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1. Introduction

For the past 10 years, the stellar scintillometer built by the National

Oceanic and Atmospheric Administration (NOA) has been used by several

research groups to collect profiles of Cn2 (the atirospheric index of

refraction structure function parameter) in various locations. ('able 1

lists the locations and time periods of the data collection efforts included

in this investigation.) RADC (OCSP) has been studying the data from these

efforts to determine the statistical behavior of Cn
2  as a function of i.

location, and other parameters. Among the original purposus was an

assessment of the log-normality of the distribution of Cn2as a

function of the time duration of the measurement period. 1 The distribution

had been found nearly log-normal in earlier investigationL.'

Preliminary analyses included calculations of the correlation

coefficients between the seven values of Cn2 contained in each profile.

These results strongly indicated that there is inordinately high correlation

between the C n 2 levels at the seven altitude regions. For that reason, we r

have conducted a more detailed analysis of the correlation behavior of the

data for all the data collection periods.

2. Stellar Scintillometer

The NOAA scintilloeter consists basically of a 36-cm catadioptric V

telescope and a partially transmitting, partially reflecting variable

spatial frequency filter which directL starlight to p cl, (if two

photomultiplier tubes. Detailed descrii;tions of the instrura-nt and its

theory of operation are available in references 3 aid 4. The scintillo~mter

4 
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and associated software produce values for Cn2 at seven slant ranges along o

line between the instrument and a source star. If the star is near tijh

zenith, this translates into seven altitude regions in the atUn[pnere

between approximately 2 and 18 km. (the layer nambers and associated hci.Jt

regions are shown in table 2.) The seven measurements arE not independent

because the weighting functions used to separate the spatial fteq"encie

overlap for adjacent layers, and, to lesser extent, for layers Sefar.ukac b

one layer. It has been customarily assumed that layers 1, 4, ani 7 art-

independent, so that, in theory, the instrumnt provides threv indepeundet

measurements of atmospheric turbulence.

3. Layer Independence Analysis

The primary objective of this analysis is to determine whether the

turbulence data collected with the NOAA scintillonxters exhibits the

predicted layer independence. Several tests of layer independence have been

applied, including correlation analysis and evaluation of inter-profile ...

variation patterns.

3.a. Inter-layer Cbrrelatio. Obefficients

Correlation coefficients between C values at all combinations of

pairs of altitude layers have been calculated according to the stiwdard

correlation formula. Calculations were made for both the linear and natural

logarithmic values for all the data collections and for all the data

taken as a whole. Analysis of the data from a nuner of profile gatheriny

efforts indicates that there is a mxoerate to strong linear correlation

between the layers, even between layers 1 and 7 for almost all the data

collections. (See tables 3 through 22.) Only the data from the RDC

2 •



scintillometer during the May 1986 experiment at Penn State does not shlu

correlation between all layers. (This data appears to be bipolar, with

layers 1 through 3 correlating, and layers 4 through 7 correlating with each

other but not with the lowest three layers.) Given the nunber of

measurements there is an infinitesimally small probability of these

correlations occurring by chance.

The correlation coefficients calculated in the preceding analysis are

influenced by both long and short term effects. In some instances the

correlation could be caused by long term (climatically induced) variations

in the magnitude of the turbulence affecting widely separated altitude

regions. In other words, there are high turbulence nights and low

turbulence nights on which all layers are higher or lower than average.

Correlation of this nature is assumed by models which show Cn2 dependent

only on height. The AFGL data from early May appears to fit into that

situation.5'6 Tables 23 through 26 show relatively low correlation

coefficients for the three day periods taken separately, while tables 7 and

8 show higher correlation coefficients for the combined data for the six

night period. It should be pointed out that the apparent climatical change

could in fact be due to an instrumental bias affecting all or most

altitudes. 0

In order to eliminate the long term effects, the coirelation

coefficients have been calculated for each night of operation on which mre -

than 10 valid profiles were obtained. The average corrolation coefficients

from 111 nights of data are shain on tables 27 and 2E. Viiile these

coefficients are generally lower than the coefficients including long term

'u%%



effects, they are significantly higher than would be expected from

independent Cn2 measurements. The pattern of the average coefficients can

generally be described as showing statistically significant positive

correlation which decreases with level separation. ( The only deviation

from the pattern is that correlation between the lowest two layers and

layers 4, 5 and 6 remains virtually constant.) This pattern is consistent

with the pattern expected if the correlation were primarily caused by the

instrument.

