimension but with a constant length of 40 cm. The transmission functions of the
transmitter and receiver filters then have the same form:

b\ . _ . 0
trKLe H<, 2 sine s(@t 2jtN, sine -(a-2 nNt (10)
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Here we have assumed y - y* - 1. The corresponding path weighting functions shown in
Fig. 4 were found by substituting (10) into (8) for the different cases listed in Table 1. The
expected sidelobe suppression due to a more ideal sinusoidal modulation is evident. The
locations of the peaks again agree very closely with their expected position. The path
resolution A agrees mores closely with the predicted result than the previous case because of
the closer agreement of this spatial filter model to that used to calculate A .

1.0
TRANSMITTER PATH POSITION RECEIVER

Figure 4. The relative path weight, computed from W(u) defined by (8) and
the transmission function defined by (10), is shown plotted as a function of the
normalized path position u = z/L for the sinusoidal analogue of the transmitter
and receiver configuration shown in Figs. 1 and 2. A path length L = 1 km
and wavelength X =0.93 \i were used in the calculations.

The wind speed is inferred from the frequency of the spatially filtered signal, which
depends on the sampled spatial wavenumber K0 , or, equivalently, on the sampled spatial
wavelength A0 = 2ir/KO. The expected values of Ac based on (la) are shown in Table 1.
The exact wavenumber response of a particular transmitter-receiver pair combination can be
calculated by recasting (6b) in a slightly different form. By assuming that the velocity VJu)
is constant across the resolution cell of the system, we can replace it in (6b) by Vx (u0) and
write

S = WV (11a)

11



where

*, * / dK,KXx&.Kx) (11b)
0
is a mean wavenumber and
G(Kx) = T dusm(Kxpxu) F dKydn(Kx,Ky,u)

fduw'(u) °

{KX+K$Lu{\-u)

X sin o \F,[KX(2-u),Ky(l -«)]|2 \Fr(Kxu,Kyu) |2 (llc)

is the wavenumber weighting function describing the sensitivity of the mean frequency
measurement to different spatial wavelengths of the turbulence. Using the refractive index

spectrum defined in (7), the transmission functions defined by (10), and the change of
variables x! = Kx\fLjlk and y* = K~Lflk , (11c) can be written as

0. 66kP L~cl \

G(x') = o Y du sin(tf\V/e) F dy' ——-
FAUW'(U) 0 (x12 +y"2)1116
uW'(u
0
. \ X ' 1 £ u 7?7 «
xsin2 |[(x/2 +y/2)a(l -u (I-<), ¥ (1)
LGz +yizyadl -l F, pa \s[Li2k  yfLI2K
(12a)
where
“ oy N a2 N M
_ ; y_
P sfLik yfLjikj = gsine T Osine 5 *2UNGT)
: (X/ \II
- sine Lo -2nN
2\ A k) (12b)
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a' = pjJUlk. e = sfH2kIH,H = Ht = Hr, 6 = sfLj2kIL',L" =L =L and

Figures 5a and 5b show G(x") plotted on a relative scale as a function of the
normalized wavenumber x' = KxjL/2k for the transmitter-receiver pair combinations
described in lines 1 and 3 of Table 1, respectively. We have again used L = 1 km and
A =0.93 fi, which gives \JLj2K = 0.86 cm. The peak and mean wavenumbers are essen-
tially the same in each of the figures. The mean normalized wavenumber X' in Fig. 5a is
1.36, which corresponds to a mean wavenumber Kx = x'I”"LIlk = 1.58 cm™ and a mean
spatial wavelength Ax = KJ(2tt) = 3.97cm. This agrees almost exactly with the predicted
value of 4.00 for A0 in line 1 of Table 1. The mean normalized wavenumber X' in Fig. 5b
IS 2.16, which corresponds to a mean wavenumber Kx = 2.51 cm"l and a mean spatial
wavelength Ax = 2.50 cm. This is exactly the predicted result for A0 in line 4 of Table 1.
The other spatial filter combinations produce a similar agreement. Equation (Ib) therefore
accurately predicts the spatial wavenumber sampled by the system.

