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1. INTRODUCTION.

For the last few years since 1934 we have been studying the Ionosphere
at Allahabad. But so far we generally worked on a fixed frequency of 4 me./
sec. and wuseful data regarding equivalent height, collisional frequency
and reflection coefficient for the above mentioned frequency were collected
and published.! The present paper deals with the study of the F-region
during 1936-38. These results show that, besides the three usual conditions
of reflection obtained from the assumption that radio-waves get reflected
when both their refractive index and group velocity become zero, there
exists another condition of reflection (Pant and Bajpai, 1937) which has
been explained? as the one where the group velocity3 =0, and p = c©
(Rai, 1937). Section 2 describes our apparatus, while section 3 presents a
brief summary of the experimental results. Section 4 contains a detailed
discussion of the results given in section 3.

2. APPARATUS.

The transmitter consisted of a simple Hartley oscillator and the pulses
were generated after the method of Appleton and Builder (1932). It was
run on raw a.c., and the frequency could be varied from 2 to 12 mc./sec.
For different ranges different sets of coils and condensers were used.

But it was soon found that this pulse generator, though quite suitable
for fixed frequency work, was not so for recording continuous (', f) curves.
Hence, another transmitter using a thyratron as pulse generator was
constructed.

With slight modifications it is similar to the one described by Ratcliffe
and White (1933 b). This arrangement worked so satisfactorily that it could
be left running for days together without any attention.

1 Toshniwal and Pant (1935); Bajpai (1936); Toshniwal, Pant, Bajpai and Verma
(1936); Toshniwal, Pant and Bajpai (1937).

2 See also Bajpai (1937).

3 See also Goubau (1934).

VOL. V—No. 2. [Published May 30th, 1939.



186 B. D. PANT & R. R. BAJPAT: STUDIES ON THE IONOSPHERE AT ALLAHABAD.

As it was not possible for a single antenna to respond efficiently throughout
such a large range, a system of five antennz was used. These were coupled
to the oscillator tank circuit by means of two turns of 1 inch copper tubing.

The receiving equipment consisted of a commercial superhet receiver
in which several modifications were introduced. The automatic volume
controls were entirely cut off and time constant in the circuit of the second
detector was considerably reduced. The output was taken from the plate of
the first Lf: amplifier through a proper bias battery to the oscillograph. A
thermionic valve bridge was used for reducing the strength of the ground
pulse. Our transmitter and receiver were both kept side by side so that
a single worker could change the transmitter frequency continuously with
one hand and keep the receiver in step with the other hand. The whole of
the frequency range could be covered in about twenty minutes. The photo-
graphs were invariably supplemented by visual observations.

3. EXPERIMENTAL RESULTS.
A. Magnetlo-ionic splitting.

During the daytime, generally from 8 A.M. to about midnight, no magneto-
ionic splitting of the waves has so far been observed for the F-region, even
when the frequency of the transmitted pulses reached the cirtical penetration
frequency. On several days we could not observe this splitting even at night.
PL 1, fig. 1, a (P, f) curve for F-region, presents one such record taken on
the 13th March, 1938, at 0430 in the early morning. The usual steady increase
in virtual height with the increase in the frequency of the exploring waves is
present. Near the critical penetration frequency sudden increase in equivalent
height is also noticed, but there is no sign of magneto-ionic splitting. This
behaviour of the ionosphere at Allahabad appears to be different from that at
higher latitudes where splitting is observed day and night. 1t appears to be
due to increased absorption in the tropics.

B. Variation of Electron-density.

Text-figure 1 represents the diurnal variation of the critical penetration
frequency for the F-region on November 14-15, 1936, and is a typical curve for
early winter.l It is seen that ionization undergoes very little variation from
about 2 hours after ground sun-rise up to about 3 hours after ground sun-set,
while there is a very shallow (almost imperceptible) minimum at noon. This
behaviour is different from that observed at other places (higher latitudes)
where a regular increase of the electron density is noted, with a maximum
at noon during winter (Gilliland, Kirby, Smith and Reymer 1937; Appleton

1 Details of F-layer ionization are being published in the Proceedings of the National
Academy of Sciences, India.
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and Naismith 1935). Let us compare our data with those obtained at
Washington.

