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METHODS FOR OBTAINING DAYTIME VERTICAL PROFILES OF C
n
 2 AND WIND

G.R. Ochs arid S.F. Clifford

ABSTRACT

We report on an investigation of methods for profiling the re-
2tractive index structure parameter (Cn ) and horizontal wind during 

daylight hours. The research effort has concentrated on the use of 
a solar scintillometer for this application.

INTRODUCTION

The goal of this research effort has been to devise a system for daytime 
measurement of clear air refractive—index turbulence effects as they apply to the 
propagation of an upwardly-directed laser beam. The atmospheric measurements re­
quired are nearly the same as those required for assessing astronomical image 
quality. A number of optical techniques have been suggested and employed for 
measuring atmospheric refractive turbulence effects.1,2,3,4,5 An excellent re­
cent discussion of the astronomical seeing problem with many references is con­
tained in reference 5, where it is noted that Fried's parameter rQ can almost
completely determine image quality. Ideally, however, a system should be capable 

2of obtaining and wind profiles up through the tropopause, and be easily trans­
portable for site survey purposes. Wind profiles, although of secondary importance, 
are also of interest as the information is important to the design of image com­
pensating systems. The wind speed (v) is especially important when the product 

2 5/3Cn v . is large. An estimate of how this function varies with height is useful 
in determining what height ranges are the most important to measure.

The following procedure has been used to estimate the product C 2 v5' 3 as
7 ^a function of height above ground. Hufnagel's model was used as follows: For

height Z above ground <3000 meters,



n nl

where C 2 = C2 at Z = 1 meter. For Z > 3000 meters,
n ni

C 2 = {[(2.2xl0"53)Z10(W/27)2]exp(-Z/1000)+(10-16) exp(-Z/1500)} 2.7 
n

where

Z = meters above sea level,
W = average wind speed from Z = 5 to 15 km.

A Gaussian wind-height function was chosen of the form

v = A+(B-A)exp[-|Z-Z^l/Z2]

where
A = Wind speed at Z = 0,
B = maximum wind speed at height Z^,
Z^ = height spread to + v/e. 

A result for C =10-12n,
A
B

5 m/s 
50 m/s 
7000 m 
5000 m

is shown in Table I.

An examination of the cumulative sum of 2 v 5/3 shows that 0.5 of the effect 
is below 3000 meters and 0.9 is below 9000 meters. Some other results are tabu­
lated in Table II. In general it appears that even for high jet stream winds 
(50 - 150 m/s), a measurement to 10 km is adequate. For 10 m/s, 5 km may be 
adequate. Another consideration is the degree of freedom available in the site 
selection process. One would not expact to find statistical variations in

2



Table I

l
z V

5.00294
CN 12E 1 0 CNT2E18*V»(5/3) 
9.99990E-13 I.46344E-11 

CUM. SUM 
I.46344E-11

2 5.0059 3.9685E-13 5.81337E-12 2.04478E-11
3 5.00884 ■2*31121E“13 3.38895E-12 2.38367E-11 
4 5.01179 1.5749E-13 2»31 157E-12 2.6I483E-.11
5 5.01474 1 ».l 696 1 E- 1 3 1 « 7 1 838E- J 2 2.78667E-11 
6 5.01769 9.17203E-14 1.34887E-12 2.92155E-11 
7 5.02064 7.46002E-14 1.09935E-12 3.03149E-1I 
0 5.02359 6.25E-14 9.20948E-13 3.12358E-11
9 5.02654 5.34167E-14 7.87B75E-13 3.20237E-11 
1 0
20

