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NOTATION

I-fS sporadic E layer or patches.
VI vertical ionosonde.
BS backscatter sounder.
h‘ES virtual heights of l:'s patches measured from ionogram.
h E real height of E_ patches.
r 8 - s
h' virtual height of reflection of radio wave.
hr real height of reflection of radio wave.
D distance between the backscatter sounder and ground back-

scattering area,
incident angle.
incident angles of the oblique incident waves from Wakkanai
and Tokyo, respectively.
correction factors in the secant law for the curved ionosphere,
from the directions of Wakkanai and Tokyo, respectively.

critical frequencies of E  measured from VI ionogram.

blanketing frequencies of ES measured from VI ionogram.
fixed frequency used by Wakkanai and Tokyo backscatter
sounders (27.7 MHz).

frequencies of vertical incidence wave,




NOTATION (Continued)

f W | ¢ equivalent oblique frequencies from Wakkanai and Tokyo,
0 [6) p

respectively, corresponding to f ICS measured over Akita.
} o's

=k_ (£ E ) sec(
fow = B ot o0y
f _=k_ (f E ) sec(
lo'l‘ o ’frm s) = 1

RN A equivalent frequencies similar tof _ and f __, but corresponding
bW’ b1 4 ’ oW oT ‘ g

tof E instead of tof E .
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ABSTRACT
A Study of The Secant Law for Sporadic E
by
Ruey-Yuan Han, Master of Science
Utah State University, 1970

Major Professor: Dr. Ronney D. Harris
Department: Electrical Engineering

The secant law is the relationship between the frequencies of a vertically
incident wave and an obliquely incident wave that are reflected from the same
level (i.e., density) of a stratified ionosphere. This thesis investigates the
validity of the secant law applied to sporadic E,

Sporadic E data from two backscatter sounders and one vertical incidence
ionosonde located in Japan were studied to test the validity of the secant law,
The B-scan photos of the backscatter sounders were searched for ES patches
which were then compared with the sporadic E parameters defined for vertical
incidence ionograms.
Finally, two theoretical density models of ES were analyzed to predict the
type of returns expected from the signals of backscatter sounder and vertical

incidence ionosonde.

These models included the partial reflection and scatter-
ing mechanisms that might be appropriate for sporadic E.

(62 pages)




CHAPTER 1
INTRODUCTION

Objective and scope

Two backscatter sounders at Wakkanai and Tokyo, Japan, and one
vertical ionosonde at Akita surveyed simultaneously a common area of the
ionosphere. Four months of sporadic i-l(l-}s) data from these three ionospheric
sounders were analyzed. The purpose of this analysis was to determine whether
the secant law is valid for sporadic E.

In Chapter I the vertical incident ionosonde and the backscatter

sounder are described. The derivation of the secant law is developed in

Chapter II for the cases of both flat and curved ionosphere and ground. The

results are used in Chapter III to analyze and compare the backscatter and

vertical incidence data. The "visibility of E_"is defined for BS sounders,

and then the backscatter and vertical incidence data are compared to obtain the

reliability of application of the secant law to sporadic E. Chapter IV discusses
theoretically the validity of the secant law for two different sporadic E models.

Chapter V summarizes the results of the study and indicates possible further

investigation

ription of vertical ionosonde and backscatter sounder

The vertical incidence ionosonde, VI, is the most common type of

radio sounder used to measure the parameters of the ionosphere. It utilizes




a variable exploring frequency (1-25 MHz), and is designed to measure the total

travel time of a pulse of radio energy that has been reflected from the ionosphere.
A picture of the echo versus frequency is called an ionogram, and is illustrated
in Figure 1. This plot can be analyzed by means of the magnetoionic theory to

give a profile of electron density versus height.
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Figure 1. Ionogram of vertical ionosonde.

The rotating backscatter sounder, BS, is a radar device of fixed

frequency which transmits radio pulses obliquely to the ionosphere. Over-

dense electron patches cause the wave to be reflected back towards the earth.

The irregular ground terrain backscatters some of the energy back along the

same path to the BS sounder. The resulting echo is displayed on an oscilloscope,

usually B-scan, with the ordinate corresponding to azimuthal position of the




antenna and the abscissa corregponding to range in kilometers, as shown in
2

Figure 2. A sporadic E patch thus appears on the backscatter indicator just

like a target on a typical radar receiver.
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Figure 2. B-scan photo of backscatter sounder.