0.5 1.0 15
Normalized Wavenumber X'

Figure 5a. The relative wavenumber weight computed from G(x') defined
in (12a) plotted as a function of the normalized wavenumber x' = K \jL/2k
for the transmitter-receiver pair combination described in line 1 of Table 1.
A pathlength L =1 km and wavelength A =0.93 pm were used in the calcula-
tions. The vertical dashed line is the location of the mean wavenumber xI.

13
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Normalized Wavenumber x'

Figure 5b. The relative wavenumber weight computed from G(x') defined
in (12a) plotted as a function of the normalized wavenumber x' = KxjLI12k
for the transmitter-receiver pair combination described in line 4 of Table 1.

A pathlength L = 1 km and wavelength A =0.93 /zm were used in the calcula-
tions. The vertical dashed line is the location of the mean wavenumber x'.

3. PERFORMANCE

Initial testing of the profiler system began in April 1987, after which a number of
design changes were made that improved performance. When these were completed, the tests
described here were carried out. Units 1, 2, and 3 were tested during the period September
through November 1987, after which unit 1 was retained by WPL and units 2 and 3 were
delivered to the research sponsor. A fourth unit was completed and tested with unit 1 during
April through June 1989. Generally, the tests were performed to determine the wind speed
measurement accuracy, the wind profiling capability and how well it compared with theory,
and the range of refractive-index turbulence (Cn2) over which the system would operate.

Testing was done on a 500-m north-south path, 1.5 m above the surface of Table
Mountain, a flat-topped mesa 12 km north of Boulder, Colorado. The system wind measure-
ments were compared to the readings of five propeller anemometers (Gill Model No. 27106)
mounted horizontally at right angles to the optical path. A low wind-speed correction
recommended by Gill has been applied to readings less than I m sl. The anemometers were

14



located at the five positions along the optical path where the maximum system response to
wind was expected, i.e., 0.20, 0.33, 0.50, 0.67, and 0.80 of the distance from the transmitter
to the receiver. A 4.4-cm-diameter incoherent optical scintillometer, operating over a nearby
250-m path, measured the refractive-index structure parameter (Cn2). Some long-term
average comparisons of profiler and anemometer measurements are given in Table 2.

Table 2. Some comparisons of long-term average crosswind measurements from
anemometers and the optical systems. The averages of the five optical readings
and all of the anemometer readings are compared. The number of anemometers
used is indicated in parentheses.

Date Serial Time Profiler Anemometer Ratio
Number  Period Ave., ms'l Ave., m s'l Prof./Ane.

25 Oct 87 2 10 min 4.93+0.23  5.07+0.39 (5) 0.97
29 Oct 87 3 20 h 0.8 +0.07 0.92+0.13 (5) 0.87
2 20 h 0.8 +0.07 0.92+0.13 (5) 0.87

3 5 min 2.8 +0.19 2.8 +0.28 (5) 1.0

2 5 min 2.76+0.15 2.8 +0.28 (5) 0.99

3 Nov 87 l 5 min 2.84+0.30 2.82+0.46 (10) 1.01
1 5 min 4.3 +0.34 4.21+0.62 (10) 1.02

l 20 h 0.88+0.04 0.93+0.15 (10) 0.95

4 Nov 87 3 100 s 1.56+0.09 1.32+0.08 (5) 1.18
2 100 s 1.52+0.13 1.32+0.08 (5) 1.18

15 Jan 88 1 55 min 10.62+0.94  10.38 (1) 1.02

The profiler average is the average of all five profiler crosswind readings, with the
standard deviation of the five readings. The number of anemometers averaged is shown in
parentheses. The profiler calibration is derived from

VO = V(z0) = kfO\ (13)
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where V0 is the crosswind at the path position z0, fis the mean frequency measured, \ is the
spatial wavelength of the filter at each location, and k=0.83 is a correction factor. The
analysis technique determines the mean frequency by measuring the time delay to the centroid
of the minus and plus areas of the covariance function. This necessitates a correction factor
to account for the effect of the decay of the scintillation pattern, which causes the mean
measured frequency to be slightly higher than if no decay occurred. It is not constant. In
principle, it could be calculated, but in this instrument an average value determined experi-
mentally is used. Figure 6 shows a typical measured covariance function.

DELAY, MSEC

Figure 6. A measured covariance function from the midpath position (2.5-cm
wavelength). Wind speed is 0.8 m s'L.