5.02949
5.05903

4.64I6E-14 , 
1 •84202E-I 4 

6.85288E-13 
2•74624E- 1 3 

3.2709E-I1 
3.54552E-11 

30 5.08864 1.07277E-14 1.615 0 IE”13 3.70702E-11 
40 5.1183 7•31007E-15 1•1 1 121E- 13 3.81814E-11 
50 5 . 14003 5.42885E-15 8.33249E-14 3.90147E-11 
60 5.17781 4.2573E-15 6.59745E-14 3-96744E-11
70 5.20765 3.46634E-15 5.42342E-14 4.02168E-11 
00 5.23756 2.901E-15 4.58242E-14 4.0675E-11
90 5.26752 2.4794E*15 3.95386E-14 4.10704E-11
1 00 5.297 54 2•l 5444E- 1 5 3.46836E-14 4.I4172E-1I 
200 5.6011 8•54991 E* 1 6 1.51036E-I4 4.29276E-11
300 5.91079 4.97936E-16 9.62161E-15 4.38897E-11 
400 6.22674 3.39304E-16 7.1508E-15 4.46048E-11
500 6.54906 2.51986E-16 5.7766IE-15 4.51825E-11 
6 00 6.877D I.97606E-I6 4.91537E-15 4.5674E-1I 
700 7.21338 1.60894E-16 4.33278E-15 4.6I073E-11 
800 7.55564 1 • 34653E- 16 3.9174E-15 4.6499E-11
900 7.90482 1 * 15084E"16 3.60992E-15 4.686E-11 
1 000 8.26104 1 •00001E- 16 3.37592E- 15 4.71976E-11 
2000 12.2441 3.96853E-17 2.5813E-15 4.97789E-11
3000
4000

17.109
23.051

3.66942E- 1 7 
1.97644E-17 

4.I6839E-15 
3.69003E-15 

5.39473E-11 
5.76373E-11 

<- .S'

5000 30.3085 1.30715E-17 3.85I2E-15 6.14885E-11
6 000 39.173 1.27797E-17 5.77420E-15 6.72628E-11 
7000 50 l •60027E”17 1♦08594E-14 7.81222E-11 
0000 39.173 2.0 1 32E” 1 7 9.09626E-15 8.72184E-11
9000
1 0000

30.3085
23.051

2.3162E-17 
2.40748E-17 

6 • 824 1 3E- 1 5 
4.49479E-15 

9.40426E-11 
9.85373E-11 

<?■— ,9

1 1000 17.109 2.28I98E-17 2.59229E-I5 1.0113E-10 
1 2000 12.2441 1.99765E-17 1.29935E-15 1.02429E-10 
13 0 00 8.26104 1.63346E-I7 5.51438E-16 1.0298E-10 
1 4000 5 1.25959E-17 1.04153E-16 1.03165E-10 
1 5000 2.33009 9.23269E-10 3.78108E-17 1.03202E-10 
16000 .14415 6 » 47 41E-18 2.56569E-19 1.03203E-10
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Table II

Ground
wind
speed

Max. 
m/s

Wind speed 
height 
m

Wind speed 
spread

C 2 at 
n
1 m

0.5
atmosphere 
height, m

0.9
atmosphere 
height, m

5 50 7000 5000 10-12 3000 9000
5 50 7000 5000 io~13 7000 10000
5 100 7000 5000 10-12 7000 9000
1 50 7000 5000 10-12 6000 9000
1 10 7000 5000 10-12 10 5000
5 50 7000 10000 10-12 6000 10000
5 50 7000 10000 10-13 2000 10000



levels at high altitude between sites, say, less than 10 km apart, except perhaps
at locations downwind of mountain ranges. On the other hand marked differences

2in low altitude could occur with sites just tens of meters apart. A summary 
of an extensive series of measurements of importance to site selection made above 
the high desert and mountain terrain of the White Sands Missile Range, New Mexico, 
is contained in references 8 and 9. Generally it is found that mountain sites are 
superior at night but about the same as desert floor locations in the daytime.
Most of the differences between sites arise from atmospheric differences in the 
first 100 meters above local terrain. There is some radar evidence, however, that 
daytime high altitude can be quite variable from day to day.^

Various techniques are available or could possibly be developed for daytime 
2profiling of Cn . Some of these are listed below: 

Radiosondes with high-speed temperature sensors 
Airplanes with high-speed temperature sensors 
Radar, low frequency, pulsed 
Radar, frequency-modulated continuous wave 
Acoustic sounder

2Optical scintillometer (the NOAA C meter)
nStellar scintillations 

Lidar
Edge-of-sun scintillations 
Full-sun scintillations

All but the last three techniques are in use, and quite satisfactory for many 
applications. Some comments about their suitability in this application follow.

