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Introduction

The goals of this research program were to determine the
characteristics of D region (60-90 kilometers) backscattering
and the effects of these characteristics upon the accuracy of
experimentally derived D region electron density profiles and

D region "winds." Five particular goals were:

(1) The investigation of the validity of the randomly
phased angular spectrum approximation (here-after
abbreviated RPASA).

(2) The measurement of the cone angle of arrival of D
region echoes.

(3) The effects of the cone angle of arrival echoes
the accuracy of D region electron density profiles
and "winds."

(4) Measurement of the amplitude distribution of D region
echoes.

(5) Measurement of D region electron density profiles

to establish seasonal variations.

The electric field intepsity, measured on the oround,
of waves backscattered from the ionosphere can be described
by a spectrum (in angle space) of plane waves. The Fourier
transform of this angular spectrum is the spatial correlation
function of the electric-field intensity measured in the
observation plane. The normalized correlation function is

defined by a spatial average:
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2
‘ : Lx Ly
p(ax,4y) = lim T J f E(x,y,z) E* (x+Ay,z)dydx
g TEY -,
Ly AR X 'y (1.1}
I S, . LY 2
. 4LxLy 1E(x,y,z) | “dydx
i -L_ -L
X Y

The infinite spatial average required to evaluate (l.1) is
impossible to perform in a real world. Yet, the spatial correlation
function plays a critical role in measuring "winds" by means
of the ionospheric drift technique. 1In the ionospheric drift
technique, measurements from at least three receivers are used to

deduce the spatial correlation function from a temporal average:

T/2
= ' AT R
RUax, o) = élf e E(x,y,2,t) E* (x+8X,y+8y,2,t) dt
-T/2 tL.2)
T/2
% lE(x:lelt)|2¢T
-T/2

It should be clear that equation (1.2) has an explicit

dependence on the absolute dependence (x,y,z) as Ax and Ay. L
Nonetheless, experimenters equate equations (l1.1) and (1.2).

One can show that the only way this can be true is if the

angular spectrum is randomly phased -- that is if:
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F(s,,s,,t) F(s],s),t) = |F(s),s,,t)| 5178y S,-8) (1.3)
where F(sl,s,,t) is a component of the angular spectrum of
plane waves having complex amplitude F(sl,sz,t) traveling in
a direction specified by direction cosines $)¢8,,83 where:

2 - s e (1.4)

$; Y s, + s, 1

One can also show that no physically realizable angular
spectrum can be exactly randomly phased, but that a spectrum
may be approximately randomly phased so that equating (1.2)
and (1.1) may be justified for relatively small values of
Ax and Ay.

There has been only one experimental investigation of
the validity of the RPASA. Von Biel (1969) developed a
technique to measure the spatial correlation of the complex
fields reflected from the ionosphere. Using nearly normal
incidence echoes in New Zealand, von Biel concluded that D region
echoes did not have a randomly phased angular spectrum.

We implemented von Biel's technigue at Raleigh, NC with a

100 kw (peak pulse power) 2.66 MHz transmitter, a circularly

polarized transmitting array and five half wave dipoles separated
by A/2 spacing. A necessary condition for the validity of the
RPSASA is that measured correlation functions (say for a spacing

of a half wavelength) should be independent of position. Our




array ot 5 dipoles spaced a half wavelength apart permitted a

determination ot four measurements of the complex correlation E

coetficient evaluated for one half wave length separation over

a range of absolute positions which extended to 2 wavelengths.

Variations in the four correlation measurements can be
caused by sampling errors, noise and interference, or a true
position dependence. An analysis was performed (by HNT)
which showed that unless the signal to interference ratio was
very high, the phase of the measured correlation function was
ject to serious error. Furthermore, at large separation
distances, where the magnitude of the correlation function
18 small, relatively low levels of interference can cause
large exxuxQ in the me;surement of the magnitude of the
correlation function. However, for signal to interference
ratios of greater than 10 db and for separations such that
the magnitude of the true correlation is not small, the effect
of interference on the measured magnitude of the correlation
function 1s tolerable.

Using records taken on days of exceptionally low inter-
ference levels, rcdﬁvtlon of the averaging time from 20 to 5
minutes produced changes of less than 3% in magnitude of the
correlation function. Variations of approximately 3% are
charged to sampling error. Data processing was restricted to

records of 20 minute duration at altitudes where the signal

to interference ratio was greater than 10 db. Some measurements

of the phase as well as the magnitude of the correlation




] function were obtained on dovs of exceptionally low noise and

examples will be shown.