CHAPTER II

DEVELOPMENT OF THE SECANT LAW

The ionosphere is a partially ionized gas of sufficient density to bend
HF radio waves. At frequencies above approximately 1 mc the heavy ions are
incapable of responding to the electromagnetic field; therefore, any coupling
between the wave and the plasma takes place through the electrons. The net
influence of the electrons in the plasma can be described by an equivalent

dielectric polarization

in which

N = the electron density,

the electronic charge,

m = the electronic mass,

E = the electric field,
[/ = the frequency of the wave,

The corresponding electric displacement field can be written

in which 60 is the permitivity of free space, and u is the refractive index

given by




The plasma frequency is defined by f__

If the ionosphere is stratified into homogeneous horizontal layers,
Snell's law of refraction can be applied at each boundary to determine the
refraction of radio waves between each two homogeneous layers. For a flat

ionosphere, the form of Snell's law is

n_sin() =n sin ( (2-2)
n n ‘(n+1 Yn+ 1

where (p is the ray direction with respect to the normal of the layer. The sub-
scripts refer to the layers. Application of Equation (2-2) at each boundary
between the free space at which B 1, and the level of reflection at which

fon g = ’f; , yields n + 1 equations. Intermediate values of)u and (p can be

eliminated from these equations to give

B i sin (I,O (2-3)

where L?O is the incident angle at the lower boundary. Usually the subscript
of p in Equation (2-3) is dropped with the understanding that p is the value of
the refractive index at the level of reflection. Substituting Equation (2-1)

into Equation (2-3) gives the equation,

f= fN- sec ('.o (2-4)

Equation (2-4) has the interpretation that if (I‘O is the incidence angle

and 1‘\: is the electron density (plasma frequency) at some altitude, fis the




radio wave frequency that will be reflected at that level. If (f{ =0, fr\, 7%

T0 V

which is the frequency of reflection at vertical incidence. If ’L) # 0, Equation
Tc

(2-4) shows that the operating f can be greater than fv. The relationship

between the oblique f and I’\v is called the secant law or

= sec (D 2-5
f f\ ec () (2-5)

The secant law of Equation (2-5) was derived in the absence of any
magnetic field. The earth's ionosphere is, however, permeated by the geomagnetic
field. If the influence of the magnetic field is considered in the description of the
ionospheric plasma, two wave solutions are obtained, each solution corresponding
to a different value of the refractive index. Equation (2-6) gives the values of

the two refractive indices as functions of electron density and magnetic field (3).

2X(1 - X)

2
21 -X)=Y
( ) ‘T

=

The quantities B[ and BT are, respectively, the longitudinal and transverse

components of the geomagnetic field with respect to the direction of wave




propagation. Equation (2-6) reduced to Equation (2-1) when BT = BL =0,
At each level, two values of p are obtained by inserting the electron density
of that level into Equation (2-6). These two refractive indices in turn correspond
to two ray paths, which are called the ordinary wave (ray) and the extraordinary
wave (ray). There are two values of electron density for which H = sin d)o, one
for each ray. This means that the two rays are reflected at different electron
densities or at different levels, as illustrated by the solid curves in Figure 3.
Sporadic E usually appears to have a very sharp vertical gradient of
electron density. Thus the reflection levels of the ordinary and extraordinary
rays are approximately at the same height. For radio frequencies close to the
maximum ES critical frequency, the ordinary and extraordinary rays are almost
coincident. This phenomenon is illustrated by the dotted curves in Figure 3.
For this reason the influence of the geomagnetic field is often neglected in the
application of the secant law to PZS.
The geometry of an obliquely reflected radio wave is shown in Figure 4.

The angle df)o is obtained from the triangle ABT, in which

pr
4’0 “BA. W

In this case, both the ground and the ionosphere are taken as parallel infinite

planes, which is approximately true for short transmission distances. For
greater accuracy, the curvature of the earth and the ionosphere must be taken

into consideration, especially when the transmission distance, D, is large.
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Figure 3. Reflection of ordinary ray (0) and extraordinary ray (x)
from different levels of various electron densities.
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Figure 5. Ray path of oblique incidence for both curved
earth and ionosphere.
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In the case of both curved ionosphere and ground, Snell's law takes

the form

ur sin(Y=p r sinCx 2~-17)
| X=H1sTs 5 -1

where Jo T, (X are the index of refraction, radius from the center of earth and

the angle between the ray path and the radius, respectively. See Figure 5.
When the lower boundary of the ionosphere is the reference level,

=R + h0 (R is the radius of earth, 6371 km, and ho is the height of

the lower boundary) Equation (2-7) can be written

ur sin({= (R + h_) sin(¥ (2-8)
o 0
T
At the real height of reflection, hr' CX.= T EER hr' Substituting into
Equation (2-8)
!'R + h0
- 21 ot 2~9
il ey Lo 2-9)
r
According to the law of sines, the triangle OSQ of Figure 5 yields
R = R 4 h' - BR+tH
in () T,/ -10
si (I,;o sin (L + /) cos A (2-10)

and from the triangle OSP,

R+h
0

R

51“&0 i {4 cos A




A . 3 1 . . \‘
Angle /\ is the elevation angle of the ray path. Eliminating cos/\ from