Radiosonde-mounted high-speed temperature probes have been used for some
2 years to measure the temperature structure parameter (C ), from which C 2 can bet n

derived. Their chief disadvantages arise from the intermittent measurement, the 
likely loss of equipment on each flight, and the manpower needed for each launch. 
However, altitude resolution is good, high altitude measurements are possible,
and they can be launched at any time. We have developed and flown a low-priced

2 2 C meter during this contract and have obtained satisfactory C profiles from
. 11 n it. A separate report describes this instrument.



We have also flown high-speed temperature probes mounted on aircraft.
Our system design is available but it is very much a custom installation for the 
particular aircraft used. Intermittent operation, cost, and reduced signal—to- 
noise at high altitudes due to the aircraft environment, are disadvantages.

Radar techniques can measure 2 but include the water vapor component. How­
ever this is not very important at high altitudes. The pulsed low-frequency radars 
work well at high altitudes but are major non-portable installations. The fre­
quency-modulated continuous wave radars can be a portable operation. They operate

r\at lower altitudes, however, where the water vapor contribution to C is sig­
nificant. •

Acoustic sounders are proven devices for measuring C 2 in the lower atmosphere. 
They have good altitude resolution, are relatively inexpensive, and are com- 
merically available, but the height range is limited to about 600 meters.

The NOAA C 2 meter is a good device for obtaining path-averaged C 2 measure- 
11 nments. Since it is a two-ended system it is not suitable for vertical profiling, 

but might well be used as a supplementary measurement near the ground. We have 
installed three systems operating on slant paths to the Boulder Atmospheric Ob­
servatory tower to compare with readings from the solar scintillometer.

D. L. Walters has developed an instrument that derives the transverse coherence
13length (rQ) from star trail photographs. This device operates both day and night 

and while it does not obtain a vertical profile of Cn , the value of rQ is directly 
related to the atmospheric effect upon an upwardly—directed laser beam, measuring 
over the entire altitude range. The data reduction requires analysis of star 
trail photographs. Recently, however, the instrument has been redesigned so that 
on-line data analysis is available, making this method very attractive."^ Another 
possibility is to convert the NOAA star scintillometer to operate on stars in the 
daytime. This should be possible with somewhat reduced signal—to—noise, using a 
system to correct for the background sky-light contamination, and a high quality 
servo-controlled tracking system. The disadvantages are the observatory-type 
installation required and the inability to measure below 2 km above the ground.
Where an alternate method does not measure well at high altitude, however, the 
simpler arrangement of observing log-amplitude variance (a ) over a 10 to 20 cm



diameter aperture might be used to supplement a lower altitude measurement/ Addi­
tionally, Loos and Hogge^^ have pointed out that under low turbulence conditions

2there is a good correlation between O for a 10 cm diameter objective observing aX 2
star, and the isoplanatic angle. They show that the O weighting function forXthis diameter is very close to the isoplanatic weighting function. A seeing monitor 
of this type would have many advantages. It could operate nearly continuously on 
bright stars day and night and be able to process the data on line. A differencing 
system would have to be devised to cancel out the background light in the daytime, 
however. The measurement would ignore effects very near the instrument. This 
might well be an advantage. While this portion of the path has a very real effect 
upon seeing, it is influenced to a great extent by the instrument mounting arrange­
ment, rather than the undisturbed atmosphere very near the ground.