Data acquired during the period May, 1976, through October,
1976, consisted of 20 minute data runs taken around local noon.
Pulse repetition frequencies of 16 pulses per second were used
and measurements were made at two kilometer intervals in the
altitude range 60-100 kilometers.

A measure of the variability of the four values of
correlation magnitudes for each run is the percent standard

deviation (PSD).

PSD = ;—1 x 100% (1.4)

where M and ¢ are the mean and standard

deviation for that data run.

A summary of the correlation data as a function of
altitude is presented in Table 1l,1. N is the number of
individual 20 minute observations used at each altitude? and
‘M and PSD are the averages of the N means and the N standard
deviations at each altitude. The largest PSD value and its
associated mean is alsd *1sted for each altitude. The largest
values of PSD for six of the sf;}eén altitudes were the

result of a single 20 minute observation. The low

values of the average PSD (PSD) indicate that the remaining
PSD's were much lower (at least for those altitudes with more

than one observation). We conclude that at all altitudes,

the magnitude of the complex correlatlion function for spatial
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separations of 2/2 is essentially independent of position at
least over the 2% range of absolute positions used in this
experiment,

To the extent that the magnitude of the correlation
function is independent of position, the RPASA is valid.
However, the phase of the correlation function has not been
shown to be independent of position, since, except on rare
occasions, the signal to interference ratio of D region
echoes was not large enough to permit reliable phase
measurements. An example of such a rare occasion is shown in
Figure 1.1,

In Figure 1.1, the magnitudes of the correlation functions
for each pair of observing stations at each altitude are closely
grouped as might be expected for a complex correlation function
which is independent of position. The phase plots have the
same form, but there are obvious offsets between them. (The
similarity of the phase plots is indicative of the fact that
interference levels were well below D region echo levels.)

1.1 E Region Tests of System Operation. Echoes from a

quiet E region, characterized by steady or very slowly fading
amplitudes from a very restricted range of altitudes, were

used to test system operation. Figure 1.2 is a plot of the

magnitude and phase of rhe complex correlation function of an
echo from the quiet E region. The correlation function was
evaluated for spacings of A\/2, A, é%, and 2) and the individual

data points have been connected by straicght lines.

21
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Figure 1.1 Correlation magnitudes and phases vs. altitude
at four positions of A/2 separation.
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The magnitude of the correlation function is essentially
unity at all the observed. spacings, consistent with a nearly
specular reflection from the E region. The phase plot, on
the other hand, is quite irregular. It was observed that

the phase plot was similar to a contour plot of the test site.

Since the phase shift in radians is given by 2;2 where h is

the effective height above a reference plane, vertically

incident waves can be used to obtain a map of relative

antenna altitudes. On the average, specular E region returns

are expected to be vertically incident. Eight phase plots of
quiet E region echoes were averaged to produce a plot of average
phase offset with respect to the reference antenna. When

these average phase offsets are subtracted from the phases plotted

in Figure 1.2, the resulting phase plot is linear with

separation distance and is consistent with an apparent zenith !
angle of 0.45°. ;
The E region tests (made with very high signal to I
interference ratio echoes) are evidence that the experimental !
system can measure the complex correlation function of the
incident fields. The measured phase offsets then explain the

displaced phase curves of D region echoes in Figure 1.1. |

We conclude, therefore, that D region echoes satisfy the ;

RPASA in a local sense -- that is, over distances of at least
two wavelenghts, the RPFASA seems valid. Equating equations

(1.1) and (1.2) seems valid -~ at least for the Raleigh area. .
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2. Cone Angle of Amirival of D Region Echoes
i The array of five dipole antennas and the validity of
the RPASA make pose ble the estimation of the half power
width of the angu..' soOwer spectrum. The angular spectrum is
denoted by:
'F(sl's"())l%“\““. = power density associated with a plane

wave with direction cosines S,/8,, and

53.

