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ABSTRACT. Attempt has been ma.ée to investigate the structure and properties of
the sporadic E; region of the ionos;énere from a study of the fading of the echoes from
this region. Statistical analysis ehowiﬁ that the echo consists of two components, one
superpcsed on the other One of thel components is due to random scattering and the
other to a steady reflection. This shcews)hat the E, region consists of a regularly reflec-
ting region and a region of ion-clouiﬁ A method for estimating the average number
density of electrons in the clouds has beet developed. It is found that the average nvmber
density is below that required for totally reflecting the exploring waves. Expressions for
the variation of reflection coefficient with the variation of exploring frequency has been
developed for a thin and for a semi-infinite layer (The electron distribution at the
boundary is assumed to have a linear profile). The expression shows that it is possible
from the observation of reflection-characteristics to distinguish between the two cases.
Hence with the help of this expression cne can investigate the structure of that part of
the K, region which gives rise to the steady echo.

i. INTRODUCTION

The irregularly occurring region of ionisation, known as the sporadic
E-layer (E,), presents many perplexing problems regarding its origin and
structure. As is well-known, the E,-echoes are characterised by the facts
that they are obtained on frequencies. much higher than the noimal Elayer
critical frequency (from about the same height as that of the normal Elayer)
and that the ‘reflections’ are only partial. These phenomena are explained
by Best, Farmer and Ratcliffe (1938) on the hypothesis that sporadic E region
consists of ion-clouds and that the observed echoes are due to scattering,
rather than reflection from these clouds. This view has been experimentally
corroborated by Eckersely and Faimer (1945). Booker (1950) has recently
given a theory of scattering from such clouds. (A similar theory applied
to the ‘case of propagation of microwaves through the troposphere shows
that the observed variation of signal intensity with distance agrees with
that calculated from the theory.) However, Appleton, Naismith and Ingram
(r930) explain the E, echoes as due to partial reflection from extremely
thin layer of ionisation embedded within the Elaye.r. O'ne of tlfe ways
of investigating the E, region, i.e. determining h?w far it consists of irregul-
arly distributed clouds and how far it has a thm-lfly.er.stmctnre, is to x.nake
a statistical study of the fading of the E, echoes. This is becfause, as pointed
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out by McNicol (1949), the probability distribution of the amplftude of the
echoes, if they are only due to scattering, will be different from that if they
have a steady component (due to partial reflection from a thin layer) super-
rosed on them. Such studies have been made by the author and the results
of the analysis show that even when there are echoes only from the sporadic
E region, there is a strong component which can only be ascribed to regular
reflection from a layer. A quasi-periodic variation of the ionospheric fading
characteristics has also been noticed. This suggests the existence of a steady
drift. Attempt has also been madc, by extending Booker’s formula, to deter-
mine the ionic density of the E, clouds {from the variation of scattered
intensity with frequency. It is found that the observed ionic density
of the clouds bear no relation to the normal KElayer critical frequency.

2 EXPERIMENTAL SETUP AND PROCEDURE

The apparatus used was the j5o00-watt ionospheric sounding equipment
used for routine observations installed at the University College of Science,
Calcuytta. The intensity of the E, echo was delincated on the C.R.Q. screen
and’ its amplitude was noted visually every five seconds to the nearest half-
-centimetre of length. This gave a measure of the fluctuation of the reflec-
tion coefficient on an arbitrary scale. Observations were taken continuously
for five minutes (giving sixty values of the amplitude) on each of a number
of sounding frequencies. Care was taken to keep the aerial current constant
during the observations. As the radiation pattern of the inverted-1, aerial
which was used for transmission would not change much within the range
of frequencies employed (0.5 to 1.0 Mc/sec.;, the constancy of aerial current
ensured an appreciably constant value of the radiated power. Observations
extending over periods of 7 to 20 minutes werc also taken to detect any
variation of the scattering characteristics.