One approach to daytime measurements of 2 profiles is to use a lidar technique
that we have invented, based on previous work with diffraction-limited Doppler lidars.
Briefly stated, a single—mode laser transmitter is used to illuminate a region of
the atmosphere at a height selected by time-gating the return from a pulsed laser.
Molecular scattering creates an illuminated target, with dimensions determined by
the diffraction limit of the transmitting optics in the absence of any imhomo-
geneities in atmospheric refractive index. Refractive turbulence will spread the
illuminated region beyond the diffraction limit. By measuring the dimensions of the
lidar image we can determine the effect of Cn on the light propagated to the sample
height and back, and by making measurements at different altitudes we can determine 

2a profile of . The status of research on this idea is that we are currently in­
volved in a computer simulation of the performance of such a lidar with modest 
dimensions, suitable for mobile deployment in a light vehicle. We intend to deter- 
mine if such a lidar will have enough image spread to generate profiles to 
10 or 20 km with useful signal-to-noise in a few minutes integration time. If
the results of the simulation are promising, the next step is to construct a field

2test system. One useful aspect of a C lidar is that it makes measurements in anmode similar to that employed in a laser communications uplink.

In principle it is possible to look at the angular fluctuations on the edge 
of the sun to obtain 2 profiles. Pertinent work is described in references 16 
and 17. We performed some experiments on a horizontal 500 m path on Table Moun­
tain, using the experimental arrangement shown in Fig. 1. The light source was
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a 30 cm square Fresnel lens illuminated with a quartz-halogen lamp. An image of 
the Fresnel lens was formed by eyepiece projection from a 20 cm diameter Schmidt- 
Cassegrain telescope. An aperture was placed on the edge of this image that 
defined a 400 yrad field of view. Two photodiodes were placed behind this aperture. 
This arrangement converts angular fluctuations of the phase front at the telescope 
aperture to intensity fluctuations in the plane of the photodiodes. This parti­
cular geometry should emphasize fluctuations in the region of the center of the 
light path. Time-delayed fluctuations were observed by the photodiodes. We 
compared the function (a-b) /ab with a direct measurement of C^_ with differential 
thermometers and obtained the relationship shown. The scales are arbitrary.
Even with the fixed path, vibrations turned out to be a severe problem. Also
it is not clear how a stable calibration could be set up and maintained for the 

2measurement of . To use this method, an observatory-type installation would 
be required.

Another possibility j.s to examine the contrast of the solar granulations 
and derive r^ from this observation.^ Apparently, there is some difficulty in 
evaluating the effects of scattered light, however.

The full-sun scintillation technique was finally chosen for a more extensive
theoretical and experimental study. Some small-aperture solar scintillation mea-

18surements were reported in 1971 and a derivation explaining the variance and 
the correlation function of solar-flux scintillations is contained in reference 19. 
Our preliminary analysis and experiments were promising. While large apertures 
would be required to measure at high altitudes, these could be formed inexpensively 
by measuring the irradiance by the sun of flat areas on the ground. Tracking 
mounts would not be required and rather simple detectors could be used. Some diffi-

oculties were expected, however, because the log-amplitude variance (a ) of the 
irradiance would be quite small, especially for the high altitude measurement.

THEORY OF SOLAR SCINTILLATION

For spatially incoherent sources it is not difficult to show that the time-
lagged covariance of the fluctuations in log-amplitude of two detectors spaced a

20displacement p has the form

9



(1)

c (p,t) = 2irk / dz' / d K e 
X ~ o

iK*pz'/L - iK*Vx , 2 [Wd - z 
~ ~ ~ sdn 1---- ------2kL

^ VS’ z’)

F(K z'/L) G[K(1 - z’/L)] ,

where k - 2tt/X, X is the wavelength of light impinging upon the detectors, $ is
nthe locally homogeneous spectral density of the refractive index fluctuations,

K is the two-dimensional spatial wavenumber, V is the velocity vector transverse 
to the line-of-sight to the source, zf is the distance from the transmitter along 
the propagation path of total length L, T is the differential time-lag of the

isignals from the detectors and F and G are, respectively, the power spectral 
densities of the receiver apodization and transmitter amplitude distribution 
normalized to unity at K = 0. We may specialize this result to the solar scin­
tillation case by noting in this problem that the refractive turbulence is com­
pressed very close to the receiver so that zf/L ^ 1. Making the convenient change 
of variables to the height above ground z = L*- z1, we have

C (p,i) = 2TTkZ / dz * J dZK e1^iK*[p-Vx] 5i°2 [§r] VS’ z) F(K) G(K z/L) . (2)
The spectrum $ for locally homogeneous, isotropic refractive turbulence in then 21 inertial subrange is from Tatarski