The sun’s zenith angle at mid-day at Allababad (Lat. 25° 25' 55" N.;
Long. 81° 55’ 0" E.) in November will be practically the same as that at
Washington (Lat. 39 N.; Long. 77 W.) in September. Therefore, we have to
compare our November curves with the September curves of Washington.
It is to be noticed that the post sun-set constancy of ionization is absent in
the Washington curve (we have no data of the variation of electron density
throughout a summer day). The night behaviour also, though similar in
nature, is sufficiently different from the Washington September curve. It,
however, compares well with the behaviour on a November night at Washington.

C. A4 New Type of Reflection from the lonosphere.

1t was during the late night hours, when the critical penetration frequency
had fallen to a low value of about 4 mc./sec., that we generally observed
magneto-ionic splitting. We (1937) have already reported that the difference
between the critical penetration frequencies of the two magneto-ionie com-
ponents varied from 0-15 me./sec. to 0-06 mo./sec. depending on the value
of the critical penetration frequency. This phenomenon is illustrated in
P1.1, fig. 2 which is a (P, f) curve obtained on October 5, 1937, at 2350 ; on this
occasion the value of this difference (f,—f,), was 0-1 me./sec.]  We observe
that as the frequency of the exploring waves increases, the difference between
the time retardations of the two components is seen to increase, as is usually
the case, and finally the ordinary ray disappears at a frequency of 8-2 me./sec.,
while the extraordinary ray does so at 8:3 me./sec. Pl I, fig. 3 shows the same
phenomenon on 17th November, 1937, at about 0152. The ordinary and the
extraordinary rays are seen to disappear at frequencies of 4-5 and 4-65 me. /sec.
respectively. It is, however, remarkable that the usual asymptotic increase
in virtual height (vide Pl. II, fig. 4) near the critical frequency is entirely
absent in Pl. I, figs. 2 and 3.

We have also observed that on occasions, the difference between the
critical penetration frequencies of the two components takes the normal
value of 0-65 mec./sec. which is expected from Appleton’s magneto-ionic theory.
Pl 11, fig. 4 obtained on October 4, 1937, at (340 presents one such example.
The ordinary and the extraordinary components are seen to disappear at
frequencies of 6-1 and 6:75 mec./sec. respectively. Our recent work shows
that the occurrence of the smaller difference between the critical penetration
frequencies of the two magneto-ionic components is rather a rare phenomenon,
which usually occurs after midnight but we have not been able to find out

1 We are calling the higher curve ordinary and the lower one extraordinary in
accordance with the general convention. Only polarization measurements can decide
this point. We have not yet carried out such measurements.
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any connection between this phenomenon and any peculiar meteorological
condition of the upper atmosphere.

In table 1 below we give the critical penetration frequencies for the
two magneto-ionic components together with the time and date of their
oceurrence.

TABLE 1.

Date Time (I.8.T.) A fa
10-10-36 0230 7-09 7-19
10-10-36 0245 7-28 7-34
15-10-36 0250 3-96 4-10
18-10-36 0250 3-85 4-00
2(-10-36 0300 3-77 3-92
15-11-36 0130 5-96 6-05
15-11-36 0200 5-96 6:05
15-11-36 0240 5-40 5-50
19-12-36 0330 372 4-36
23-12-36 0615 3-35 3:50
14-1-37 2320 4-35 4-50

f,and f_ denote the critical penetration frequencies for the o-wave (ordinary) and

the z-wave (extraordinary} respectively in me./sec.

D. Another new phenomenon.—Simultancous disappearance of o- and x-waves.

On several occasions, as the frequency of the exploring waves was
increased the difference in the time-retardation of the two magneto-ionic
components went on increasing as usual, but finally both of them disappeared
at almost the same frequency.! Thus from 2330 (I.8.T.) on December 14,
to 0100 (I.S.T.) on December 15, 1936, both the components disappeared at a
frequency of 3-6 mc./sec. It may be mentioned that on this night the observa-
tions were taken only during this one hour and a half. Another such occasion
was on the night of December 6, 1936, between the hours 0410 and 0600
(I.8.T.). This time the observations were taken throughout the night. From
about 3 A.m. the penetration frequency was almost constant at 3-5 me./sec.
There was no splitting of the echoes till 0410, whereafter both the magneto-
ionic components were observed. At 0430 both the components disappeared
at a frequency of 3-5 me./sec., while at 0500, 0515, 0530 and 0600 they
disappeared together at the frequencies of 3-45, 3-47, 3-48 and 3-5 me./sec.
respectively. During this period we also observed for a few minutes that
there were two orders of reflection present and that each of them appeared
to consist of four echoes.