3.b. Inter-profile Variations

An alternative method of assessing whether the Cn 2 values at separated

altitudes are statistically independent is to determine the tendency of the

values from different layers to rise or fall together from one profile

tote et.I heCn aue r tuy admideedetvribe2 n
would expect the Cn2 values to vary in the same direction 50 per cent of the

time. Calculations were made by subtracting each Cn2 measured value from

the previous measurement at the same altitude and comparing the signs of the

results. Only those measurements separated by less than ten minutes were

included. As the acc-ompanying tables (29 through 38) indicate, the Cn

values appear to synchronously rise or fall much more frequently than

expected, except for pairs including layer 7. (The standard deviation from

the expected mean of 0.5 is shown at the bottom of each table in terms of

percentage. For example, table 29 shows that layers I and 4 vary the sane

way 64 percent of the time. With a standard deviation of 0.8 percent, the

actual percentage is over seventeen standard deviations away from the
2 v'-.

expected value.) This is a strong indication that the Cn  values at the
n

separated layers are not independent. This analysis is indckendent of any

4k
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long term trends in the data. There is no known physical phenoenon to

account for short term correlation.
I

From the tables, it can be seen that there is a definite pattern to the

percentages. The directions of chang( at tne hi-L, altiLudt levels appear to

be most closely coupled with the direction o. ch.ngc .t th, &eL :AltiLJe.

This pattern suggests that the turbulencL n urt. at We idinei.

altitudes may be dominated by a signal associated wit. tAA..encL at uLe

lowest altitude. However, it can also be noti-. tiia. J;v inter-LAyer S

percentages vary little among the data collections, indic.-t-ary tit tie

coupling between the altitude regions is not deendent on the location, tie

of year, turbulence strength or other parameters. This jpattern suggests •

that the measured changes in turbulence strength are .roJuced by signals s/v

internal to the device and not linked to the environment.

Although the test of direction of variation is free of long term

effects, it does have the liability of not including the amplitude of the

differences from one profile to the next. In order to assess whether the

size as well as the direction of the inter-profile deltas track between the

separated layers, the correlation coefficients for the deltas thenisclves
, . . 5,--' %

have been calculated. Results are presented for both linear and loyarithinic

data for the combined data set. Tables 39 and 40 show zhat there iz, in

general, fairly strong positive correlation between the a i:litudes of tie

deltas for even widely separated layers, especially in the 2ase uJ linear .

turbulence values. These results suggest that the inter-prlfile changes in

cn2 at widely separated layers are not independent ar,. appear to be

strongly linked.

-5- .'. ..
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4. (bnclusions

The preceding analyses have determined that the C n2 values produced by

the scintillometer fail several tests of the independence of the widely

separated layers. There is no known physical phenomenon to account for

these results, and data from other techniques have not sho.n similar

tendencies. Radar measurements of C taken at Penn State during the Iay

1986 observation period do not show any higher correlation between layers

than can be explained by pure chance.
7

The lack of independence and other characteristics of the data are

indications that, at least at some altitudes, the measured C 2 values are
n

invalid. The signal output used to generate the Cn  values appears to be

corrupted by a signal or noise affecting all or most layers. The source of

the corrupting signal could be either internal to the device or associated

with turbulence at the lowest altitude.

.~ .**<.
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Data Collection Information

Table 1

Organization and Location Time Period No. of Nights
and Profiles

RADC, Penn State U. May, 1986 5 - 140

AFGL, Penn State U. May, 1986 6 - 192

RADC, Maui Apr, 1985 8 - 157

AVC0(AMOS), Maui Feb-Apr, 1985 19 - 1011

RADC, MacDonald Obs., TX Jan, 1985 5 - 118

RADC, Verona, NY Apr-Oct, 1982 9 - 475

RADC, Verona, NY Apr-Dec, 1980 25 - 788

RADC(AMOS), Maui Mar, 1979-Jul, 1930 16 - 594

AFWL, White Sands, NM May-Nov, 1977 26 - 802

Nominal Altitude Regions

Table 2

Layer Number Nominal Altitude Reyion

1 2.2 kin.