$n(K,z) = 0.033 Cn2(z) K 11/3 (3)

If the detectors are uniform apertures of diameter D then

F (K) = F (K)
[2 J1 (K D/2) "j

L (K D/2) J (4)

A similar function applies to the solar source if we ignore the small effect 
due to solar limb darkening; namely,

G(K z) = G(K z) [ 2 J (K z D / 2L) J- s(K z Ds/2L) (5)

10



where J is the first order Bessel function of the first kind and D is the solar
sdiameter. If D >> vAL the function F(K) will fall off sufficiently fast in the 

important region of integration over K in (2) that the sine function may be re­
placed by its argument. Note that the atmosphere takes up a trivial fraction 
of the distance L to the sun, we may set L = °° in (2), integrate d2K over angle 
and obtain

CX(P.T) = 0 . 03 371^ / dz z* CnZ(z) / dK K4/3 J (k|P-Vt|)

|"2 JX(K D/2) Y ^2 J1(K0sz/2) "J2

L (K D/2) J |_ (K0s z/2) J 1 (6)
where 0g is the angle subtended by the solar diameter (0 a, 0.0093 rad).22

Cn2 PROFILING

The simplest parameter to measure that contains information about C 2 is 
the single aperture variance a/ = C (0,0)'. Letting p = 0, T = 0 in (6), we obtain

a 2 = 0.033TT2 27^3 D2^3 0~3
A.

P / dy (y D/0g) y / dx x'4/3

|~ 2 ^(x) j2|-2 J^xy) J

(7)

where we have let y - z0s/D and x - K D/2. To compute a rough estimate of the
calibration coefficient we make a C 2 profile assumption of the plausible form

2 2 -4/3 n rCn ^ = (z/zo} * This form is valid for the boundary layer, but severely
o

underestimates the effect of high altitude refractive turbulence. Inserting 
this profile in (7) and performing the necessary numerical integrations, we
obtain for C 2(z ), 

n o

c 2(z ) = c2 = 0.17 D2/3 05/3 z“4/3 
non so (8)

11



Equation (8) relates the observed variance to the value of C 2 at z = z assuming -4/3 2 no6
the z behavior of the profile. To see how an arbitrary profile is weighted
when you observe scintillation, we calculate the so-called C ^ weighting function
W(z) defined by the relation

00

o
= J dz Cn2(z) W(z) , (9)

where W(z) is the relative effectiveness of refractive turbulence at producing 
scintillation when located at a height z. From (6), again with p = 0, T = 0, the 
result is

W(z) = 1.64 D 7/3 z2 dx x4/3
[-2 J^x) -|-p Z Jx(x 0s z/D) -| "

L~ J L (x 6s z/D) J2 (x 0g z/D)
(10)

Equation (10) is plotted in Fig. 2 where we see a rather broad maximum located at
approximately 2 - 3 9 /D. (Note that unimportant factors independent of z havesbeen dropped from (1) and will be dropped in weighting function calculations below.)

To reach higher altitudes 3 km, say, it is clear from Fig. 2 that rather large
apertures D ^ 10 m must be used. To circumvent this problem we can measure the
covariance function of two adjacent apertures which will push the peak weighting
up higher. The covariance of two apertures separated by a distance p, C (p), isXC (p,0) from (6). The covariance weighting function, W (p,z), that is defined byX ~ c ~

ooC (p) = / dz w (p,z) C 2(z) (11)
X 0 c ^ n

is given by the expression

W (z) = c 1.64 D 7/3 Z2 / dx x4/3 Jo(2xp/D) ! J-(x0 z/D) 1 s____
(x0 z/D) ] (12)

This result is plotted for tangent apertures p = D in Fig. 3. This figure illus­
trates that the peak has moved up significantly from 30 /D to 60 /D but also

s sshows a serious problem with this approach; namely, a negative sidelobe at low
2altitudes. Because has larger values at lower heights, this effect could 

seriously reduce overall variance and prevent accurate profiling. A solution is
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to slightly overlap the effective apertures. We have determined numerically that 
p - 0.85 D is the optimum overlap that reduces the negative part to zero yet main­
tains sufficient separation to have reasonably independent scintillation measure­
ments.