1 See Best, Farmer and Ratcliffe (1937) who have occasionaly observed the two
threshhold frequencies for the E-region to coincide at midday in summer. They ascribe

it to strong absorption.
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E. Complex Echoes.

Besides these types of reflections, we have on several occasions observed
a large number of echoes on the oscillograph screen; these cannot be explained
as magneto-ionic components or multiple reflections. What we observe, on
such occasions, is that, besides a number of main multiple reflections (F', F”,
etc.), there appears a number of echoes in between these main multiple reflec-
tions. The intensities of these echoes are generally comparatively smaller
than those of the main reflections (F’, F", etc.) and they go on changing
rapidly. Such echoes have been styled complex by Dr. G. R. Toshniwal and
ourselves (1937) who first observed them here. Such echoes have been observed
by Rateliffe (1933 a), Harang (1937), Appleton, Naismith and Ingram (1937)
and Bontch-Bruewitch (1935), but not much serious notice appears to have
been taken of such reflections. Some of the snapshot photographs obtained
on March 26, 1938, are reproduced here. Pl I1, fig. 5 obtained at 2222 clearly
shows that between F’ and F” there is a number of extra echoes and although
generally the complexity is greatest between F’ and F”, yet sometimes we
have observed that there is no complexity between F' and F” but there appears
a number of small echoes between F” and F”. Pl III, fig. 6 obtained at 2230
shows muitiple reflections from the Z-region as well. This can be identified as
the abnormal E-layer reflection. The E-reflections are generally not present
during such periods. PL 111, fig. 7, a (P’, #) curve obtained at a frequency of 5-4
me./sec. on February 19-20, 1938, between the hours 1930 and 0620 (I.8.T.),
presents a very violent type of complexity. It is to be noticed that complex
echoes from the F-layer persisted for several hours but no reflections from
the E-region were obtained. The duration of the complex echoes varies from a
few minutes to several hours. They may appear only once or several times
during a night. Whenever such echoes appear they generally continue on all
frequencies. PL IV, fig. 8shows a (P’, f) curve taken on March 13,1938. It is
seen that complexity is present throughout the record from 2-8 to 7-8 me./sec.
We did not continue the record further but visual observations showed that
complexity was present even at a frequency of 13-3 me./sec.

4. Expranation oF THE NEw TYPE oF REFLECTION.

The small difference in the critical penetration frequency of the two
magneto-ionic components—0-14 me./sec. in place of the expected value of
about 0-8 mec./sec.—and the variation of this difference from 0-06 to 0-15
me./sec. with the frequency of the exploring waves, for a long time, proved to
be very puzzling. These results could not be explained on the generally
accepted criterion so far of reflection of radio waves, that reflection takes place
from the places where the refractive indices for the o- and z-waves become
zero. These results necessitated a revision of our ideas concerning the reflec-
tion of radio waves from the ionosphere, and at the suggestion of Prof. Saha,
Mr. R. N. Rai (1937) of this laboratory worked out the problem on the assump-
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tion that radio waves get reflected not when their refractive index becomes

zero, but when their group velocity becomes zero. This analysis gave the
following four conditions of reflection ! :—

2
Po=0* .. .. .. .. o (a)
pg=p2—pph .. .. . B
pg=p2+pph .. .. .. )
T o )
P, = p? 2y (3)
L

where, p(z) = 4nNeZ[m ;

N = number of electrons per c.c. ;
P, = eh/me;
P = ehL’ ,1;/mc ;
h = magnetic field of the earth ;
h, p= vertical and horizontal components of  ;

e == charge on the electron ;
m = mass of the electron ;
¢ = velocity of light in vacuo.