The average of all anemometers used, together with the standard deviation of the
average, is also listed in Table 2, and the number averaged is indicated in parentheses. When
five anemometers were used, they were located at the peak of the five crosswind profiler
responses. The 15 January 1988 high wind data were compared with data from a single
Aerovane anemometer during a period when the wind direction was directly across the optical
path. Typical comparisons of propeller and crosswind profiler wind measurements for each
individual path position are shown in Figs. 7, 8, 9, 10, and 11. Each point is a 5-min aver-

age.
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OPTICAL

Figure 7. Comparison of optical and
propeller anemometer crosswind measure-
ments one-fifth of the path distance from
the transmitter. Each point is a 5-min

average.
2 2
Z 0

OPTICAL
Figure 9. Comparison of optical and
propeller anemometer crosswind

measurements one-half of the path distance
from the transmitter. Each point is a 5-
min average.
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OPTICAL

Figure 8. Comparison of optical and
propeller anemometer crosswind measure-
ments one-third of the path distance from
the transmitter. Each point is a 5-min

average.

OPTICAL

Figure 10. Comparison of optical and
propeller anemometer crosswind
measurements two-thirds of the path
distance from the transmitter. Each point
is a 5-min average.



The measurements in Table 2 and Figs.
6-11 indicate the mean calibration accuracy but
do not address the short-term response to vari-
able winds. This response is a function of wind
speed, and wind and Cn2 variability. Higher
crosswind speeds result in higher frequency
fluctuations, so a wind estimate of a given
accuracy can be made in a shorter time, where-
as the spatial variability of the wind within the
measurement volume creates in effect extra
noise, thus extending the time required for an
estimate of a given accuracy. The wind weight-
ing functions are calculated assuming uniform
Cn2 along the optical path, a condition that
exists only for very uniform paths and for long-
term averages. Instantaneously, the effective
weighting function is very different from the
calculated one. The difference between the
instantaneous and long-term average weighting
functions diminishes the accuracy of the short-
term estimate. In addition to the atmospheric
conditions affecting the response, the instrument
itself requires some averaging time to measure  Figure 11. Comparison of optical and
the wind to a given degree of accuracy. An propeller anemometer crosswind
adequate evaluation of the short-term response measurements four-fifths of the path distance
of the instrument would require a larger number  from the transmitter. Each point is a 5-min
of anemometers than were used in these mea- average.

surements.

OPTICAL

3.1 Correlation

The ability of the profiler to differentiate crosswinds at different path locations can be
evaluated by correlating the fluctuations of the anemometer and profiler signals from their
means. This has been done for a single system, and also for data taken with units 2 and 3
placed side by side and illuminated by a single transmitter 500 m away. The result is very
dependent on the length of the test and the spatial and temporal variations in the wind field.
It does indicate where the peak of the crosswind response occurs along the optical path,
however. Additional information is available about the irregularity of the wind and the
precision of the measurement by calculating a correlation matrix of all combinations of ane-
mometer and profiler measurements. A number of these correlation matrices are listed in
Tables 3 through 10. In all tables, the path position from transmitter to receiver increases
from top to bottom and from left to right in the listings. For Tables 3, 4, 5, and 10, the five
anemometers were located at 0.2, 0.33, 0.5, 0.67, and 0.8 of the distance from the transmitter

18



to the receiver, i.e., the locations where the optical wind measurements were expected to
peak. In Tables 6, 7, 8, and 9, five more anemometers were added between the original five,
so that the 10 were located 0.2, 0.25, 0.33, 0.42, 0.5, 0.58, 0.67, 0.75, 0.8, and 0.92 of the
distance from the transmitter to the receiver. All the anemometers were oriented to measure
the horizontal component of the wind at right angles to the optical path.

Table 3 was calculated from 249 1-s samples when the crosswind was about 1.5 m s'L
Except for correlations involving the defective 0.67 position of profiler serial 3, both serials 2
and 3 show maximum correlation with the appropriate anemometers. One of the main
reasons the correlations are as low as 0.3 to 0.6 is that the anemometer is making nearly a
point measurement as compared to the line average represented by the weighting function of
the profiler for that position. A smaller contributing factor is caused by the anemometers
being slightly displaced from the optical line of sight so there is a slight time delay as the
wind flows across the anemometers to the optical path. A better idea of the precision of the
measurement is obtained from the correlation (0.9 or greater) of the positions of profiler units
2 and 3. The time delay factor remains since the optical paths of these units diverge from a
single transmitter to the receivers, but both systems should be measuring nearly the same line
average for their positions. The anemometer measurements indicate that the wind fluctuations
from these point measurements are essentially uncorrelated. There is some correlation be-
tween the different path positions along each profiler path. One would expect this since the
line averaging taking place in the optical instruments restricts the wind measurement to larger
spatial sizes. Table 4 is another set of data using 100 1-s samples and taken under very
similar wind conditions, with very similar results.