To improve spatial resolution and low spatial frequency noise rejection it 
is sometimes useful to use linear combinations of aperture signals. The most
common of these arrays is the difference of two detectors whose weighting function 
W^(z) is defined by

W (z) = 3.28 D"7/3 z2 / dx x4/3 1 - Jo(2x p/D)
2 J1(x) q 

x
2 J1(x0g z/D) -| 
(x6g z/D) (13)

and plotted in Fig. 4 for the case of tangent apertures p = D. Another useful 
array is the sum and difference of four apertures equally spaced a distance p 
apart, that is, if the four apertures are labeled successively A,B,C,D, then 
the measured quantity would be <(A-B)(C-D)>, where the angle brackets indicate an 
ensemble average. This weighting function W^(z), defined by

w4(z) = 1.64 D 7/3 z2 / dx x4/3 JQ(2xp/D) - JQ(6xp/D)

_2 J1(x) * z. r 2 j. (xe z/d) iIs
X (x0s z/D) (14)

is plotted for tangent apertures in Fig. 5. Note that in both cases the peak is 
considerably narrower and somewhat lower than the single aperture variance W(z).

WIND PROFILING

Another feature of solar scintillation is the possibility of wind profiling 
by observing the drift of the solar scintillation pattern. Using two or more 
spaced sensors, the time for the pattern to drift across the array is related to 
the wind velocity component parallel to the array displacement vector. A linear 
technique for obtaining wind is estimating the slope of the log-amplitude covariance

15
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function at zero time lag. 23 From (6), we have for two apertures of diameter D 
separated by p, the expression

m
3C= __X 9x = 0.033it^ / dz z2 C 2(z) / dK K//J (0-V) J. (Kp) 

T=0 o n o ~ ~ 1
.7/3

-2 J (K D/2)“ r 2 J. (K9 z/2) -i 1 s
(K D/2) (K0 z/2)— s —

(15)

where (3 - p/p. The weighting function for the wind component along the array V,
~ ~ , -Lis defined by 

OOm = / dz Vj_(z) W (z) 
o

(16)

where from (15)

Wy(z) = 3.28 D 10/3 z2 Cn2(z) / dx x7/3 J (2xp/D)
o

-2 J1(x) ’2 J (x0 z/D) “-L S
X (x0 z/D)L s -»

(17)

Equation (17) is plotted as the solid line in Fig. 6. This curve does not
2contain the effects of the Cn profile which is a multiplicative factor in (17). 

Also, the unimportant factors independent of height have been dropped. The
dashed curve illustrates the behavior of W (z) when a realistic z~^3 behavior

2 . v of C is assumed, n

MEASUREMENTS OF SOLAR SCINTILLATION

The frequencies of interest in the measurement are determined by the wind
speed, the angle subtended by the sun, and the receiver configuration. While at
each altitude a range of spatial irregularity sizes contribute to the signal, it
is useful to calculate the predominate spatial wavelength versus altitude. The
result is shown in Fig. 7. We obtain this result by finding the K = 2tt/£

max max

18
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that maximizes the K integrand in Eq. (6) with p and t set to zero. Figure 7 is 
a plot of Jlmax. Note that the spatial wavelength is close to 2D at low altitude 
but starts to become larger somewhat below the peak of the Q* and wind weighting 
functions. After the peak response, the spatial wavelength becomes nearly pro­
portional to the height above ground. From these considerations, we chose a band­
width from 0.1 to 160 Hz for the following experiments.