2 3.4 kT.

3 5.2 kni.

4 7.3 km.

5 9.4 kni.

6 14.0 km.

7 18.5 km.

-8-
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Tables 3 - 26 Inter-layer Correlation Coefficients

Table 3

Correlation coefficients between C 2 values 0
for pairs of layers. n

ALL DATA - 4279 Profiles Linear Data

2 3 4 5 6 7

1 0.97 0.92 2.57 0.56 0.64 0.60

2 0.96 0.58 0.51 0.64 0.58

3 0.66 0.57 0. 66 0.6i

4 0.89 0.74 0.70

5 0.78 0.70

6 0.86
Table 4

Correlation coefficients between C 2 values
for pairs of layers. n

ALL DATA - 4279 Profiles Log Data

1 2 3 4 5 6 7

0.94 0.68 0.54 0.48 0.51 0.44,

2 0.78 0.63 0.56 0.58 0.50 I

3 0.68 0.61 0.56 0.46

4 0.90 0.69 0.60 S

5 0.80 0.64 .%

6 0.81

-9-
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Table 5

Correlation coefficients between C 2 values
for pairs of layers. n

RADC - Penn State (1986) 140 Profiles Linear Data

1 2 3 4 5 6 7

1 0.99 0.88 -0.12 -0.21 -0.20 -0.25

2 0.93 -0.01 -0.09 -0.11 -0.20

3 0.34 0.23 0.15 0.01

4 0.93 0.73 0.49

5 0.84 0.44

6 0.51

Table 6

Correlation coefficients between C 2 values
for pairs of layers. n

RADC - Penn State (1986) 140 Profiles Log Data

1 2 3 4 5 6 7

1 0.97 0.83 -0.01 -0.01 -0.09 -0.21

2 0.92 0.16 0.08 0.04 -0.12 5

3 3.48 0.38 0.28 0.07

4 0.90 0.70 0.49

5 0..83 0.43

6 0.49

-10-
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Table 7

Correlation coefficients between C values.
for pairs of layers. n

AFGL - Penn State (1986) 192 Profiles Linear Data

1 2 3 4 5 6 7

1 0.91 0.80 0.39 0.46 0.25 0.29

2 0.93 0.50 0.34 0.33 0.34

3 0.67 0.63 0.21 0.31

4 0.77 0.30 0.40

5 0.42 0.56

6 03.61

Table 8

Correlation coefficients between C n values
for pairs of layers. n

AFGL - Penn State (1986) 192 Profiles Log Data

1 2 3 4 5 6 7 .

1 0.87 0.75 0.54 0.61 0.60 0.53

2 0.92 0.65 0.64 0.5i 0.43 S

3 0.76 0.69 0.47 0.40

4 0.74 0.41 0.39

5 0.54 0.52

6 0.39

-11-1
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Table 9

Correlation coefficients between C n values
for pairs of layers.

RADC Maui (1985) 157 Profiles Linear Data

1 2 3 4 5 6 7

1 0.97 0.94 0.91 0.92 0.86 0.84

2 0.99 0.91 0.83 0.89 0.84

3 0.93 0.80 0.89 0.86

4 0.90 0.85 0.88

5 0.79 0.79

6 0.91

Table 10

Correlation coefficients between C 
2 values

for pairs of layers. K
RADC Maui (1985) 157 Profiles Log Data

1 2 3 4 5 6 7

1 0.99 0.97 0.90 0.90 0.88 0.88

2 0.99 0.92 0.90 0.39 0.89

3 0.95 0.92 0.91 0.90

4 0.96 0.90 0.87

5 0.94 0.87

6 0.93

P %0
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Ta~ble 11

Correlation coefficients between C n2values.
for pairs of layers..

AVCO MAUI (1985) 1011 Profiles Linear Data

1 2 3 4 5 6 7

1 0.83 0.79 0.51 0.55 0.66 0.65

2 0.91 0.58 0.59 0.68 0.66

3 0.79 0.76 0.73 0.67

4 0.93 0.59 0.49

5 0.73 0.57

6 08

Thble 12

Correlation coefficients between C n2 values
for pairs of layers.