Table 5 shows data obtained from 200 10-s average samples taken from a larger
sample of the same data set where the average crosswind was 1.5 m s'l. As expected, all the
correlations are higher. Table 6 was calculated from 249 10-s average samples on a different
date when the average crosswind was 2.6 m s'l. In this case, one optical profiler is compared
with 10 anemometers along the path. The slightly higher wind speed probably reduced the
spatial irregularity of the wind, resulting in even higher correlations for all combinations. A
larger sample of data from this same set was used to calculate correlations from 24 100-s
average samples in Table 7. Again, the largest profiler-anemometer correlations occur at the
proper locations along the path.

Table 8 contains information from 249 5-min average samples during average
crosswinds of 0.9 m s'l. Table 9 is from 249 5-min average samples during average cross-
winds of 4.3 m s'l. For these data, 10 anemometers were compared with the serial 1 profiler.
Finally, Table 10 is from 249 5-min average samples, and compares serial 2 and 3 profilers
with five anemometers. The data in Tables 8, 9,.and 10 are of little use in determining the
weighting, since the 5-min averaged wind data are very well correlated over the whole optical
path. Nevertheless, the highest correlation occurs with the anemometer at the predicted
location, and between the outputs of the serial 2 and 3 profilers.
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Table 3. Correlation matrix of wind measurements from five anemometers located
at 0.2, 0.33, 0.5, 0.67, and 0.8 of the path distance from the transmitter, and the
corresponding wind measurements from crosswind profilers serial 2 and serial 3.
Path position increases from top to bottom and left to right. The correlations

were calculated from 249 1-s samples.

0.342
0.066
0.069

Hol

0.956
cs  0.692
73 0375
C 0069

oA -003

g 0.584
0.192
I o2

e

0.353
0.179
0.242

0.649
0.952
0.407
0.255
0.166

0.414
0.464
-.015
-.202
-113

0.301
0.301

0.344
0.322
0.950
0.467
0.334

0.316
0.064
0.515
0.161
-.153

0399

0.061
0.162
0.277
0.365
U413

-.062
ft167
0.141

-.034

-.092

Serial 3

0.084
0.175
0.325
0.580
0.900

0.073
0.008
0.038
0.009
0.276

0.660
0.381
0.073
0.006

0.629
0.155
-.007
-.240
-.141

0.377

0.228 0.473

0.112 0.336 0.579
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Table 4. Correlation matrix of wind measurements from five anemometers located at
0.2, 0.33, 0.5, 0.67, and 0.8 of the path distance from the transmitter, and the
corresponding wind measurements from crosswind profilers serial 2 and serial 3.
Path position increases from top to bottom and left to right. The correlations

were calculated from 100 1-s samples.
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-097 -106 0.253 -218 -346 -.043 0.143
Serial 2 Anemometers



Table 5. Correlation matrix of wind measurements from five anemometers located at
0.2, 0.33, 0.5, 0.67, and 0.8 of the path distance from the transmitter, and the corre-
sponding wind measurements from crosswind profilers serial 2 and serial 3. Path
position increases from top to bottom and left to right. The correlations were cal-

culated from 249 10-s averages.
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Table 6. Correlation matrix of wind measurements from 10 anemometers located at
0.2, 0.25, 0.33, 0.42, 0.5, 0.58, 0.67, 0.75, 0.8, and 0.92 of the path distance from
the transmitter, and the five wind measurements from crosswind profiler serial 1.
The correlations are from 249 10-s samples.
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Table 7. Correlation matrix of wind measurements from 10 anemometers located at
0.2, 0.25, 0.33, 0.42, 0.5, 0.58, 0.67, 0.75, 0.8, and 0.92 of the path distance from
the transmitter, and the five wind measurements from crosswind profiler 1. The
correlations are from 24 100-s samples.
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Table 8.
0.2, 0.25, 0.33, 0.42, 0.5, 0.58, 0.67, 0.75, 0.8, and 0.92 of the path distance from the
transmitter and the five wind measurements from crosswind profiler serial 1.

