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1. INTRODUCTION

DURING solar flares, sudden changes in the field-strength of 164 kHz radio
waves transmitted from Tashkent and received at Ahmedabad have been
recorded since 1962 (Alurkar, 1963). A detailed study of such events by -
Shirke and Alurkar (1963) and by Ananthakrishnan (1967) showed that
the type of variation of intensity due to the flares depended on the time of
the day and the season. It is now generally recognised that the ionisation
‘in the D-region increases during solar flares, mainly because of the enhance-
ment of the flux of X-rays in the 1-8 A wavelength band (Friedman ef al.,
1958; Chubb et al., 1960; Kreplin ef al., 1962). From a statistical study
of the published data of X-ray flares during 1968-7C and the corresponding
effects on the 164 kHz field-strength, it has been inferred that on the average,
an X-ray flare with peak flux greater than 4 X 10-? ergs/(cm? sec) (A = 1-8 Ay
causes an SID sufficient to affect the radio intensity of 164 kHz for the path
mentioned above (Chakravarty, unpublished). The exact character of the
response depends on the distribution of flux intensity within the band and
the zenith distance of the sun. The direct measurement of electron  density
in the D-region during a flare by Somayajulu and Aikin (1969) and the
electron densities estimated by the spectral distribution of X-rays show agree-
ment within 20-25% up to about 83 km (Ananthakrishnan, 1971). In this
study, we have made a comparison of the effects of a few flares on the field
intensity of 164 kHz with the detailed X-ray flux data as measured in the
satellites SOLRAD 9 (Explorer 37) and Explorer 25

‘It is observed that the type of field-strength change at Ahmedabad and
Poona depends on the hardness ratio of X-rays within the 1-8 A band ard
on the zenith distance of the sun. ft has also been shown that the type of
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change is related to the step-wise character of 1omzat1on 111 the daytime
D- reglon ' : :

2. X-RAY DATA '

The solar X-ray data have been taken from a publication by Kreplin
(1970). The times of the flares have been comparea with the times of sudden
changes in the field intensity of 164 kHz radio waves transmitted from Tash-
kent and reccived at Ahmedabad. The X- ray fiuxes in the 2-12 A wave-
length band measured by Exploret 35 (Van Allen ana Teske) are well suited
for this comparison because of good time resolution during sudden changes
The SOLRAD 9 data (A = I to 8 A) have also been used when data of
_ Explorer 35 were not available. Table I gives a summary of the data used,
 Some flare-time fluxes of X- -rays have also been taken from Solar-

i Geophysical Data Bul etms (USA)

3. RESUL TS

All the observed sudden intensity variations of 164 kHz signals and
the corresponding X-ray flux-changes in the 2-12 A wavclength band during
the period 27 October to 3 November 1968 are listed in Table 1. 1t will be
noted that all the X-ray events observed during the hours 0200-1200 U.T.
(07-17 hr L.T.) produced nearly simultaneous effects in the radio signal.
The minimum X-ray flux which was abie to induce a measurable effect was
about 4:5 x 102 ergs/cm?® sec). The starting time and time of peak inten-
51ty of the sudden ionospheric disturbance and of the X-ray flare agree well,
in general, within a few minutes. I'he end time of the SID cffect on the 164
kHz signal cannot be accurately determined and hence the time mentioned
in Table I only indicates the time of the first minimum after the flare effect
started. After reaching the minimum value, the field strength slowly re-
covers to its normal level. - Th. re-cstablishment of the original signal level
takes place about an hour or more after the X- -ray flare has ended. There
is no definite relation between the end time (as given in Table l) of changed
signal intensity and the end time of the X-ray flare.

Figure 1 shows examples of two flares on 3 November 1968 during
whxch observations wer: made on 164 kHz intensity and the sudden enhance-
ments of X-ray flux, The first X-ray flare around 0540 U.T. gave rise to
a small drop in intensity of radio signal (T'ype C) whereas the second bigger
flare produced ah enhancement i in the signal with a small initial drop (Type B).
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TABLE I

| X-ray ﬂares observed in satellifes and the correspondmg SID eﬁects obsery ed in the field-strengths

Peak Flux erg/

0722

" Date Satellite Time of X-ray flares as recorded (cm? sec) 1-8 Aor  SID effect observed in 164 KHz
' in satellite g - 212 A field-strength
Start time Peak time End time Start time Peak time End time