AVCO Maui (1985) 1011 Profiles Log Data

1 2 3 4 5 6 7

0.93 0.92 0.68 0.71 0.85 0.81

2 0.97 0.67 0.69 0.81 0.78

3 0.82. 0.81 0.85 0.79

4 0.91 0.82 07

5 0.90 0.82

6 *0.83b

-13-
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Table 13

Correlation Coefficients between C 2 values.
for pairs of layers.

MacDonald Obs. (1985) 118 Profiles Linear Data

1 2 3 4 5 6 7

1 1.0 1.0 0.72 0.42 0.83 0.78

2 1.0 0.73 0.43 0.83 0.79

3 0.76 0.46 0.84 0.80

4 0.90 0.89 0.78

5 0.78 0.61

6 0.88

Table 14

Correlation Coefficients between C values
for pairs of layers. n

MacDonald Obs. (1985) 118 Profiles Log Data

1 2 3 4 5 6 7 w,.\." .

1 0.98 0.84 0.67 0.51 0.70 0.58

2 0.98 0.70 0.53 0.69 0.59

3 0.78 0.61 0.73 0.60

4 0.94 0.75 0.51

5 0.78 0.48

6 0.7i

- 14-
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Table 15

Correlation coefficients between C 2 values
for pairs of layers.

Verona (1982) 475 Profiles Linear Data

1 2 3 4 5 6 7

10.99 0.98 0.70 0.62 0.71 0.65

2 0.99 0.73 0.64 0.71 0.66

3 0.78 0.68 0.74 0.69

4 0.90 0.72 0.65

5 0.81 0.62

6 0.82

Table 16

Correlation coefficients between Cn 2 values
for pairs of layers.

Verona (1982) 475 Profiles Log Data ''

1 2 3 4 5 6 7 0

1 0.96 0.96 0.65 0.57 0.64 0.60

2 0.97 0.70 0.62 0.66 0.60

3 0.79 0.69 0.71 0.65

4 0.87 0.80 01.63

6 0.89 J.75

lp

6 -. 013 0

%~.%%~N ~ .~. ~. ' % W .%-4 X.. . .. ' ~'r .%



Th3ble 17

Correlation coefficients between C n2values
for pairs of layers.

Verona (1980) 788 Profiles Linear Dat~a

1 2 3 4 5 6 7

1 0.93 0.83 WO.65 0.69 0.56 0.42

2 0.94 0.79 0.30 0.66 0.36

3 0.94 0.91 0.7 0.65

4 0i.96 0.72 06

5 0.81 0.65

6 07

Table 18

Correlation coefficients between C 2 values '
for pairs of layers.

Verona (1980) 788 Profiles Log Data

1 2 3 4 5 6

1 0.96 0.90 0.74 0.75 0.64 0.41

2 0.97 0.82 0.80 0.68 0.48

3 0.92 0.37 U.49 0.51

4 0.96 0.71 J~~ _

5 0.81 0.540.

6 0.67

-16 -
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Table 19

Correlation coefficients between C n2 values
for pairs of layers.

Maui 1979-1980 594 Profiles Linear data

1 2 3 4 5 6 7

1 0.89 0.80 0.66 0.77 0.83 0.74

2 0.94 0.69 0.73 0.70 0.58

3 0.83 0.77 0.63 0.51

4 0.90 0.58 0.43

5 0.76 0.53

6 0.83

Table 20

Correlation coefficients between C values
for pairs of lay'ers. #

p 4

Maui (1979-1980) S94 Profiles Log Data

1 2 3 4 5 67

1 0.94 0.89 0.64 0.60 0.76 0.50

2 0.96 03.57 0.59 O.6r6 0.54

3 0.64 0.50 0.59 .80

4 '.3 0.70I

5 03.81 0.51

6 07

-17-
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Ta~ble 21

Correlation Coefficients between C n2values
for pairs of layers.