The correlations are from 249 5-min samples.
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Correlation matrix of wind measurements from 10 anemometers located at
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Table 9. Correlation matrix of wind measurements from 10 anemometers located at
0.2, 0.25, 0.33, 0.42, 0.5, 0.58, 0.67, 0.75, 0.8, and 0.92 of the path distance from the
transmitter and the five wind measurements from crosswind profiler serial 1. The
correlations are from 249 10-min samples.
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Table 10. Correlation matrix of wind measurements from five anemometers located
at 0.2, 0.33, 0.5, 0.67, and 0.8 of the path distance from the transmitter, and the
corresponding wind measurements from crosswind profilers serial 2 and serial 3. Path
position increases from top to bottom and left to right. The correlations 15 were
calculated from 249 5-min averages.

cn
ea
°g
co

CS
I

&=

~
ya
>

N Wa ox

0.98
0.96
0.97
0.96

0.99
0.97
0.97
0.97
0.96

0.97
0.97
0.95
0.95
0.95

0.99
0.99
0.98

0.99
0.99
0.99
0.99
0.98

0.98
0.99
0.98
0.97
0.97

0.99
0.99

0.97
0.98
1.00
0.99
0.98

0.97
0.98
0.99
0.98
0.98

Serial

0.99

0.97
0.98
0.99
1.00
0.99

0.97
0.98
0.99
0.99
0.99

3

0.96
0.97
0.99
0.99
1.00

0.97
0.97
0.98
0.99
0.99

0.98
0.97
0.97
0.96

0.98
0.97
0.96
0.95
0.95

0.98
0.98 0.99
097 0.99
098 097
098 0.8
0.97 0.99
097 099
0.96 0.98

Serial 2

23

0.99

0.97
0.98
0.99
0.99
0.99

0.96
0.97
0.98
0.98
0.99

0.99
0.97
0.96
0.97

0.98
097 0.99
0.97 098

Anemometers



3.2 Weighting function

Another way to evaluate how well the profiler distinguishes crosswinds at different path
locations, that is not so dependent upon the time average, is to solve a series of linear equa-
tions of data taken sequentially, of the form

100 VO = KIVI +K2V2+K3V3+K4V4 + K5V5 | (14)

where Va is the profiler wind reading for a particular path position, Vj through V5 are the ane-
mometer readings at the peak of the five crosswind profiler responses, and  through Ks are
the weighting factors. The ideal comparison wind measurement would have a weighting
function the same as the crosswind profiler for each path location. The anemometers,
however, are essentially a point measurement and must be averaged over some time period to
correspond better to the space average of the crosswind profiler. Since the correspondence is
not exact, it is better to use more than the minimum five equations required (49 were used for
the following data) and solve for the least-squares best fit weights.

Tables 11 and 12 show the weighting functions obtained on a 500-m path for units 2
and 3. We used 196 samples, each sample consisting of an average of 10 of the original 1-s
samples. Note that the 0.67 position for unit 3 was not operating properly. Some infor-
mation about the precision of the measurement can be obtained by using the same technique
to compare serials 2 and 3. This was done by illuminating the two receiving units, placed
side by side, with one transmitter 500 m away. Again, 196 samples were used, each sample
consisting of an average of 10 of the original 1-s samples. The result is shown in Table 13.

Table 11. Wind weighting matrix, profiler unit 3 versus anemometers.

Anemometers

Path Position 0.20 033 050 0.67 0.80

0.20 28 10 -1 3 -4
0.33 2 36 -2 2 3
Profiler
Serial 3 0.50 3 6 29 -4 -4
0.67 5 11 4 2 -1
0.80 3 0 2 3 16
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Table 12. Wind weighting matrix, profiler unit 2 versus anemometers.

Anemometers

Path Position 0.20 0.33 0.50 0.67 0.80

0.20 28 10 -3 6 -8
0.33 5 38 -3 2 2
Profiler
Serial 2 0.50 3 6 29 -2 -4
0.67 4 8 2 15 0
0.80 2 -2 0 0 14

Table 13. Wind weighting matrix, profiler unit 2 versus unit 3.