The angular power spectrum and the spatial correlation
function, (1.1), are Fourier transform pairs. Assume that the
two dimensional correlation function is isotropic and is of
the form:

plAX,Ay) = exp{—R:[\:x)g + (Ayz)]) ~ exp{~82r2) {2:1)

b |

where r° = (.\x)2 + (Ay)2

The one dimensional {isotropic) angular power spectrum
is:

——

1F(s) |2 = 1y expl-(3%7) (2.2)
B

where ]F(s)]2 is tho angular power spectrum of the backscattered

echoes as a functioy of s, the sine of the zenith angle. We

define the half p w1 w.dth of the angular spectrum by:
‘riﬁl/z){y {2.3) {
‘;fm;::;‘”‘ = 0.5 ‘
*{0) |

. B o
WhG‘I’e- --l e = 8in 01/2 - i’ v t]‘2- -27[‘) (2.‘)
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Least scuarca f1ts of the experimentally determined
spatial correlation function for separations of 1/2, 1, and
1 1/2, wavelencths were made to estimate the parameter 82 in
equation (2.1) and these estimates used to determine the
half power angle of D region echoes from equation (2.4).

In Section 1, an analysis of the effects of interference
on the determination of the magnitude and phase of the
spatial correlation function was used to show that even when
signal to interference ratios were high, the magnitude of
the spatial correlation function evalvated at large separations
fwhere the magnitude value 1s low) is likely to be in error
due to interference. Almost all values of the magnitude of
D region spatial correlation functions at the two wavelength
separations were too low to use in the least squared fitting
procedure.

Figure 2.1 is a plot of the magnitude of the spatial
correlation function at altitudes of 68, 72, and 76 kilometers.
1t is not an a-typical set of curves. The rms error in

fitting the data points for the 72 km curve at )\/2, A, and

32/2 was .0234. The pos:sible rms error caused by interference
was estimated to be 050, Since the error in the curve fit

18 less than might be expected due to interference, (2.1l) is
sai1d to be a "good"™ i1t to the 72 kilometer correlation data

and the cone estinate 1s likewise classified "good." Because
similar error values were found for many other spatial

correlation curves, it was concluded that (2.1) is adequate

for cone angle estimation provided that the signal to inter-




Correlation Magnitude
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Figure 2.1 D-region spatial correlation function.
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ference ratio is greater than 10 db and the fit is limited
to correlation values which are not tco small,

Equation (2.2) predicts signals from angles which
are larger than is physically vossible for the D region.
We expect the Gaussian approximation to the true angular
spectrum will fail at very large zenith angles. The
experimental data, to be presented next, indicates half
power angular spectral widths,el/z,of less than 25° so that
truncation of the angular spectrum at © = 90° should cause
no serious errors.

2.1 Summary of Cone Angle Results. The cone angle

data obtained from D region measurements made around local
noon during the period May 1976, through October 1976,
are plotted in Figure 2.2, For each altitude, Table 2.}

lists the following:

N = number of cone angle estimates at each altitude
51/2 = mean of the N estimates at each altitude
01/2 = gstandard deviation of the N estimates

= largest of the N estimates of the half power width

©
1/2 max at that altitude

The most striking feature of Figure 2.2 and Table
2.1 is the rapid rise in cone angle between 68 and 78 kilometers.
Most of the data below 78 kilometers were obtained with x
wave polarization boecause of the generally stronger x wave
returns at lower altitudes. The increase in cone angles
between 68 and 78 kilometers is probably caused by the rapid

rise in X-wave absorption which causes the X wave amplitude
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h N 91/2 01/2 Gllzmax
km number degrees degrees degrees
70 11 8.5 2.32 12.8
72 3l 10.9 2.39 15.4
74 10 13.7 3.28 18.8
76 9 Eh s 4.02 20.6
78 6 17,6 4.68 22.3
80 o b P 2.72 17.1
82 10 12.0 1.53 14.1
84 18 12,0 4,17 15.4
86 30 11.8 2.24 179
90 45 12.1 3.08 20.7
92 49 13.3 3.04 20.3
94 47 3.7 3.30 L7
96 48 13.8 4.30 21.8
98 41 13.7 4.77 24 .8

TABLE 2.1

Cone Angle Results -- Summary




7

to decrease with increasing altitude. Consequently,
stronger » wave ¢.hoes at lower altitudes (and larger zenith

angles) tend to dominite the measurement so that over the

range 68-78 kilometers, the cone angle of arrival increases.
Al 82 kilometers, where both the X and 0 wave
ampl itud ncrease wi t1iuce, the mean cone angle is

approximately constant at 12-13 degrees. The standard
deviation, Oy /o increases with altitude. Note that the
higher altitude data have very high signal to interference
ratios so that interference can be eliminated as the cause

of the increased cone angle variability at the higher

altitudes.