Equations (2-10) and (2-11), sin (X _is given by
o ]

: R +h'| .
sin (O = |2——| 2-12
sin ‘\0 {R "_ h)) sin (LO (2-12)

where ¢o is the vertex angle of the straight ray path to the virtual height of

reflection. When Equations (2-1) and (2-12) are combined with Equation (2-9)

1

For vertical incidence, (1; =0, f=f andf _=f . If these conditions are
Yo \ N v

inserted into Equation (2-13), the equivalent formula of the secant law for

curved earth and ionosphere is given by

2

i U o
R+h, | s 0

This formula is not practical since hr is not measurable by the usual methods,
and its value is dependent upon the shape of the electron profile. Equation (2-14)
can be used, however, as the starting peint for a usable and practical approxi-

-9
mation. The factor [(R +h')y / R + hr) ~ can be written




In most cases, h' - hr<\;' R + hr7 as shown in Figure 5. The squared term is

smaller than the linear term, therefore

f 2 h' -t
R+ )" | it

= 1+3 = 2-15
| +n_| \®+n_) s
) :

When Equation (2-15) is used, Equation (2-14) ean be rewritten

3 71
sec (|
1\_ sec (

| h"_—"ii;”“" =
1 180 B S I Y 2-16
\ (R = hl, 1 tan (‘FO ( )

Equations (2-16) and (2-5) differ only by the factor 1/ ;‘

b=t 9
1-2— L| tan™(
\/ IR + hr / )
which has been called the '"correction factor,' k
- ] —
= / b'=h_ 4 -, (B30
1-2 ——‘-,—I‘ tan” (

\/ R + nl‘ / o

I'he behavior of k is made explicit by using some typical values of both h' and h
r
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and calculating k as a function of f‘ The value of sec (L can be obtained
T0 o]

from Figure 5. Simple geometry yields the expression,

\/ i s ) 2
.- 2R(R+h') [1-cos(d/R)J+h" o
sec 0, W +R [1- cos(d/R)] )

which shows that Co is a function of transmission distance. Thus k increases

with the transmission distance, if h' and hr are kept constant. The correction

factor k is plotted versus transmission distance in Figure 6. Sporadic E trans-
mission is typically not greater than 1500 km, and a realistic value of k for

sporadic E is between 1. 000 and 1, 042.
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Figure 6. Variation of correction factor k with distance.
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CHAPTER II
DATA ANALYSIS

It is necessary to calculate the equivalent ES parameters, as observed
from Tokyo and Wakkanai, to determine whether each ES patch can be theoretically
seen by the backscatter sounders. This analysis is accomplished by calculating
the equivalent oblique frequencies corresponding to fOES and bes' The critical
frequency, IOPIS, is the frequency difference, fES = fH/Z, where fES is the top
reflection frequency from Es and fH is the gyrofrequency. Usually fH is small
and fo“s is essentially the highest frequency that will be reflected from E , The

blanketing frequency, bes‘ is the highest ES frequency below which no echos
from higher altitude ionization can be seen. For f> l'bES the ES patch becomes
partially transparent. The value of fOES is always greater than or equal to

Accordingly, the following frequencies are defined:

)

fo\\" - k\V(fohs) seC Yw

fow ™ Byt F ) wee (Dw

foT = kT(foEs) e QT

fyr = Kp(6,E ) sec Oy
where () .. and are the incident angles from Wakkanai and Tokyo, and k_
W s W

and kT are the correction factors for Wakkanai and Tokyo, respectively. The
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locations of the three ionospheric sounders, Wakkanai, Tokyo, and Akita, in
Japan, are shown in Figure 7. All of the sounders survey the common area
shown over Akita. The circular area observed by the Akita VI has the appear-
ance of a rectangle, 300 km in range and 20 degrees in azimuth on the B-scan
BS photos. For purposes of analysis, whenever one-fourth or more of this
area was covered by a BS ES echo, sporadic E was assumed to be located over
Akita. In other words, the BS sounder could see an ES patch over Akita. The
frequencies, fo\\" fh\\" fo’l" and th. are calculated from the Akita VI data,
and compared with the operating frequencies of the BS sounders at Tokyo and

Wakkanai.

The data analyzed consisted of BS records from Wakkanai and Tokyo,

taken every half hour, and sporadic E parameters deduced from VI data recorded

hourly at Akita. Data were analyzed for only the summer months, July and

August of 1963 and June and July of 1964. These months were periods of

intense ES activity when a large percentage of useful data was available from

the three stations. Table 1 shows the availability of useful data.

Table 1. Percentage of total data that was useful

Month Akita

Wakkanai

July (1963)

August (1963)

June (1964)

July (1964)
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Figure 7. The sounder locations and the sky area under observation.