.»33. THE SCATTERED AND STEADY COMPONENTS

{a) The probability distribulion curves.—If the returned écho consists
of a steady component and a scattered component then the pirobability distri-
bution of the amplitude of the _eclio follows the curve given by Rice (1045).
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where I, is the Bessel function of zero order with imaginary argument, B is
the amphtude of the steady component, and R the amplitude of the scattere§
component i.e., root mean square amplitude due to a largc number of waves
in random phase. McNicol has puinted out that if By 2 / R<1, the Rlce
distnbutxon approxxmates to the Rayleigh distribution

e ~e/R
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and, if BV z /| R > 3, it approximales to the Gaussian distribution’
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Rice cuives with R=2+"2 and B=1, 3 and 6 as noted against each curve. Note how the
form of the curve goes over to the Gaussian type from the Rayleigh type as the ratic
B+’2/R increases from below 1 to above 3.

From a study of the closeness of fit of the observed distribution curves with
the ome or the other of the theoretical curves (1), (2) or (3), it is possible
to estimate the respective proportions of R and B, i.e., of the scattered and
steady components in the received E, echoes.

McNicol (1949) has analysed a large amount of fading data, both at
high and medium frequencies at both vertical and oblique incidence. He
found that echoes on high frequency and on medium frequencies at oblique
incidence have a large steady reflection component.

(b) Fiiting of the c_urves.——-’l‘o draw the probability distribution curves
from the fading data the amplitudes recorded were divided into groups
differing from one another by o.5s cm. The number of amplitudes falling
into each group was plotted agaiust the corresponding amplitude to give
the frequency distribution or, when norinalised, the probability distribution
of the echo intensity. The form of the probability distribution gave an
_indication of the approximate values of the parameters of the distributiont
curve. 1t was found, however, that these values did not conform to either
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of the two limiting conditions (2) or (3, in which case the process ok. curve
ficting could have been simplified by transformation to a case of straight line
fitting. In this case intermediate valgies, of BV 2—/ R were most frequent.
Accurate determination of B and R was, therefore, very difficult and trial-and-
error method was adopted. Values of the paramcters differing by finite steps
were taken and the theoretical curves corrééponding to these values were
fitted to the experimental distribution curves. A set of typical results is shown
in Table J. Figure 2 shows one such curve.

TABLE 1

A typical set of observations

Date : January 1, 1951 ; Time : 12.10 hrs. to r2.30 hrs.
f°E,=4.65 Mc/sec;  f°LL=3.60 Mc, sec.

-

Frequency of Number of Significance B R
observations data of fit Ve
I -
4-55 61 o.€o I 2 1 v 2 4.15 Mc/sec.
4 33 Mc/sec.
4.45 61 0.85 ' s 2.5 v
l 3.50 Mc/sec.
4.30 56 0.70 j 2 2 v
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ith B=1 and R=iv2"(0.5 cm. being chosen ‘as unit) is shown
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The significance of the closznesses of the fits could not, however, be
well estimated by only a visual cownparison of the theoretical and experi-
mental histograms due to the statistical scatter of the points introduced by
the smalilness of the sample. Recourse was, therefore, tuken to the well-
known method of significance test due to Pearson. Out of 25 curves with
short periods of observation (size of sample=60) 22 were found to have
probabilities of fit greater thanj.os. This is sufficient evidence to the cffect
that Rice distribution is being follpwed. - Values of BV 2/R as found, varied

geuerally from 1 to 3, showing thjt there was a distinct steady echo in addition
to the scattered wavelets.

4. THE SCATTERED CMPONENT—-CALCULATUION OF
ELECTRON DENSITY IN THE CLOUDS

Booker and Gordon (1950) %‘j‘have given a theory of scattering of micro-
waves in the troposphere which Booker later applied with appropriate modi-
fications to the E, layer. Their formula provides a means of estimating the
mean electron densityv of the scattering clouds. It is shown below that the
variation of the mean scattering coefficient {characterised by tlic parameter R
of the probability distribution) with the frequency ot the sounding wave can
be used for this calculation.