3. Effects of Cone Angle Results onthe Partial Reflection Experiment

L%

.1 Altitude Smearing and Pulse Length. D-region

echoes are freguently assumed to come from a horizontal

(v

= : , c1 ‘ :
slab of thickness L(L = =5 where ¢ is the vacuum velocity

of light and is the pulse duration) centered at a height
Ro' Because of the curvature of the wave front, not all of
the scattering volume is contained within the slab. The
percentage of the scattering volume contained in the
horizontal slab is most important in assessing altitude
"smearing."

Cross sections of two scattering volumes are shown in.
Figure 3.1. The volumes are portions of spherical shells
~

of thickness L. The angular width of the shells is 1o ;
/ & |

and the figure illustrates the cases Vyya By and




18

*swei8eyp awnyoa Buyiajjeds 7[-°g 2in8yj




19
01/2 > O where O is the angle at which the outer edge of the
spherical shell is at the height of the bottom of the horizontal
slab,
R ~-L/
LY -1 (e} 2
GB = CcoSs {R_o+i7;} (3.1)
' The total volume of the shell section is:
¥, . = 2% (oo 0, ) (3L + L3) (3.2)
tot 3 ¥ 1/2 o i :

The volume of the shell section inside the horizontal slab is Vs:

= 27 1_ = 2 3 3 .
Vs = —3(1 cos Ol/z)(RO+L/2) 1/2 tan 91/2(Ro L/z) ] for 01/2 < GB
v_ = 2T (1-cos 0.) (R +L/,)3 - 1/2 tan®e,,.(R_-L/.)3for 6,,, > ®

s 3 B o 2 1/2 o 2 1/2 B
(3.3)
The percent volume in the horizontal slab is
-
Vet = 5 x 100% (3.4)

tot

Values of V.t are listed in Table 3.1(a) for several values of

pulse length and angle 91/2. Of interest are the angles 01/2
where fifty percent of the scattering volume is inside the horizontal

slab such that

V. % = 50%.
S !

Table 3.1(b) lists examples of 21/2 vhich satisfy (3.5) for

several heights and pulse lengths. The angles OB are also listed
for each height. It can be secn that the angle which satisfies

the condition (3.5) is given approximately by @, for 2 to 4 km pulse

lengths.
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TABLE 3.1l.a

20

ing Volume Percentages

Vsl for L = 4 ko

VGZ for L = 2 km

i (e (o] [¢] (o] [e] o
’ 2 3 6 e -9 G, = 8, = = . =
: o - " =13 =17 6y 6,=9 ,=13° 8,17
i 68 19.5° 90.3%  79.4%X  64.0% 13.8°  79.6% 56.9%  33.8%
74 18.7° 89.3% 77.4% 60.5% 13.3°  77.8% 52.9% 31.1%
80 18.0° 88.4Z7 75.4% 57.0% 12.8°  75.9%  49.0% 28.7%
86 17.3° 87.5% 73.4% 53.5% 12.3° 74.0% 45.52 26.7%
TABLE 3.1.b
r, L o 50% 0 ,,
68 4 19.5¢° 19.8°
86 4 17.3° 17.6°
68 2 13.8° 14.0°

As the cone angle 01/2 approaches eB, approximately

altitude. Consequ

One property of the scattering volume apparent from Table 3.1

ently,

regions where

3A
_X
9R

slab and significant altitude smearing is present (in excess of
that expected from the spatial extent S%). The cone angle data
of the previous section suggest that for X waves, increased

altitude smearing is present at ranges where Xx decreases with

is negative can

present problems Zor the partial reflection experiment.

is that for a given cone angle 61/2’ shorter pulse lengths

have a smaller percentage of the total volume in the correct

horizontal slab.

50% of the scattering volume lies at altitudes below the horizontal

While the actual altitude resolution is improved

by using shorter pulse lengths, the relative effect of a given cone

angle is greater for shorter pulses.

ES——

‘Jl).w' e . 3




3.2 The Effec me 1 on the 2 ,/E.o Ratio. In

hipl st Bl B Rl i -emiiien et e —_— X

view of the potential seriousness of differing cone angles for
P

0 and X polarizations, some estimate of the effect of this

difference on the partial reflection experiment is necessary.

3 Table 3.2 presents results of one =ngle data run for X-wave
: polarization w : me o° the square of the
% amplitude as on ¢ 4 om 68-76 km. Also

L shown in the tah are measu ed values of the cone angle 61/2

- = S 0. ar % (€
and calculated valuecs of B and Vst\ul/z).