Data reduction errors

The accuracy of this analysis depends upon the accuracy of the

sporadic E data. A number of features which effect data accuracy, are:

(1) Ground distance vs slant distance: The range of the I-]S patches is

assumed to be the ground distance from the transmitter to a point under the

patch. In fact, the slant distance to the FIS patch over Akita, assuming 110 km

height, exceeds the ground distance by 1, 24 percent from Wakkanai and 2,64

percent from Tokyo. Normally these errors are negligible.

(2) Patch lengthening: An E_patch is lengthened in range on the B-scan

photo at the far edge because of the pulse duration. In the present analysis the

usual pulse duration was 1 ms, which resulted in an apparent patch elongation of

150 km. The far range of E patches was reduced by 150 km to minimize this
8

error.
(3) Antenna widening: The wide horizontal beam of the BS antennas

causes the I‘JS patch to appear wider than its actual size. Although this phenomenon

is a source of considerable error, no method for estimating the magnitude of this

effect is available. Sporadic E patches are power-sensitive and the actual

widening depends on both the power intensities incident on ES layers and the

electron densities of the patches. It is impossible to know or calculate the

relative proportions of these two effects for a particular patch.

(4) Errors in reading sizes and positions of ES patches: Errors of

judgment associated with the reduction of sizes and positions of Es patches

from the BS photos to numerical form are approximately 50 km in range and
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7.5 degrees in azimuth from Wakkanai. The same errors on the photos from

Tokyo are estimated to be 50 km and 5 degrees.

(5) Correction factor k in the secant law: The values of the correction

factor, k, in Equation (2-17) are kw = 1. 034 for Wakkanai and k’l‘ = 1. 017 for
Tokyo, corresponding to 1290 km and 910 km ground transmission distances,

respectively

(6) Accuracy for published sounder data: All E parameters recorded
s

by the Akita VI sounder are subject to the errors; + 2.5 km for h'E , + 0,05 MHz
o gt &

Substitution of these VI errors into the secant

forf E , and + 0. 05 MHz for f E .
oS > b"s

and f

rels s ave valu F+ 1 N i 3 .
relationship gave values of + 1 MHz for to\ £ !l)\\" bT

vV’ “oT

(7) Probable VI antenna pattern: The half-power beamwidth of the VI

antenna is approximately 30 degrees. If the medium value of h'Eq, 110 km,

is taken as a usual height, the sky area observed by Akita would be a circle with

a radius of about 30 km.
The possible data errors in the equivalent oblique frequencies provide

a technique to test the secant law, For example, whenever

(f - 1)>27.7 MHz (the BS frequency)

oW

the BS sounder at Wakkanai theoretically should be able to see an ES patch over

Akita. On the other hand, whenever

3 - ~ 97 7 MH 7
(f w* D<27.7 MHz

Es should not be seen, at least theoretically, by the Wakkanai BS sounder




Similarly when
(f . -1)>27.7 MHz

l"s over Akita should be seen by Tokyo while if
(fp +1)= 27.7 MHz

the Tokyo BS should not be able to see an Es patch over Akita. The secant law
was considered reliable in the application to ES layer if any of the above con-
ditions were satisfied and ICS was in fact recorded as assumed. The secant
law was considered unreliable for those cases in which the above relationships
were met but l{S was not recorded as anticipated.

It is difficult to compare |
)

bW and 1“1, with 27. 7 MHz since f and f

bW bT’

except in rare cases, were normally much lower than 27. 7 MHz.

'""Visibility' is a measure of the ability of a BS sounder to observe an

l-Iq patch when this patch is in the area surveyed by the sounder. There is

ample evidence (7) that the two BS sounders observing the same ES patch do

not see the same thing. It is desirable, therefore, to note and discuss some

of the features which will effect the recording of sporadic E. These features
are:
the sensitivity of the BS sounder receiver;
the power density incident on ES patches, which depends upon the

distances between sounder and patches and the transmitted power;




the equivalent oblique frequency. which includes the effect of sounder-

patch distances and a possible tilt angle of the I‘lg patch; and
the ground scattering coefficient, which depends upon terrain type and
profile

The backscatter sounders at Wakkanai and Tokyo are identical equipment

and both BS stations are so located geographically relative to Akita that their

respective backscattering areas are composed of half portions of land and sea.

Four individual areas under simultaneous survey of both BS sounders

are shown in Figure 8. The symmetry of this geometry accentuates any differ-

ences in sounder performances. These four circular areas, with radii of 80 km

each and located at points equidistant from the Wakkanai and Tokyo BS statiouns,

appeared as approximately four rectangular areas on the B-scan photos of

each BS sounder.