According to Booker, the scattering coefficient (o) of a bunch of clouds
with a scale of fine structure [, mean dielectric constant ¢« and mean variation

thereof Oe 1s given by
(£)()
€ A
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Replacing 47l by Ao, the penetration wavelength, we can wrile,

for perpendicular incidence.
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Now, neglecting the magnetic ; field of the earth, the diclectric constant
of an jonic cloud is given by
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2 . . L.
Putting M=4ﬂ’v¢3 for convenience (v, having no significance
m

except that this would be the penetration frequency of a thick layer baving
this ionic density)
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If o and o be the scattering coefficients at two frequencies vand v (v,
being the same under constant conditions) we have

2
v v
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Now ¢ o is proportional to the amplitude of the echo, as depicted on the
oscillograph screen. Thus by noting the mean amplitude of the echoes at
two frequencies and also the penetration frequency, we can calculate the
value of v., which is a measure of the ionic density in the clouds.

In course of our observations we were able to measure v, on six days.
For each of three of these days, only two values of o could be obtained.
‘The values of v, were found to be between 2 and 5 Mc/sec. For each of the
three other days, three values of o were obtained. These latter observations
naturally allowed us to calculate three independent values of v, and hence
afforded a means of checking the theory and observations., The general
values of v, agreed with those given above and also among themselves
within +o0.5 Mc/sec. One such set of values is given in Table 1.

In addition to our own observations, we utilised some of the earlier data
of Rawer (1949) on the variations of the reflection coefficient of the E, layer
with exploring frequency. Rawer noted the frequencies at which the ratios
of the amplitudes of the E, and simultaneous F-echoes were 100:1, 10:1,
1:1, 1:70 and 1:100. Some curves showing the hourly values of these fre-
quencies were used to verify our analysis. In these calculations, the values
of the frequencies for 1:100 were taken to bz the penetration frequency.
From the four other frequencies, six values of v, weare deduced; these six
agreeing among themselves in each case. The frequencies were of the order
of 2——4 Mc/sec. :
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s THE STEADY COMPONENT—REFLECTIONS FROM: A
THIN LAYER

The presence of a steady reflected component in the echo from the E,
- region (Sec. 3) indicates the presence of a stratum of ionisation of horizontal
extent much greater than the length of the exploring wave. Also, the
phenomenon of partial reflection associated with E, echoes indicates that the
thickness of the stratum must be comparable to the wavelength.
the E, region may thus be identified with a thin layer.

It is possible in principle,; by measuring the variation of reflection
coefficient with change of cxploriﬁg frequency and comparing results with
the deductions from the lheore‘éjcal formulac for reflectian coefficient under
similar conditions [as given by Hartree (1929), Saha and Rai (1937) and Deb
(1040)] to make an estimate of %the thickness of the layer. Unfortunately,
on account of experimental difficnlties, reflection coefficients could not be
obtained over a sufficiently large range of exploring frequencies. However,
over our limited range of observations we obtained a result which indicates
qualitative' agreement with the variation of reflection coefficient with wave
length as given by Hartree’s formula. 1In two of our observations the
parameter B of the distribution curve (which charactetises the coefficient
corresponding to the steady componcnt) passed through a maximum with
change of the exploring wave frequency having values higher than v..
Accerding to Hartree’s formula also the reflection coefficient should pass
through a number of maxima and minima as the frequency of the exploring
wave is changed in the range greater than the ‘ penetration ’ frequency (by
this term we mean here a fiequency that would be just reflected by a thick
layer of same ionic density). ®

1t may be mentioned in this connection that Best, Farmer and Ratcliffe
(1938) suggest that the E, reflections inay be due to a sharp gradient of
jonisation in the lower part of the kK region. It is clear from the above that
observations on the variation of the parameter B over a wide range of v may
yield sufficient data to descriminate between the two points of view (thin
layer or sharp gradient).

An alternative and simpler method for determining the reflection
coefficient of a sharp gradient or a thin layer, as developed by the author, is
given below. The starting point of the analysis is the expression given by
Rayleigh for reflection from a medium of varying refractive index. Rayleigh’s
expression for the reflection coefficient may be written as

A part of

#a -
B __f e I
A, o p .
It is assumed that the reflection coefficient is small at all points.
Let the reflecting mediun consist of electrons distributedin a thin layer
of triangular profile having semi-thickuess Z,, and maximum ionjic density
N,, (corresponding to the eritical frequency v, of a thick layer). “The number
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density of the electrons at any height is then Ziven by

N= % foro<Z<Z, e (7)
| "
and 7 -
' N= ‘Z—l (2— = for Z,<Z<2Z; .o (8'
1 Z,

Then, since TN R
n= q I _ﬂr_]_\l_e_ R
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we can split the integral into two parts and write,
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In the second integral, the transformation 2 £
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This expression ceases to be valid when v approaches v. i.e. near
critical reflection, since the reflection here is very profuse and our initial
assumption breaks down. Within the region of validity, the lower limit of
integration is greater than 1. ‘The modulus of the integral has no pronounced

variation in this range (figure 3) and hence the maxima and minima of the
reflection coefficient are determined by the first factor.