Table 3.2 Relative Power as a Function of Altitude

T BT TN S 1 g

-
R 2
3.\’*_ - = 7l~_~ N B '>/j'2- OB VS% (61/2)
68 2326 Bt NS 91 .3%
70 3987 L0 .4 19, 2° 86.5%
12 4103 13.2° B89 77.4%
74 3141 1 7.8° 1Ls i 56.5%
76 4295 2052 18.4° 41.9%




First note that the mean squared wave amplitude increases
from 68-72 km and then decreases from 72 to 76 km. The cone
angles appear to increase with increasing altitude and exceed
13 degrees, the mean cone angle associated with the 0 wave
(see Section 2) at altitudes above 72 km. At altitudes of 76
km and above the cone angle is greater than OB' Cone angle
estimates for 8-wave echoes below 80 km could not be made
because of low signal amplitudes for this polarization, but
it is assumed that such estimates would be less than the 13

degree mean 0-wave cone angle.

The situation is as follows: X waves are scattered from
a spherical shell with a cone angle varying from 13° to 20.5°
as the altitude increases from 72 to 76 km, whereas the 0 waves
are coming from a spherical shell with a cone angle of 13
degrees at all altitudes. The scattering volumes for the X
and 0 waves are different. The problem is further complicated
by the fact that the scattering cross-section per unit volume
for each polarization is also a function of altitude.

The ratio of the power backscattered by the 0 and X modes
is proportional to the ratio of the scattering volumes for both
modes. We ask by what factor must the measured power ratio be
multiplied to convert it to the power ratio that would have
been obtained had the same volumes been utilized (neglecting
the altitude variation of the cross-section per unit volume).

Utilyzing the power spectrum approximation

S

. & "l ¢ €
[P(s)l = nw“} expx—.b“\‘“ —
Sl/2 1/ 2

b )
«

y ) (3.6)
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one can show that

= 2(1-exp{-.693(3013.27)), (3.7)

LA2

Y91-p wave
Vol X wave
where 81/2 is the sine of 91/2 for X wave

polarization.

Table 3.3 gives the corrections by which the Ax/Ao ratios
assoctiated with the data ot Table 3.2 must be multiplied to

account for the different scattering volumes for the "X" and

the "0" waves. Note that the correction is the reciprocal of
the square root of equation (3.7) and that this is strictly a
geometrical correction which does not properly account for
the differential backscatter cross section as a function of

altitude.

Table 3.3 Ratio Corrections As a Function of Altitude

hkm X wave “1/2 Correction
’ Factor
T2 1 . 2% 1.00
74 L7.8 .80
76 20.5 o

K Oblique echoes associated with X waves at altitudes where
9

i 5 . _ ) : e c L = =
3R~ 1S negative can result in substantial errors for the Ax/Ao
ratio resulting in an overestimation of the ratio and an under-

estimation of the electron density 1r these reoions.
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Becausre shosterl puilse longins nave a smaller V ¢ for a
S

given cone angle, & snortening of the pulse length wil% not
increase the height resclution in those ranges where ;ﬁi < 0.

A shorter pulse length increases the measured Kx/ﬂo ratio

at such ranges. A representative plot of A /A ratios obtained
with 25 and 12.5 us pulses is shown in Figure 3.2. The ratio
1s seen to increase for the shorter pulse length where the

X-wave amplitude decreases with heicht. The SNR was large

enough not to effect the 12.5 us measurement.

3.3 Wide Cone Angles and Electron Density Minima. One
of the principal goals ol thus research was to identify causes
of erroneous electron density profiles. Two electron density
profiles are illustrated in Figure 3.3 and Figure 3.4. The
local minima in electron density at 78 km and 80 km are the
portions of the profiles in question. Minima which occur
below 72 km are not gquestioned because of possible innacuracies in
the ratio measurements caused by interference and noise.

Consider the curve of Migure 3.3, Corresponding X-wave

Cae angle measurement o I on the plot, Note the 22.3°

cone anal t 78 km 4 ey Gersity minimum occurs.
A much dec e GLtim Ly . ! 4 at B0 km. A

cone angle measul e@meiit t 8 W ive . uwble for the data

of PFigure 3.4, but the cone angle ..ad aiready reached 20.7°

at 78 kilometers. The implico: G thie figure is that local
minima in electron density protilos can 1esu't trom oblique
X-wave echoes and altitude sme r1nag. The Loue echoes are
frequently associated with . whic) v Yowave amplitudes

decrease with increas
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Figure 3.2 Effect of pulse length on measured Xx/T\o ratios. I
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4. Amplitude Distributions of D Region Echoes

Flood (1968) proposed that D region echoes were caused
by scattering from refractive index fluctuations. If this
mechanism is operative, the amplitudes of the echoes should
be Rayleigh distributed. The Rayleigh probability density

function is:

2
A A
p(A)dA = exp{———f}dh for X >0 . . & (4.1)
;? 20 o

where p(A) dA is the probability that the

signal amplitude 1is petween A and A + dA.