Each rectangle was approximately 25 degrees in azimuth
and 400 km in range. An ES patch was assumed to be located in one of the
areas whenever one-fourth or more of the corresponding B-scan rectangular
area was covered by ES return. The F,S returns received by Wakkanai from
areas A, B, C and D, are designated AW, BW, CW and DW, respectively, and
AT, BT, CT and DT designate I-JS returns received by Tokyo in Table 2.

Since the ground scattering areas are both at sea, the ratios CT/CW and DT/DW
indicate that the visibility of ES from Tokyo was much better than that of
Wakkanai. This fact implies that the gain of the Tokyo system was greater

or that perhaps the ES patches were tilted upward to the north.




300 km 600 km
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Table 2. E_returns received by BS stations during June and July of 1964
from areas A, B, C, D of Figure 8

No. of E
s

returns received

by T (Tokyo) and AT AW BT BW CT (61"Y DT DW
W(Wakkanai) from e
areas A, B, C, D 266 273 759 309 863 407 571 107
AT/AW BT/BW CT/CW DT/DW
Ratio s | 2.5:1 2: 1:1 5. 3:1

Because areas B and C are closer to the BS stations than areas A and D,

the power densities should be stronger at B and C and more E_echos could be
s

expected from B and C than from A and D. On the other hand, the incidence

angle is greater at A and D, hence according to the secant law, if it holds for

Es. more ES from A and D are expected. The percentages of ES returns from

each area are shown in Figure 9. Since E_ returns to each sounder from B and C
s

exceed the returns from A and D, it is concluded that the visibility of h‘s by

backscatter sounder is heavily dependent on the power density incident on E
s

patch,

The comparison of observations of BS sounders
and measurements of VI sounder

With the factors that effect BS visibility of ES patches in mind, the

results of the 1963 and 1964 data can now be examined. Comparisons between

VI and BS were possible only when Akita VI recorded an Es patch, since the BS
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sounder could not possibly see an l-:S patch over Akita unless sufficient
ionization was present. It must be recognized at the outset that considerably
more l«is was '"'seen'’ by the VI than the BS sounders. Furthermore, the
comparison could be made only when VI was "comparable" with at least one
BS. To be ""comparable,' the following two conditions had to be satisfied
simultaneously: (1) a clear, readable, operational B-scan photo from the BS
station had to be available at the particular hour, and (2) the fixed frequency
of BS, t'x = 27.7 MHz, should be either greater than foT, ow 1 or less than

1. Cases in whichf _ o _ - 1<f <f | .+ 1 are indeterminate
(o) w X o WY

fo’r, ow T, W T, oV

owing to reading error of the VI ionograms.

The values for the Wakkanai and Tokyo BS sounders for July of 1963
are given in the first two rows of Table 3 and will be discussed in detail to show
the results of the comparison study. Values for the other months are similar.
In Column 1 the value, 337, represents the total number of hours in the month
when the Akita VI recorded an Es patch overhead and the VI was ""comparable"
with Wakkanai BS. There were 26 hours (Column 2) of a possible 337, when
Wakkanai saw the ES patch over Akita. 'Visibility' of Wakkanai BS, the
quotient (26/337), was very poor--7, 71 percent, as shown in Column 3,

The reason for the poor 'visibility'' was that the fixed frequency, 27.7 MHz,
used by the Wakkanai BS was too high to be reflected by most of the Es patches
(IO“_ + 1<fx), This fact is reflected by the values in Columns 6 and 7. Sporadic
E densities theoretically strong enough to reflect BS signals are given in

Columns 4 and 5. The percentage in Column 8 represents theoretically predicted
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Comparison of Eq observations from Wakkanai (W) or Tokyo (T) BS, and Akita VI

Month
(year)

(1)
Total No.
of hours
(E_ seen

S

by VI)

(2) (3)
Total No. Real
of hours  visibility
([CS seen of BS

by BS) (%)

4) (5) (6) (7)
No. of No. of No. of No. of
hours (Ec hours (IZg hours (E_ hours (E
seen not seen seen not seen
by BS) by BS) by BS) by BS)
when io\\', OT—L}fX when fo\\‘, OTH <!'x

(8)
Theo-
retical
visibility
of BS
(%)

9)
Reliability
of secant

law

(%)

July
(1963)

337

26

256

138

August
(1963)

11

June
(1964)

July

(1964)




"visibilities'" obtained by dividing Columns 4 and 5, the number of hours when
[o\\' 1-~f_, by the total number of data, as shown in Column 1. Theoretical
"visibilities' were somewhat different from the real "visibilities'" shown in
Column 3. For Wakkanai the theoretical visibility was greater than the real
visibility while for Tokyo the situation was reversed, Similar results were
found in all months, except for Tokyo in August of 1963. A possible reason

that Wakkanai saw fewer Eg patches over Akita while Tokyo saw more ES

patches than were theoretically predicted by the secant law might be a tilt in the

{s layer upward to the north. This situation reduces the effective incident angle

from Wakkanai and decreases the probability that Es will be seen from Wakkanai.
The opposite situation simultaneously occurs at Tokyo. Some evidence similar
to that shown in Figure 10 supports a hypothesis of a 2 degree tilt to the north,
On the other hand it has already been seen and surmised that the reflection

of a radio wave from an Es patch is heavily dependent on the incident power, and
the Tokyo BS sounder has greater system gain, theretore. it records more ES
although it is difficult to explain more ES than theory predicts, as shown in
Column 6.