.15

<10 o

R —
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viv. —>
Fic. 3

14 > . v
Variations of the integral R'=3} f °, dx with» when ;‘—. =25

x
,31 _z‘, (1— ‘,—;z )3[‘-’
Be ve? v
The first factor is maximum when the arguments of the two complex
qQuantities differ by an odd multiple of =, i.e. when

. 2\3/2
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Or, putting ¢/Z,=v,,
(1— ve? 3/2=1— s(za+1) velv, eee.  {10)
v? 8

Graphical solution of this equation shows that the function B,/ A4, will
go through a series of maxima and minima. The spacings between the
maxims anud the frequency for the first maximum are dependent on the

2—1778P—8§
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ratio v, /v, i. e. is a Ffunction of the thickness and- density- of ‘the layer.
However, the frequency separation of the maxima are of the same order: as
v, (see figure 4). S _— e

- —

1.0

os |

]
2 3 4:
vy, —> .

F16G. 4

Graphical solution ot Eq. (10). The dotted lines represent the L. H. S. and the bold
lines the R. H. S. for the various values of n noted against each. T'Le intersections give
values of v /v, for maxima. »;/v.=2.5

1If instead of a layer of finite thickness v‘O(é have a’'semi-infinite layer
of steep boundary (the electron distribution at the boundary being given by
eqn.7, then the condition for maximum refle¢tion coefficient is given by

Sz é{. vi=(zn+1)m; -
3¢ v

(rr)

It is to be noted that the spacings between the cubes of the maxima
are constant. ‘Thus a measurement of the spacings between the maxima
when the exploring wave frequency is varied can‘provide a test for the nature
of the layer, whether it is a thin layer or has a thickness large compared to the
wavelength having a steep lower boundary.

6 A NOTE ON THE OBSERVED VARIATION OF FIT

“* During oyr observations it was noticed that the fits for-smaller samples
{50 to 60 data) were more significant than those for larger ‘sainples (1de tq
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200 data). It was suspected that the misfit was being caused by a change
in the ionospheric conditions (as charucterised by the distribution parameters
B and R) during the period of observation, which was perforce rather long
(15 to 20 minutes) for the larger samples. Such changes would cause a
. variation--of the closeness of the fit as the time of observation is gradually
lepgthened. It is evident that a functional relationship exists between the
variation of fit and tihe variation of the distribution parameters.

To study this effect a number of long duration observations ‘ranging
from 8 to 20 minutes] were taken, Instead of calculating the actual value
of the Pearson’s X’ function, the closeness of fit was calculated by the
quantity x*/N, N being the total number of observations. This quantity
is given by the equation

 =sYi—po)*
N zi Yy

where ¥, is the theoretical probability of occurence of the i th amplitude
range and p¢ the experimentally observed probability. ‘I'he analysis was
carried out as follows :

The total number of data was first fitted to the nearest Rice curve.
The set was then considered up to the first 40 observations and the value
of x?/N calculated with the Rice curve deduced before. 7The number of
data was then progressively increased and x®/N recaiculated till the end of
the set.

The investigation of the functional relationship between variations of
X2/ N and the characteristics is complicated by the finite size of each sample.
As a first approximation we will assume that the whole deviation of the
fit is due to the variation of the characteristics or, in effect, that the
samples behave as infinitely large ones. A general analysis of the variation
of Rayleigh fits is given below. The parallel analysis for Rice curves is
made difficuit by the comparatively complicated Bessel function with

imaginary arguments. -

The Rayleigh distribution
can be wtitten as

1f 1/R? be a function of time, given genetally by

= —= +e¢lf}
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