The data analyzed consisted of 10 minute runs
during which the transmitted and received polarizations were
alternately right and left circular ["ordinary," and
"extraordinary" respectively]. For each transmitted pulse,
the return signals were sampled at 2 kilometer intervals over

the range 60 to 100 kilometers. Amplitude distribution histo-

grams were computed for both ordinary wave and extraordinary

wave polarizations. At a typical prf of 8 pulses per second,
a total of 2,400 "0" and “"X" wave returns were available for h

each 10 minute period. The data were screened for noisy and

saturated returns at each altitude. These restrictions i
effectively set the lowest altitude for which valid data was
available at 70 kilometers. Only 1/4 of all the available data
runs passed the screening procedure.

The data samples at each altitude were normalized to the

sample mean value and eight "bin"™ histograms were computed.

i A s nase
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The Chi-squarcd 'vpothosis test using six degrees of freedom
{we had norma.i.ed the amplitudes) was applied to the
histograms. Acc: ptance or rejection of the Rayleigh hypothesis

was set at the 10% level -- i.e., the probability that the
differences between the observed (data) distribution of
amplitudes and that expected from a true Rayleigh distribution
could be caused by sampling error is less than 10%.

A summary of the Chi-squared test results is shown in

Table 4.1. The notation in the table is:

ALT = altitude in kilometers

= number of screened 10 minute observations at that altitude

l 2

L% = mean confidence limit of the N observations

10% = number of 10 minute observations that were rejected at

2 0O

the 10% level as not being drawn from a Rayleigh population.

Table 4.1 Summary of Chi-Squared Results

ALT 70 72 74 76 78 80 82 84 86

N 20 23 25 23 26 25 23 24 23

CL% 42 39 44 39 41 44 51 41 42
. "

¥, oa 2 4 2 5 2 2 1 1 2
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If the usual five percent confidence cutoff had been

used, onl

~/.
P

data runs would have been rejected (not from a
Rayleigh populaticn'. The averace Chi-sguared confidence
level of 40% supncrts the hypothesis that the amplitude
distributions are Rayleigh distributed and, by inference,
the contention that volume scatter from a continuous

distribution of refractive index fluctuations is the source

of D region backscatter.

5. Seasonal Variation of D Region Electron Density Profiles

Altitude profiles of the ratio of backscattered amplitude
of the extraordinary wave to the backscattered amplitude of the
ordinary wave were obtained over an 18 month period. All of these
data were collected near local noon (minimum solar zenith
angle) when D region electron densities are close to the maximum
daily values. These "AX/AO" profiles were subjected to a series
of screening criteria based upon estimates of signal to inter-
ference ratios, number of saturated samples, the number of
contigous altitude bins which had "good" signals and the
value of the short lag autocorrelation coefficient at each altitude.

The data used in this section passed all the screens. In the 18

T,

month period there werce data davs which were acceptable; these

TFLE

data days were typified by approximately three consecutive

-

Y

(or nearly so) acceptable 10 minute records. If such was the

o e——

case, the electron density for that day was computed from the

average of the three electron density profiles derived from each

10 minute run.

e — e —
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The short lag autocorrelation screen provides a way
to guantify signal to interrference ratios. It was observed

that D region ormalized autoce el tion functions maintained

substantially high values (greater than 0.7) for lags as long

as 1/4 second walle nterference tended to decorrelate to values
of .2 to .4 in 1/8th second. Consequently, we required the
echoes to have a normalized correlation function of at least 0.75
at a lag of 1/4th second.

Electron density profiles calculated from an average of
three consecutive 10 minute Ax/Ao profiles were compared with
electron density profiles computed by averaging three consecutive
electron density profiles computed for each 10 minute period.
While there were differences between the daily average values
s0 computed, they were minimal and in our opinion of no
consequence. Conseguently in the data reported herein the daily
average electron density profile was computed from the average
of the electron density profiles derived from 10 minute runs
taken on that day.