The first three of these conditions are exactly the same as those obtained
by Appleton (1932) from the supposition that reflection takes place when the
condition p = 0 is satisfied. The assumption that reflection takes place
when group velocity of the waves becomes zero, however, gives us the addi-
tional fourth condition (8) which is satisfied at the place where p = c0. Later,
Bajpai (1937) obtained all these conditions proceeding from the assumption
that reflection takes place from the region where the rate of change of refractive
index with height becomes large.

The condition {3) enabled us to explain the small values of the difference
between the critical penetration frequencies of the o- and the x-waves and
variation of this difference with the critical penetration frequency, for if
we assume that the extraordinary ray gets reflected from the level where
electron concentration corresponds to the condition (8) and not from the
place where the condition () is satisfied, and that the reflection of the ordinary
ray is governed by the usually accepted mode («), we get from () and (3)

1 See Goubau (1934) who calculated the group velocity of the o- and x-waves and
plotted them (after some approximation) for a number of wave-lengths using varying
electron concentration. He obtained these four conditions of reflection but he did not
appear to have considered the possibility of the actual occurrence of reflection according
to the condition (8). -



192 B. D. PANT & R. R. BAJPAI: STUDIES ON THE IONOSPHERE AT ALLAHABAD.

s

h=tig
212

(f2 = £3)(fatSo)

L1 115

T2

)

or fo—fo = (2)

(2)

Prr

where f, .= -
’ m

while, if we assume that the reflection of the ordinary and the extraordinary
waves is governed by modes (x) and (B) respectively, we obtain from («)

and (B)

=ty o e e O
o fo=fy=t () @
2 0 e e @)

Now, a comparison of (2) and (4) shows that, for the range of wave-
lengths under consideration, the value of (f,—f;) as obtained from (2) is much
less than that obtained from (4). Equation (2) also shows that there will be
a large variation in the value of (f.—f;) with the critical penetration frequency,
the smaller differences being expected at higher values of f,.

In table 2 we give the values of (f,—,) as obtained from our experiments
as well as those expected from (2) and (4).

Tasre 2.
experimental from (2) from (4)
0-10 0-074 077
0-06 0-073 0-77
0-14 0-137 0-80
0-15 0-142 0-80
0-15 0-145 0-80
0-09 0-088 077
0-09 0-088 077
0-10 0-098 0-78
0-64 0-128 0-80
0-15 0-167 0-81
015 0-123 0-79

Yor Allahabad the value of
p, = 6-617x108
and p, = 9198 x108
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A glance at the table shows that in almost all cases where small values of
the difference between the critical penetration frequencies of the two magneto-
ionic components are obtained, there is a nice agreement between the experi-
mental values of (f,—f,) and those obtained from (2), which strongly suggests
that in these cases the reflection of the z-wave is governed by the condition (8).
It is also obvious that the value 0-64 mec./sec. is obtained when the x-wave is
reflected according to mode (B).

Though our experimental results find a satisfactory explanation from the
theory outlined above, yet the question arises as to why, on certain occasions,
the z-wave does not get reflected from regions having lower values of electron
concentration corresponding to the condition (B), but is reflected from the
higher electronic concentration corresponding to condition (8). We have also
to find out. why, on certain occasions, the same 2-wave gets reflected from two,
or possibly even three, different levels in the ionosphere as observed by
Toshniwal (1935) in the case of (B) and (y) and confirmed by Leiv Harang
(1936). Other striking evidence in favour of partial reflections consists in
the phenomenon of sporadic £ reflections when part of the energy gets reflected
from this E-layer and part from the F-layer. Complex echoes present another
such example. A partial explanation of such phenomena has been suggested
by Saha and Rai (1937) who have shown that if the electron layer be suffi-
ciently thin, cases may occur where only a part of the incident energy depending
upon the density and thickness of the layer gets reflected,! and the remaining
energy leaks through, to be reflected from higher regions. This leads us to
revise our ideas about reflection of radio waves based on the ray treatment
in which reflection is regarded as complete when p = 0, while Saha and Rai’s
treatment shows that reflection will be complete only when the electron
barrier is sufficiently thick. Thus it appears to us that on the occasions,
when we observed small values of the difference between the critical penetra-
tion frequencies of the o- and x-waves, i.e. (-15 mec. or less) the layer where
the condition pg = p2—pp, was satisfied was extremely thin, so that the
x-wave leaked through, almost completely, and then got reflected at the point
where condition (3) was fulfilled. But as Saha and Rai have not yet given
any solution of the equation for the propagation of the x-wave, it is not
possible for us to discuss this problem any further.