AM~ - White Sands (1977) 802 Profiles Linear Data

1 2 3 4 5 6 7

1 0.93 0.57 0.53 0.52 0.61 0.55

2 0.60 0.49 0.44 0.52) 0.45

3 0.40 0.29 0.3J 0.23

4 0.67 0.51 0.43

5 0.67 0.50

6 0.75

Table 22

Correlation coefficients between C 2 values
for pairs of layers.n

AML (1977) 802 Profiles Log Data

1 2 3 4 5 6 7

1 0.94 0.4 0.s 53 0.48 0.55 0-4b

2 0.49 0J.45 0.36 0.45 0.36

3 0.36 0. 20 0.20 0.14

4 0.75 0.39 v.1

5 0.59 0 .45

-18-
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Ible 23

Correlation coefficients between C 2 values
for pairs of layers. n

AFGL - Penn State (May 1- 3, 1986) 107 Profiles Linear Data

1 2 3 4 5 6 7

1 0.91 0.77 0.20 0.23 -0.31 0.07

2 0.89 0.26 0.303 0.08 0.14

3 0.2 0.49 0.04 0.14

4 0.70 0.04 0.26

5 0.08 0.42

6 0.45

Table 24

Correlation coefficients between C n2values
for pairs of layers.n

AFGL -Penn State (May 1- 3, 1986) 107 Profiles Log Data

1 2 3 4 5 6 7 ~

1 0.90 0.71 0.07 0.20 3.10 0.29

2 0.87 0.17 0-30 M.1 0.32

3 0.48 0.53 0.1 0.43

4 0.82 0.10 0.36 o

5 0.13 0.40

6 0.40

-19 R.
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Thable 25

Correlation Coefficients between Cn 1 values
for pairs of layers.

AFGL - Penn State (May 4- 6, 1986) 85 Profiles Linear Data

1 2 3 4 5 6 -

1 0.87 0.84 0.77 0.68 0.24 0.05

2 0.99 0.85 0.54 0.04 -0.07

3 0.80 0.53 0.01 -0.1Z

4 0.64 0.12 -0.02

5 0.44 0.i1

6

Table 26

Correlation Coefficients between C 2values
for pairs of layers.n

AFGL -Penn State (May 4-6, 1986) 85 Profiles Lo Data

1 2 3 4 5 6 7 N

1 0.64 0.47 0.40 0.40 0.49 0.16

2 0.85 21.64 0.43 o.15 -0.12

3 0.73 0.45 0.07 -0.17

4 0.49 0.16 -0.03

5 0.37 0.18

6 0.38
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Average Correlation Coefficients

Table 27

Average correlation coefficients between Cn 2 values.

ALL DATA Il1 Nights Linear Data

1 2 3 4 5 6 7

0.89 0.73 0.50 0.52 (.54 0.42

0.84 0.52 0.53 0.53 0.39

3 0.70 0.56 0.46 0.35

4 0.79 0.31 0.26

5 0.51 0.18

6 0.49 *

Average Correlation Coefficients

Table 28

Average correlation coefficients between Cn 2 values.

ALL DATA 111 Nights Log data

1 2 3 4 5 6 7

1 0.90 0.74 0.49 0.52 0.54 0.39 ,.4

2 0.83 0.50 0.51 0.53 0.36

0.68 0.55 0.45 0.32

4 0.78 0.28 0.21

5 0.48 0.14

6 0.47 S

-21-

W.. . , -



Tables 29 - 38 Inter-profile Variation Percentages

Table 29

Percentage of Cn 2 values varying in the same direction
for pairs of layers.

ALL DATA 3954 Deltas

1 2 3 4 5 6 7

1 0.84 0.76 0.64 0.66 0.63 0.51

2 0.80 0.61 0.65 0.63 0.51

3 0.71 0.64 0.59 0.51

4 0.74 0.49 0.48

5 0.60 0.40 w

Standard deviation = 0.008

Table 30

Percentage of C 2 values varying in the same direction

for pairs of layers.

RADC - Penn State (1986) 103 Deltas

1 2 3 4 5 67

1 0.89 0.83 0.73 0.79 0.71 0.42

2 0.84 0.70 0.70 0.66 0.49

3 0.79 0.72 0.59 0.47

4 0.79 D.56 2.5.3

5 0.72 0.41

Standard deviation = 0.049

- 22
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Table 31

Percentage of C 2 values varying in the sare direction
for pairs of layers.