The values in Columns 4 and 7 are those hours in which the observed
results from Wakkanai BS are in accordance with the secant law prediction.
Column 9 reflects this data by estimating the reliability of the secant law,

i.e., the percentage of time the secant law is not invalid. The reliability
of the secant law is over 75 percent for all data, with the Tokyo figures generally

5 percent greater than the corresponding Wakkanai values.
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Two items which have an effect on the reliability of the secant law

are: (1) the power gain of the sounder system, and (2) a scattering phenomenon
which can take place, especially when a sporadic E event is just commencing
or ending. The Wakkanai values in Column 5 are uniformly much larger than
the corresponding Tokyo values. Since it has been shown that the Tokyo BS
sounder had a higher system gain and Tokyo values are lower in Column 5,

it is logical to attribute a large percentage of Column 5 to lack of transmitter
power or system gain. The situation can be described by presuming that the
transmitted energy was reflected from the I-JS patch but that the resulting echo
was too weak to be detected

Theoretically, no cases of sporadic E should be recorded in Column 6

but in fact, Tokyo BS recorded a large number of Eg patches. Since the theory
pertains to specular reflection and does not hold for inhomogeneous plasmas,

it is attractive to attribute the occurrences represented by Column 6 to a

strong l-IS scattering phenomena. If the values of Columns 5 and 6 could be

reduced by appealing to arguments similar to those above, the reliability of

the secant law would have an even higher value. Only fOES was considered in

the I~IS occurrence statistics presented in Table 3.

In Figures 11 and 12, the reliability of the secant law is plotted against

the difference of foEs = [bEs‘ These figures show that for both BS stations the

secant law is more reliable for the small values of f E - be and is less
oS s

reliable with the increase of f E_ ~f E .
0o's b"s
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Figures 13, 14, 15, and 16 illustrate the statistical distribution of
VI data plotted as the number of occurrences of each class of f)lf5 - l] l‘ls for
0's ) 8

July and August of 1963 and June and July of 1964. Only VI data that was

""comparable' with BS sounder, were used. These figures indicate that most

E patches had small values of the difference of f E_~f E . Note that the
s o s b's

histograms are in the form of a decreasing exponential function.
2 g
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CHAPTER IV
SPORADIC E MODE LS

Two sporadic E models were suggested by Reddy to explain the “s

frequency characteristics (8).

Model I

This model supposes an I{s layer with uniform horizontal electron
density. A radio wave with frequency below the maximum plasma frequency of
the layer will be totally reflected. The reflection will obey the secant law, as

shown already in Chapter II.

At frequencies above the maximum plasma frequency

the wave can penetrate through the E patch. If the electron density gradient is
s

sufficiently sharp. some energy can be reflected. This phenomenon is called

partial reflection. The maximum plasma frequency in this model is called

t'hF,q and 1’01-35 is the top frequency detected by the receiver due to the partial

reflection mechanism. Four model layers which might be used for sporadic

E to permit the calculation of partial reflection are shown in Figure 17. The

reflection coefficient is defined as the ratio of the signal strength of a reflected

wave to that of an incident wave. The coefficients of partial reflection for

vertical and oblique incidences canbe shown to be the same if the oblique and

vertical frequencies are related by the secant law. According to Budden (2),
the magnitude of the reflection coefficient for the linear electron profile in

(a) of Figure 17 is given below:




(a) Linear profile (b) Symmetrical double linear

profile

(c) Exponential profile (d) Parabolic profile

Figure 17. Four profiles of electron density of Model I.
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where

¢ = velocity of light in free space,
/””/1’ ,,/2 = the angular plasma frequencies corresponding to the
electron densities N2 and Nl’ respectively,
(/= the angular frequency of the incident radio wave,
Ai’ Bi’ Ai' and Bii - the Airy functions and their respective
derivatives,

ﬁ‘o = incident angle.
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The reflection coefficients for vertical and oblique incidences will be
the same if uq1 and uq,, for both vertical and oblique incidences are equal.