The arrangement shown in Fig, 8 was used to define a circular area on a piece 
of composition board or in some cases a concrete sidewalk. A photodiode 0.5 cm 
in diameter was placed in the focal plane of ,a 1-cm focal length lens, so that 
the diameter of the area observed was one-half the detector board distance. 
Aperture arrays were formed by using multiple sets of these. Because a 2 is very 
small, a preamplifier was designed and built (Fig. 9) which employs a servo loop 
to maintain a zero mean at the signal output. A second output provides a mea­
sure of the current required for balance. In this way the signal-to-noise is 
improved since only the fluctuating signal current flows through the first ampli­
fier stage. The half-power rolloff frequency f. of the high-pass filter formed 
by this arrangement occurs approximately at f£ = G/2ttRC, where G = r /r . For
the present circuit, f = .1 Hz. 12

c
if a 2 « 1,

14
(I - I)21
I2 (18)

where I is the irradiance of the aperture. This can be rewritten in terms of
the preamplifier output V and V as

ac dc

V

dc -

_ 2
ac

G V (19)

A plot of 2 vs. time for various aperture diameters is shown in Fig. 10.

To calculate Cn from a^ for a single aperture, we use Eq. (8). According

to the theory, if C^2 « Z_4/3, then c^2 <* D~2/3. In Fig. 11, we plot a 2 versus 
D from experimental data taken during unstable conditions. Lines are drawn
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Figure 8. Receiver geometry.

22



_? ?
C/W\A—j | |

wVWi. n/WV^

Figure 9. Preamplifier eireuit.

PR
O

FI
LE

R
. PR

jE
A

N
\P

>

23



10
 x1

0r

Q O

O !t-

CM x
o

Fi
gu

re
 1

0.
 cr̂

, v
er

su
s 

ti
me
 f

or
 1

53
 2

53
 a

nd
 5

0 
om

-d
ia

me
te

r 
ap

er
tu

re
s.

24



50 60 70 8030 40
Aperture Diameter, CM

versus 15 and 50 cm-diameter receivers.



between 1 minute averages of o taken at the same time for 15 cm and 50 cm diameterX -2/3
apertures. The average agreement with a D slope.is quite acceptable. Of 
course one would only expect the mean over a period of time during unstable con­
ditions to obey this relationship. Figure 12 shows a time when the slope was

2 —vshifting from negative to positive. This result is expected because, if C « z , 
then a 2 « D2/3'V.

Equation (8) applies best for the altitude Zq where the weighting function 
peaks, i.e., where = 3. With this assumption, we can rewrite Eq. (8) and 
obtain

C 2 = .0393 0 3 D-2/3 a 2 at Z = |^ . (20)
n s y p 0s

Using Eq. (20) and the mean values of a 2 from Figs. 11 and 12, we obtain
2 xthe following values of C versus height.n

ZP

48 m 6.07 x -1510 
81 -152.96 x 10 

162 -151.46 x 10

Further measurements were conducted at the Boulder Atmospheric Observatory.
2Three slant meter paths were set up with transmitters on the tower so that the

midpoints of the paths were at 50, 100, and 150 m. The solar scintillometer was
set up near the base of the tower so that the angle to the sun was in the direc-
tion of the midpoints of the C 2 meter paths. The result of this test is shown

n 2m Fig. 13. The solar scintillometer values were obtained from a single 
aperture .72 m in diameter. The range to the peak of the weighting function was 
230 m. The vertical height was about 130 m, however, due to the average sun
angle above the horizon at this time. Using Eq. (8) to calculate C from a ,

J . 2n X we find the scintillometer values about a factor of 4 below the Cn meter readings.
One possible explanation is that the intensity across the face of the sun and the
sensitivity of the receiving aperture both taper from center to edge. Figures
14 and 15 show the distribution of irradiance across the diameter of the sun,2^
and the measured sensitivity of our receiving aperture.
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Figure 12. a* versus 25 and 50 cm-diameter receivers.
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Figure 13. Comparison of Cn2 derived from the solar scintillometer, and values 
obtained from three slant-path Cn2 meters.
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Previous calculations, postulating a solar source with a Gaussian intensity 
distribution, and a receiver with sensitivity across its aperture according to a 
Gaussian, show that is about 1/5 that for sharp-edged, circular apertures 
of uniform intensity and sensitivity, with diameters equal to the separation of 
the 1/e points on the respective Gaussians. In fact, a known taper in receiver 
sensitivity may be desirable in that it is more immune to noise generated by 
movement of the receiver or small moving objects within the field of view.