The 75 average day profiles were divided into Spring,
Summer, Fall, and Winter, and all density profiles within that
category averaged to produce an average electron density profile
for each season. The average electron density profiles for
summer and winter and the equinoctial periods are plotted in
Figure 5.1. The measurements show a definite difference between
summer and winter electron densities at altitudes above 78
kilometers -~ the one siagma error bars are woll szparated, Below

78 kilomters there is nothing to cd.istinguish the two profiles.

The equinoctial profiles above 7¢ \ilometers lie between the
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winter and summer curves although below 78 kilometers it appears
that electron densities ure greater for the equinoctial

months. Table 5.1 lists, as a. function of altitude, the
seasonal mean values and the associated ¢ value.

The behavior of the seasonal variation above 78 kilometers
is consistent with primarily solar photon control and the
behavior below 78 kilometers points to the influence of
energetic particles at these altitudes.

The use 0f average profiles can be misleading in
characterizing the D region electron density profiles.

Figure 5.2 shows the average winter profile with the associated

lo error bars at each altitude. Also plotted are electron

density values for five selected winter days with anomalously

high electron densities. The electron density values for each

of these five days are the average of at least 3 consecutive

10 minute curves and exceed the average plus one ¢ winter values.

Table 5.2 lists, as a function of altitude, the electron density

values for each of these 5 days along with the mean and the M+0

for an average winter day.
’ The absorption on these "amomalous" days was high, but there
are at least two different kinds of anomalous days. The electron
densities deduced for 1/8/77, 1/9/77, and 2/12/78 are approximately
twice the average winter values in the region between 80 and 90
kilometers and are equal to, or lower than the average mean winter
day .at altitudes below 80 kilometers. On the other hand, the

data of 12/31/77 and 1/1/78 indicate higher than normal values
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Seascnal Averages of Electron Density

___ [WINTER 1] SPRING SUMMER FALL
ALTITUDE | M o | M| oo M | o M| o
68 i T S l 260% a4 ———| - e
70 R T | I STN 216 | 57 283| 34
72 2441 57 :; 337 ' 65 | 274 | 63 328( 61
74 328, 115 i 354 | 82 313 | 56 330 | S0
76 | 388) 140 || 413 | 87 356 | 99 384 | 47
78 f 425 153 i‘ 495 | 102 461 (179 475|103 }
80 487 151 || 636 161 688 | 274 620 | 183 !
82 519( 188 HETY: }2:7 896 | 233 || 851 243 E
84 786| 270 || 1,180 | 260 1,353 | 302 gi 1,223 | 290 ’
86 | 1,388] 498 té 1,669 !514 1,998 !536 }; 1,601 | 383 ;
88 3 2,561§1p63 1% 2,280 ;950 | 238 !339 5} G, ;
90 j 3,802 911 ii 4,072 | 127 {% e j; SR [P :
! i L { l_ ;
s
Table 5.1

(pex CHB) at Raleigh, N. C.
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Table .2 Electron Density (Electrons/cc) on Anomalous Winter Days

Eleccron Density in Electrons/Cubic Centimeter

I ¢
in ; . ; , ‘ Average Winter Day
KM. | 12/31/77 1/1/78) 2/12/78 1/8/77] 1/9/77) M=o | M | M+o
Lo SN T T TR TR LA 3T TS
\ | |
70 ' 456 1 R B b -- ‘ --
RSN W e It R B {
12 9 3 25 . - ) - 187 244 301
| |

580 | 506 337 282 | 239 208 | 323 | 438

|
—
|

76 | 615 | 616 | 550 | 241 | 467 248 | 388 | 528

l
8 | 643 | 790 834 576 743 | 302 | 425 548
LG (e REIGR.
80 | 670 | 1052 | 115] | 1125 | 1052 | 296 | 447 | 598
| {
1 . Rl
82 | 822 | 1428 1441 1907 | 1385 | 331 | 519 | 707
\ et ‘-“—’. =
| 1 e
84 | -- | 1940 1621 2280 | 1537 516 | 786 | 1056
NPREIRRA SR MMIERFLE (e J T RR Tt
| |
86 | -- | 25722 | 2098 | 34282 | 1634 890 %1388 1886
i NNSNSIREM, ST L ADUE WA SO |
88 | < ‘ o 63> T - b ‘ |

90 | , i | | ‘ i
, ( | ! |

M = mean value
M-0 = mean - standard deviation
M+0 = mean + standard deviation

e
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below 80 l et e ay ust 1oLebly twice the average values

up to 84 Ot e where good data cease. 1f these five

days are exal & of d f anoma'ously high winter absorption,

it is ) ption occocux above 90 kilometers
4 th the 80-90 kilometer region

(rougnly v & value ¢ less than electron

density er i v h L been reported in the literature

{Tactors of .