These equalities can be written as

) Wq,.271/2
Jl_(_l)Jl/

A w/V (4-2)
; r (9. 271/2
Wy [1- 9 }

LA,\,

W hcre(,_,{),‘/-/\_ the angular frequencies of oblique and vertical incidences.
Either equation of (4-2) can be reduced directly to the form of the secant law,
to = '\, sec (to. In a similar way, the secant law can also be proved true for
the symmetrical double linear profile, the exponential profile, and the parabolic
profile of Figure 17.

Figure 18 shows the coefficient of partial reflection versus frequency
for the linear electron profile. Note the similarity between this figure and the

distributions of ES occurrences versus fOES = beS in Figures 13 through 16.

Model IT

This ES model is not homogeneous as is the previous case, but has
irregularities in the ionization in the horizontal and vertical directions. Two
subcases might be considered: One, the irregularities are so great and random
that there is no formula which can describe the feature of the ES layer. The

secant law will probably not hold true in this case.




Coefficient of partial reflection

L

.0

- Semi-thickness 0.5 km

£ Es=3. 0 MC/s

bl )

b
fE =2.0 MC/s
b s
L .l I | A 1
0 Gal 2,2 2.3
0 3.1 3.2 3.3

Frequency (MC/s)

Figure 18. Coefficient of partial reflection vs.

frequency (f > beIS).




The values of 1'1)131S and 1'01-1S correspond respectively to the lowest
overall value of electron density and the peak electron density found in the
ionospheric volume under observation. The area surveyed by a VI sounder
might be composed of ""holes' with less densities and ""blobs' with greater
densities. The blanketing frequency (11)Es) will be reflected from both holes
and blobs, (i.e., complete reflection from the ES layer). As the frequency is
increased above [bEs’ part of the wave energy passes through some of the holes
producing echoes from the F region. When the frequency is increased so that
the wave is nowhere reflected from the ionization, its value is foEs'

In the other case, the irregularities are small-scale, i.e., they have
a fractional deviation of only 5 to 10 percent from the ambient average electron
concentration. The scale size of these irregularities is 10 to 100 meters. The
phenomenon of scattering exists for any frequency. The blanketing frequency,
fI)Es' corresponds to the plasma frequency of maximum ambient average electron
concentration. The critical frequency, foEs‘ is approximately the top frequency
of the returned signal due to scattering.

The volume scattering due to small-scale irregularities can be handled
by a theory formulated by Booker (1). The scattering coefficient is defined as the
ratio of the power scattered per unit solid angle in some direction under con-
sideration to the incident power density. Under the assumption that the magnetic

field is unimportant and the irregularities are anisotropic, the scattering

coefficients are given as
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corresponding to the spatial auto-correlation functions

p,(x, ¥, z2) (X exp [-.

Py(X; ¥, z)(X exp |-

respectively,

where

re = the classical radius of the electron,

2 = the mean square departure of electron density,
x = the angle between the direction of scattering and the direction of
the electric field at the scattering point, here assumed to be 7(/2,
a, b, ¢ = the scale lengths of the irregularities in three directions,
X, ¥, and z respectively,
/{ = the mean wavelength of the radio wave in the medium,

m

(1 ;o Mmy nl) = the direction numbers of the incident direction.

(l'). m,, n?) = the direction numbers of the scattering direction under

consideration.




A geometry of vertical and ablique incidences and the respective scattering
geometry are shown in Figure 19.

If the scattering coefficient for the vertical incidence */\ and that
for the oblique incidence Jo are set equal, the equation U/o = O/\' , by using
either O’I of Equation (4-3) or (]2 of Equation (4-4) on both sides, can be

reduced to the simple form

Lol cos C 1 &
o o (4-5)
tmo mv
where
('lo = the incident angle,
/\u v’)‘ 5 = the mean wavelengths in the medium, of the vertical and oblique
“mv’ m g

incidences, respectively.

Equation (4-5) can be rewritten as

(4-6)

by using

where

N

Lohith g, = the wavelengths in free space, of the vertically and obliquely
incident waves, respectively,

€, €

Cy

e the permittivities in the medium, of the vertically and obliquely

incident waves, respectively.




vertical incidence =

scattering of vertical incidence

oblique incidence =

scattering of oblique incidence

Figure 19. Geometry of vertical and oblique incidences of radio

waves and‘then‘ respective scattering directions under
consideration.
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Equation (4-6) has one more factor, (F—,\—)l/“ compared with the secant law
*0
f = t\ sec Co This factor is approximately unity only when both the

o
frequencies of vertically and obliquely incident waves are much greater than

the plasma frequency of the medium. For the case of sporadic E under con-

sideration, this condition is not true. Therefore, the secant law does not hold

in the case of small-scale irregularities for frequencies near the plasma

frequency.