AFGL - Penn State (1986) 179 Deltas

1 2 3 4 5 6 7

1 0.83 0.74 0.60 0.60 0.57 0.61

2 0.84 0.65 0.62 0.53 0.58

3 0.69 0.63 0.56 0.53

4 0.71 0.50 0.54

5 0.48 0.56

6 0.36
Standard deviation = 0.037

Table 322- S

Percentage of Cn2 values varying in the same direction for
pairs of layers.

RADC New Maui (1985) 131 Deltas

1 2 3 4 5 6 7

1 0.91 0.82 0.70 0.70 0.65 0.55

2 0.86 0.68 0.65 0.65 0.55

3 0.76 0.66 0.63 0.53

4 J.79 0.50 0.48

4 "

5 0.56 0.42

6 0.61

Standard deviation 0.044
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Table 33

Percentage of C n values varying in the same direction for
pairs of layers.

AVCO Maui (1985) 961 Deltas

1 2 3 4 5 6 7

1 0.82 0.80 0.63 0.66 0.63 0.531

2 0.85 0.62 0.65 0.62 0.53

3 0.71 0.65 0.59 0.571

4 0.74 0.47 0.48 *1

5 0.57 0.40

6 0.54
Standard deviation 0.016

T'able 34

Percentage of C n2 values varying in the same direction,

for pairs of layers.

MacDonald Obs. (1985) 110 Deltas

1 2 3 4 5 6

1 0.86 0.84 0 .641 x69 0.63 0.44

2 0.91 0.69 0.72 0.62 0.42

3 0.78 0.76 0.61 0. J'7

4 0.78 0.53 03

5 0.67 0.37

6 0.48
Standard deviation =0.047

- 24-
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Table 35 :

Percentage of C 2 values varying in the same direction .1
for pairs of layers.

Verona (1982) 458 Deltas

1 2 3 4 5 6 7

1 0.86 0.82 0.64 0.69 0.59 0.41

2 0.86 0.61 0.66 0.61 0.40.,0

3 0.72 0.66 O.G 0.44

4 0.77 0.51 0.47

5 0.59 0.38

6 0.30
Standard deviation 0.023

Table 36

Percentage of Cn 2 values varying in the shme direction

for pairs of layers.

Verona (1980) 741 Deltas

1 2 3 4 5 6 7

1 0.82 0.75 0.60 0.66 0.62 0.,19

2 0.83 0.62 0.64 0.63 0.49

3 0.73 0.69 0.61 0.47

4 0.79 0.52 0.47

5 0.64 0.40

6 0.50
Standard deviation = 0.018
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Table 37

Percentage of C 2 values varying in same direction fo_
pairs of layers.

Maui, 1979-1980 554 Deltas

1 2 3 4 5 6 7

1 0.80 0.S2 0.63 V.68 0.73 C.58

2 0.73 0.57 0.69 0.7C 0.51

3 0.77 0.62 0.64 0j.r7

4 0.63 0.56 J.3O

5 J.67 0.43

Standard deviation = 0.021 A

Thble 38

Percentage of C 2 values varying in same direction for
pairs of layers.

AFWL (1977) 644 Deltas

1 2 3 4 5 6 7

1 0.88 0.64 0.62 0.65 0.61 0.52-

20.67 1.59 0.63 0.63 .50

3 0.63 L0.51 V.53 .1

4 72 :-.)" • .; •

5 3.53 J.34 a

0.50

Standard deviation = 0.020

-26 -
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Table 39

Correlation coefficients for deltas between successive
measuremnts.

ALL DATA - 3954 Deltas Linear data

1 2 3 4 5 6 7

1 0.85 0.65 0.34 0.52 0.44 0.39

2 0.81 0.37 0.44 0.48 0.27

3 0.58 0.45 0.38 0.27

4 0.63 0.08 0.15

5 0.29 0.10

B%

6 0.42
coriatin Coefficients between ]t(r-profile Deltas

Table 40 IIa

Correlation coefficients for deltas between successive
measurenents.

ALL DATA - 3954 Deltas Log data

1 2 3 4 5 6 7

1 0.81 0.48 0.34 0.40 0.32 0.12

2 0.54 0.38 0.37 0.33 0.10 p

3 0.44 0.24 0.17 0.08

4 0.60 -0.09 -0.04

5 0.17 -0.25

6 0.12

- 27-
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