Discussion

The equipment used in these experiments included a 100
kilowatt peak pulse power transmitter operating at a freqguency
of 2.66 Miz with adjustable pulse lengths (25 microseconds for
all experiments in this report) and with pulse repetition
frequency selectable from 2, 4, 8, 16, and 32 pulses per second.
Four crossed dipole antennas wei used as the main transmitting
array and were used as the receiving array for electron density
profiling (part 5 of this report) and D region amplitude
distribution (part 4). Transmitted and received polarizations
were selectable on a pulse 1 pulse basis, controlled b)' a diqital

10gic unit (DLU) .,

The DLU in addition t CO ng transmitter and receiver
antennas also <o ls ¢} Lve makinag possible
a gain cha W t ynd successive
altitude sampl:é < ( \ ¢ \ ut
\ \ \ t rtal
word wi 4

——
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digital tape rec ) . r vtilivzed a gain programmable \
intermediate Lreqyuency aipli..ec: and a "super" linear detector --
linear to withiin one count ¢f an eicght bit (256 count) A/D converter
at any fixed ecelver gal
The Raleigh field s.te is by no means an optimum site for
a D region experiment. I is within 150 miles of a very active
sea cast and the marine bhanc (2.66 MHz is in the middle of the
marine band) is in constant commercial use. We have found that
minimum interference levels are obtained on weekends —-- on Saturdays
and Sundays. Nonetheless, attempts to collect interference free
data were made throughout the week. The fact that we collected a
large quantity of "valid" data at on site was solely due to the
persistence of the junior authors of this report.
Descriptions of the electronic circuits utilized can be
found in the master's theses of Glace (1976), Green (1977), Harris
(1977), Dix (1976), Caverly (1978), Collins (1978), and Shirley (1978).
Additional equipment and annlv:ical descriptions can be found in

the Ph.D. thesis by Turner (1977).

Summary

We have shown partial verification of the RPASA. Except on
rare occasions, interference precluded accurate measurement of the
phase of the complex T lati unctions although on the
few occasions when intce rel vas low, the phase was consistent

with a valid RPASA.

Cone anagle of an al measurements have shown that, for
the Rale ‘L(” slLce kT ] 13 mayv be a problem between 74 and
80 kilometers for the Y -sflection oxrarimant. While these

problems have beoon ¢ tied, le £ of the effects of
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|
|
I
ala reduclilion pro- E
cedures ut ¢ i Sect n S5 or this study. Consequently some |
ot the profiles which make up the seasonal averages shown in
this report may have sufiered from altitude smearing and (over the 3
1
74-80 kilometer range) concommittant electron density minima f
We have identified three potential causes for erroneous I
1
electron density minima. They are:
1. Overspecifying the order of the polynomial for
electron densitv as a function of altitude which is
used to fit, in a least squared error sense, the
Ax/Ao dat PO 1nt
2. Using a less accurate model for the refractive index
in the D region. This potential cause is minimized
by using short transmitted pulse lenghts.
3. Different scattering volumes for the X and 0 waves
(due to wide cone angles and altitude smearing) cause
apparent electron density minima.
We have attempted to minimize the effect of all three causes A
by using a polynomial wh v was less than one half the number
of data points, us ' | GLETe) proximation to the
Sen-Wyller theory of refractive index and by using a 25 microsecond
pulse length. There is no way to minimize the physical reality
of increased cone anales ‘or X wives when they occur.
X 3
The electron densitics were deduced from the formulation !

proposed by Belrose and Jurke (1964) using the Flood's (1979)
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approximation to the refractive index. The fact that the average
seasonal electron density pre i wt show local minima is
undoubtedly the result of averaging a large number of profiles,
some of which show apparent minima at various aliitudes. The
averaging process will tend to suppress even true local minima

if there is no consistent altitude at which the minima occur.

A word of caution is required in the use of the seasonally
averaged profiles. Therc¢ is an apparent large day to day variation
of electron density profiles as seen at Raleigh. An average
profile is precisely what it says it is -- an average and
deviation from the average should be expected for any particular
profile.

The amplitude distribution of D region echoes has been shown
to be consistent ‘with aRayleigh distribution -- thereby lending

support to the proposition that D region backscatter is due to volume

scattering from refractive index fluctuation.
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