As the sun angle changes, both the altitude of the measurement and the 
effective aperture size changes. No correction has been made for these effects 
m Fig. 13. An approximate calculation shows that if these effects were taken 
into account to normalize the measurement to a fixed aperture size and height, 
the plot in Fig. 13 would not change significantly except after 1300, when it 
would decrease gradually to about 0.6 of the plotted value at 1400. Thus the
corrected value would be more in line with the decreasing Cr2 meter values at 
this time.

We carried out a separate series of experiments at the Boulder Atmospheric 
Observatory to measure wind with the solar scintillometer. Two apertures tangent 
or nearly so, and separated along the direction of the wind, have a time-delayed 
correlation of the fluctuations in irradiance. A measured function is shown in 
Fig. 16. We employed the slope system to measure wind, according to the previous 
analysis. For the apertures used, and the sun angle at the time, the half-power 
range of the weighting function shown in Fig. 6 (dashed line) is from 20 to 70 m.
Considerable response can occur outside this altitude range, though, depending on
the actual C *" profile, 

n

The measurements show general agreement with the average of BA0 tower wind 
measurements over the predicted altitude ranges. Figures 17, 18, and 19 are 
comparisons for the period 0930-1230, October 1, 1981. The wind component at 8 
tower levels is plotted, along with the same wind component as calculated from 
the solar scintillometer, using slightly overlapping apertures 0.5 m in diameter. 
Figures 20 and 21 are correlation functions averaged over 80 second periods around 
the times listed. Although more data will be required to obtain an experimental 
weighting function, the results do not disagree with the prediction. Note how 
the correlation functions reverse delay with changing wind direction and especially
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0.1 Sec

Figure 16. Measured correlation function for tuo stightty overlapping 
apertures.
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Figure 20. Solar scintillometer correlation functions. 0955-1105 MST.



mam

Figure 21. Solar scintillometer correlation functions. 1115-1235 MST.
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note the two-humped functions from 1135 to 1155, which clearly show the oppositely 
directed winds at low and high altitude. The negative portions of the covariance 
functions clearly indicate a narrower frequency band than would be expected from 
the theory. This was due to decreased frequency response in the preamplifiers 
below 14 Hz.

CONCLUSIONS AND RECOMMENDATIONS

The solar scintillometer study so far indicates that an instrument could be
designed to profile and wind from the ground to a height of several kilometers
over a four hour period around noon on sunny days. Signal fluctuations due to
high cloudiness and fluctuations due to aerosols nearer the ground are major

2problems, though. Both of these affect the measurement to a greater extent
than the wind measurement. The effects of faint high cloudiness could be minimized
by differencing but the system could not operate in low-level dust or smoke. While
dust from a nearby gravel road saturated the system, it has not been determined
whether normal atmospheric aerosol content has a serious effect. In this case

2we would expect too large an answer for , and the test results do not support 
this. The method remains attractive but more observations need to be taken. We 
recommend that a prototype system be built to process the data on line. This would 
allow us to compare data against tower measurements over a longer period of time 
for a better evaluation.

There is a distinct possibility that a lidar system could obtain pro­
files, and a feasibility study of such a system is now underway at the Wave 
Propagation Laboratory.

The above approaches should be pursued. The solar scintillometer is poten­
tially a rather simple system, easy to set up, and it lends itself to simultaneous 
observations at more than one location, for better site comparison. On the other 
hand, the lidar system would not be restricted as to time of operation, and con­
tinuous day and night observations could be made.

There are other methods that should be considered that are available now or
2nearly so. The radiosonde package is capable of making measurements over the
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entire useful altitude range and could be used by itself or in conjunction with
other methods. Of course only a limited amount of data can be accumulated over
a period of time. The optical 2 meter should be considered as a supplementary 
system to operate continuously at selected sites.

Rather than obtaining a 2 profile, one could concentrate on measuring 
atmospheric quantities directly related to image quality, by using the Walters 
star trail system or developing an isoplanometer as discussed by Loos and Hogge. 
We summarize the results in Table III.
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