CHAPTER V
SUMMARY AND CONC LUSION

The results of the data analysis can be summarized as follows:

1. The secant law for sporadic E was not invalid 75 percent of the
time that the VI and BS data were comparable. This negative conclusion is
necessitated by the fact that a great number of sporadic E occurrences were
not sufficiently dense to be recorded on the 27. 7 MHz backscatter sounders.
Most of the time 27,7 MHz was greater than the oblique equivalent critical
frequency calculated by the secant law.

2. The secant law was more reliable for prediction of PJS echos when
the values of the differences of 1'0F‘S ~ 11)165 are small. This fact seems to
imply that the smaller the values of foFs besA the more regular the l:‘S layer.
Approximately 75 percent of the sporadic E occurrences had foEs - fbl‘,‘s less
than 2 MHz.

3. The statistical distribution of the ES occurrences versus folis
f.)lz‘s showed some similarity to the curve of the partial reflection coefficient
versus frequencies above bes, This similarity might provide support for the
contention that the partial reflection is responsible for foEs‘

Sporadic E Model I discussed in Chapter IV, supposes a uniform

horizontal strata of electrons. It was shown that for this model, the secant

law was valid for total reflection, the radio wave frequency f< fhEs' and the
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partial reflection, f>[hlis, where lhliS corresponds to the maximum plasma
frequency. Sporadic E Model II had vertical and horizontal irregularities like
lumpy pudding. The secant law was shown theoretically to fail for this model.
Therefore, in a rigorous experimental verification of the secant law for
sporadic E, effort should be made to distinguish between the ES echos

predicted by Models I and II.

The blanketing frequency, 1' ES corresponds to the maximum plasma
)

frequency and it should be used to verify the validity of the secant law for total

reflection. Since it seems impossible for a BS sounder to measure accurately
the oblique blanketing frequency or to distinguish the ES echos of total reflection

from those of partial reflection, an oblique ionosonde is suggested to replace

the BS sounder., The two ionosondes, one vertical and the other oblique, are
oreinted to survey a common area of sky simultaneously, as shown in Figure 20
The validity of the secant law for total reflection could then be determined by
comparing the oblique blanketing frequency measured by the oblique ionosonde

with the blanketing frequency measured by the vertical ionosonde.

The reflection coefficient for f>- beg can be calculated by measurement

of ES at three different frequencies. The signal strength of a radio wave will
depend primarily on three factors (3), which are:

(1) spatial spreading and defocusing which vary as the inverse squared
relationship e , Wwhere c is a constant determined by the beam pattern of

§ e X 3 g >
the radiation and Se is the effective distance.
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/N Ionosphere

/ Earth
Transmitter Transmitter Receiver
of oblique and receiver of oblique
ionosonde of vertical ionosonde

ionosonde

Figure 20. The ionospheric survey of one vertical ionosonde
and one oblique ionosonde.

—J’Sde

(2) Non-deviative absorption in the D region, e , where s = ray
path of propagation, and
N/ s NJ
= = >
R*Ceifi pa  “xli ¥ t

in which
N = electron density,
L = collision frequency,

= frequency of the radio wave,

CK = a constant.
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(3) The partial reflection in an ES layer with the magnitude of reflection
coefficient represented by R.
Factor (1) is almost independent of the frequency variation of the

radio wave, but factors (2) and (3) will change with the frequency. If ET and

I<1R designate the field strengths of a radio wave at the transmitting antenna and

the receiving antenna, respectively, EP can be expressed in terms of E,r by
R

R S
e

E =E R(;c_z)h ( -05]” e '/stS (5-1)

where the subscripts b and a represent, respectively, the parts of factor (1)

before and after the reflection of L’S layer.

Three radio waves will be transmitted with the same signal strength ET

2

but at three different frequencies f_, f_and f_, where f. <f <f E and f_>f E .
1 3 1 =25 =b=8 3" b s

The three corresponding signals received at the receiving antenna will be

recorded as E and ERB' Note that for a frequency less than [lJF‘S’

R1’ ER2

R is theoretically unity. By using Equation (5-1) to calculate ERI’ ERZ and ERS

and then forming the ratios ER"/ERI and E the coefficient of partial

RS/P‘RZ’

reflection at the frequency 1‘3 can be expressed in the following form

Frs P EB gE f8 Eeg
R=p— exp [- (1) 32 (5-2)
R2 - 1 " =k, "Rl “

The two ionosondes in Figure 20 can be arranged to perform this measurement.
When these ionosondes measure the same reflection coefficient, the comparison

of their corresponding frequencies will yield a verification of the validity of the
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secant law for partial reflection from the I-Ts layer of Model I.
These measurements are based on frequencies which are sufficiently
high that the earth's magnetic field can be neglected. If this condition is not
valid, one must treat both the ordinary and extraordinary waves that exist in

a magnetoionic plasma.
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