Unit 3
Path Position 0.20 0.33 0.50 0.67 0.80

0.20 89 2 6 -2 2
0.33 -2 88 6 1 -4
Profiler 0.50 -1 -4 100 -1 2
Serial 2 0.67 -9 13 0 58 25
0.80 2 0 3 1 86

These measurements indicate that the wind measurements are taking place at the
expected locations but give little information about the actual shape of the weighting
functions. Even with many more anemometers, it would not be possible to measure the
weighting functions accurately because the natural wind fluctuation correlation length on the
test path is too large. Another approach would be to artificially perturb the atmosphere on a
small enough scale to determine the weighting functions. Rather than measure wind, we
decided that it would be more practical to measure the response to a large increase in Cn2, and
make the assumption that the weighting function for Cn2 is very close to that for wind. The
wind profiler circuits were altered for this test by removing the AGC and computing an
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uncalibrated variance measurement from samples taken once per second of each of the five
decoded scintillation signals coming from the five path positions. The tests were conducted
around the variance minimum occurring just after sunrise. We positioned a kerosene space
heater to blow hot air sequentially at 24 positions along the 500-m path. The variance of the
signals from the five filters was recorded for all 24 heater positions.

Figures 12 through 16 show the experimental results. The peak responses are close to
the locations predicted in Fig. 4. The overall weighting function for the 0.80 position is quite
good. The 0.20 position is also reasonable except that the peaks do not match as closely.
The others peak at about the expected location, but have spurious responses near the receiver,
something that did not occur in the weighting functions measured by observing natural varia-
tions of wind. We do not know the reasons for this. One possibility involves the analysis by
which the wind speed is measured. This method mainly observes the dominant frequencies
that are in quadrature from the two receiving arrays that are displaced by one-quarter wave-
length in space, discriminating very effectively against other signals that are present. The
response tends to have a capture effect that ignores signals that do not satisfy these criteria.
The variance measurement, however, was made with just one of the receiving arrays and most
likely includes signals that the wind analysis disregarded. Another possibility is that the zero
mean filters, both transmitter and receiver, are not exactly balanced, so that the response to
spatial wavelengths outside the passband is greater than expected. The variance measurement
would be affected to a greater extent by this error than the wind measurement. Also the
turbulence strength of the kerosene heater was not the same at all locations along the path,
somewhat because of slight differences in positioning and mostly because of variable light
winds deflecting the blower air stream. This would cause some irregular errors in the
measurement but is unlikely to account for high signals near the receiver.
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Figure 12. Comparison of the theoretical weighting function for the 0.20
position (solid line) from Fig. 4, with an experimental optical determination
(dashed line) obtained by perturbing the turbulence along the path with a
kerosene space heater.
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Figure 13. Comparison of the theoretical weighting function for the 0.33
position (solid line) from Fig. 4, with an experimental optical determination
(dashed line) obtained by perturbing the turbulence along the path with a
kerosene space heater.
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TRANSMITTER PATH POSITION RECEIVER

Figure 14. Comparison of the theoretical weighting function for the 0.50
position (solid line) from Fig. 4, with an experimental optical determination
(dashed line) obtained by perturbing the turbulence along the path with a
kerosene space heater.
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Figure 15. Comparison of the theoretical weighting function for the 0.67
position (solid line) from Fig. 4, with an experimental optical determination
(dashed line) obtained by perturbing the turbulence along the path with a
kerosene space heater.
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TRANSMITTER RECOVER

Figure 16. Comparison of the theoretical weighting function for the 0.80
position (solid line) from Fig. 4, with an experimental optical determination
(dashed line) obtained by perturbing the turbulence along the path with a
kerosene space heater.