5. EXPLANATION OoF COoMPLEX ECHOES.

It has been pointed out before that complex echoes are due to partial
reflection taking place from a number of close-lying discrete layers formed in
the reflecting regions (Toshniwal, Pant and Bajpai, 1937). There was, how-

1 This result is opposite to that arrived at from the ray treatment according to which
radio waves get totally reflected from the place where their refractive index becomes
Zero.
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ever, a difficulty in accepting such an explanation from the point of view of
the ray theory, but Saha and Rai’s (1937) paper has made matters clearer.
Generally the observed temporal retardation between one component and
another in the complex echoes is such as to give an equivalent height difference
of about 20-50 kms. The actual height difference may be much less than this,
being only about 2 or 3 kms., for the electron concentration in the region
intervening between the two layers responsible for the complex echoes cannot
possibly be much less than that in the layers, and hence the group velocity of
the waves in this region will be appreciably less than the vacuum velocity of
light. This means that the actual distance for which the time retardation is
found to be about 20 kms. may not be more than 2 or 3 kms. only.
If the thickness of the reflecting layers is also of this very order, or even less,
Saha and Rai’s (1937) calculations easily explain the multiplicity of reflections.
The existence of a number of discrete layers lying close to one another is also
supported by Leiv Harang’s (1937) curves, the only difference being that his
curves show the formation of such layers between the £ and F-regions while
we generally observed the complex echoes above the night F-layer. Harang
(1937) and Appleton, Naismith and Ingram (1937) correlate such echoes
between E and F with magnetic storms. The more frequent occurrence of
such echoes at Troms and Moormansk, U.S.8.R. (Bontch-Bruewitch, 1934)
clearly suggests a strong correlation with magnetic storms. We have also
found such a correlation, but our experience is that we observe! such echoes
even on magnetically quiet days.2 It may, however, be due to the occurrence
of local disturbances, confined within small areas, which are unable to influence
the magnetic apparatus situated at a great distance. - The distance between
Bombay and Allahabad is nearly 800 miles, and the magnetic co-ordinates, i.e.
dip angles, are respectively (25°) and (46°). Recently attention to such
localized disturbances has been drawn by Chapman (1936).

We observe that amongst the complex echoes, there are some which
persist for a sufficiently long time. Such reflections are illustrated in the
echo patterns given in PL 11, fig. 5 and Pl. 111, fig. 6 and also in the (P, f) curve
given by Harang (1937) and in the (P’, t) curves given by Toshniwal, Pant and
Bajpai (1937). But along with such regular echoes we also get some transient
echoes appearing and disappearing at various heights. Pl IV, fig. 9, a (P, ?)
curve taken on the 17-11.37 at 0328-0333 and 0337-0342 (1.8.T.), shows that
besides a number of regular echoes which are due to discrete layers, there are also
some irregular transient echoes. These may also be seen in the echo patterns
produced by Appleton, Naismith and Tngram (1937). These irregular echoes

1 See Toshniwal, Pant and Bajpai (1937).

2 We are thankful to Dr. C. W. B. Normand, Director-General of the Indian
Meteorological Service, and to Dr. K. R. Ramanathan, in charge of the Magnetic
Observatory at Alibagh, for lending us magnetograms and for sending us regularly
the reports on the magnetic character of days.
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appear and disappear so very quickly that we cannot attribute them to partial
reflections occurring at discrete layers lying close together. It appears to us
that these are due to reflections taking place from moving electron clouds or
patches of ionization. Whenever such a cloud of electrons comes in the way
of radio waves a part of the energy of the radio wave may get reflected from
it and reach the receiving station.
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7. SUMMARY.

In this paper are described the results of study of the ionosphere at
Allahabad from October, 1936 to March, 1938. Various types of reflections
including complex echoes are described and illustrated. A typical curve
showing the diurnal variation of electron density is given. The results of
measurements of the critical penetration frequencies for the o- and x-waves
show that at times the x-wave gets reflected from a layer where the electron
concentration is given by the condition

=P,
22

pe—=p Z

instead of the usual condition pg = pZ—pp,.

Py =.'p2
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