3.3 Turbulence operating range

Relying as the profiler does on refractive-index irregularities as tracers to measure wind,
the level of refractive-index turbulence (Cn2) and its large-scale distribution along the optical
path have a major effect on its performance. Unfortunately, Cn2 in the atmospheric boundary
layer can be expected to vary over more than four orders of magnitude, i.e., from less than
10" to more than 1012 mv\ This means that the root mean square (RMS) of the intensity
fluctuations at the receiver will vary by more than a factor of 100. In general, in an incoher-

ent aperture system, the modulation depth imposed on the signal by refractive-index fluctua-
tions is quite small. For example, the log-amplitude variance a 2 of an incoherent-aperture

scintillometer with an equal-diameter transmitter and receiver is

°Xa = L3CH2I(4.474 DT13) = KaCn? , (15)

where D is the aperture diameter and L is the path length. The proportionality constant K
between C2 and log-amplitude variance axp2 in the profiler,
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(16)

is calculated for unsaturated conditions and a 500-m path length in Table 14 (Wang et al.,
1991).

Table 14. Expected variance for the five path positions
for unsaturated conditions.

Path Position Kr Ka VKa
0.20 4.69e+6 4.09e+10 1.15e-4
0.33 7.81e+6 1.91e-4
0.50 2.00e+7 4.8%e-4
0.67 1.20e+7 2.93e-4
0.80 4.69e+6 1.15e-4

Thus the expected variance seen by the profiler is about 104 that of the 15-cm-diameter
incoherent-aperture scintillometer. This is not as bleak as it looks, however, partly because of
the larger signal from the transmitter and receiver apertures (29 x 40 cm) and mostly because
of the covariance analysis technique employed in the wind measurement, which can operate

under very poor S/N conditions. The end result is that on a 500-m path, the system can
measure winds down to Cn2 levels of a few parts in 1016.

The design is such that some saturation of scintillation occurs, especially for the midpath
position, the one that employs 2.5-cm wavelength transmitter and receiver filters. There is
minimal change in saturation in the weighting function, and although the variance of the
signal decreases significantly, it is still much larger than those signals encountered at low
turbulence levels.

The effect of saturation was observed by making slight alterations to the profiler. For
this measurement, the automatic gain control was disabled, and the mean square signal
fluctuations x2 were measured simultaneously from the two transmitting and receiving spatial
filter sets that peak in the center of the path. The 2.5-cm transmitting filter is on top of the
10-cm filter, and the receiving filters are coincident. The 15-min averages of all three mea-
surements were made over 23 hours. Figure 17 is a log-log plot of the variance of the 10-cm
filter versus the Cn2 obtained from a separate incoherent-aperture scintillometer, and Fig. 18
is a log-log plot of the variance versus Cn2 for the 2.5-cm filter. A 5-point running average
has been applied to all the graphs. Although the log-intensity variances are reduced by an
order of magnitude, it has little effect on the operation. Naturally occurring low levels of Cn2

result in much smaller variances.
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Figure 17. Mean-square signal fluctuations on a 500-m path

using 10-cm-wavelength transmitting and receiving filters
versus Cn2 as measured by a separate incoherent-aperture scin-

tillometer. No saturation is obvious.
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Figure 18. Mean-square signal fluctuations on a 500-m path

using 2.5-cm wavelength transmitting and receiving filters
versus C,2 as measured by a separate incoherent-aperture scin-

tillometer. Note the large saturation effect at high turbulence
levels.
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4. CONCLUSIONS

A practical instrument, based upon the Lee profiling technique, has been constructed, and
its performance in the field is close to that predicted from the theoretical analysis: the
crosswind measurements take place at the expected locations along a 500-m optical path.
Though the amplitude modulation that contains the wind information is very small, the co-
variance analysis technique makes it possible to make wind measurements at Cn2 levels as low
as a few parts in 10'16.
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APPENDIX

The spatially filtered covariance will have the approximate form

«cos(<y0r +<p) , (Al

where ¢ depends on the separation px of the two receiving filters. The corresponding
filtered cospectrum is given by

SF(px, @) « e**8(0-00) + e~i*6(<a+a>0) , (A2)

where 8 is the Dirac delta function. The mean frequency o of the covariance can then be
expressed in terms of a first moment calculation:

/ da> 0>Sf(px, 0)
(A3)
T dcoST(px, a)

0

where the negative frequency part of the cospectrum has been neglected. This definition for
the mean frequency is difficult to formulate using the expression for the covariance given in
(5). We note, however, that in choosing the distance between spatial filters to be one-quarter
of their spatial wavelength we have essentially set & = n/2 and the cospectrum is purely
imaginary. We can then approximate (A3) by

im T do a>Sf(px,0)"
0 (A4)

im T doSf{px,0)>
0
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