27-10-1968 ‘Exp. 35 1102 1113 8 x 10-3 1108 1114 ..
- o do. - 1130 1150 - U 1302 1 x 102 1130 1149 1200
28-10-1968 Exp. 35 0200 0205 0300 8.5 x 1073 - 0200 0244 0320
do. 0500 = 0516 - 0555 10 % 10°% 0502 0520 0530
SOLRAD 9. 0555 - 0600 - 0630 5:0 x 1072 0557 .. 0620
“-do." - 0650 0700 - - 0715 4.5 x 1078 0702 0708
- do. 0715 0725 - 0740 4-5 x 10-% 0730 0740
do. 0828 0835 .. 0845 5-0 x 1073 0835 .. 0845
29-10-1968 Exp. 35 0330 - - - 040D U T 6-2 x 1073 0330 U 0400
. do. 0407 0421 0500 7-2x 10-3 0415 .. 0430
do. 0545 0600 - 0630 U 7-5 x 10-8 0552 0600 0630

do. C - C C ) . 0730 0748 (9]

do. 0858 0915 - C -2 X 10-2 0900 0915 ..
do. 1000 .. 1008 1:x 102 100 1004 1015
o 1-11-1968 Exp. 35 0545 0557 ~0620 7% 1078 0545 .- 0557
: C o do. 0627 0640 0645 5'x 1073 .. 0622 0630
= . do. 0825 U 0910 1200 5-% 1072 0814 0500 1200
2-11-1968 - Exp. 35 C Cc C .. 0330 0338 0355
' : do. 0600 0610 0637 7. % 103 0600 0610 0655
do. - 0915 1002 1200 1 x 101 0915 1000 1045

3-11-1968 Exp. 35 0530~ 0537 0600 54 x 107 0530 X 0537 -

' do. - 0708 0715 0730 7-0' x 10-3 0712 0800

1UosYSDL WOLf POIIUSUDLT S2ADM OIPVY ZH $91

16T



252 8. C CHAKRAVARTY anD K. R. "I‘{:AMANAT:I:IAN

TASHKENT- AHMEDWBAD : 164 ki, -

®
- O
l

NGTH IN
QO
SEO

FIELD STRE
(4

3 NOVEMBER 1968

. X-RAYS  EXPLORER-35
(-124)

I-?_»_

d

i
oW O

3o

g L

R 4

x L

put ¥

s

.. 2—
. i 1 , 1 ’J HOURS

0300 - o800 - orO0C 0800 0900

UNIVERSAL . TIME

FiG. 1. Vafiation of the amplitude of 164 kHz radio"wavés ahd X-ray ﬂuﬁies ("24:1'2 A) during.
the flares cn 3 November 1968. I R NERREL T L

~ Figure 2 shows the big flare of November 2, 1968. The simultaneous
changes in the field intensity of 164 kHz radio waves can be seen at every
stage of the changes of X-ray spectrum. The X-ray flux started increasing
~at 0915 and the rate of rise decreased at 0945 hr. From 0945 hr to 0952
hr the flux showed only a slight increase. The X-ray flux thereafter increased
 sharply, reaching 2 maximum at 1000 hr, showing the changeover point
very clearly at 0952 hr (Type A). The fast recovery of the X-ray flux after
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1000 hr U.T. can be seen from the figure. The correspondmg 164 kHz radio
intensity started decreasing at 0915 hr reaching a minimum at 0945 hr. From
0945 hr to 0952 hr the intensity showed an enhancement of about 40 micro-
‘volts. 'This pertains to the slow rising part of the X-ray flux at the same time.
The field intensity then reaches a maximum at 1000 hr, coinciding with the
time of maximum of the X-ray flux. The changeover point at 0952 hr is
also clear from these records. After 1000 hr, the time sequence in the

TASHKENT ~ AHMEDABAD : 164 hHy
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966.



254

S. C. CHAKRAVARTY AND K. R. RAMANATHAN

recoveries of 164 kHz intensity and X-ray flux are somewhat different. Up
to the time of the peak of the flare the variations of signal-intensity and
X-ray fluxes were very nearly simultaneous. Even small details of the changes
“in X-ray flux are reflected in the sudden deviations of the signal strength,
The second peak in field-strength at 1245 hr U.T. is not a flare effect but is

a normal sunset effect.

Figure 3 shows the occurrence of a complex of 6 flares during the period
0700 to 1400 hr U.T. on 28 October 1968. The remarkable point to be
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F1G. 3. Field-strength changes of 164 kHz

radio waves observed at Ahmedabad and at Delbi

during the occurrence of 3 complex of X-ray flares on 28 October 1968.
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noticed is that even e small X-ray fluxes of average peak ﬁux of 45 x
10~2 ergs/(cm? sec.) have been able to produce effects in the radio intensity
at Ahmedabad in the form of small decreases. The Tashkent sxgnal received
at Delhi (1000 km from the transmitter) shows sudden changes due to the
big flare at 0500 hr U.T. but does not show any change of the subsequent
small flares. The absence of any effect of the small flare at 06C0 hr at Delhi
may be noted. Figure4 shows the simultarieous records of 164 kHz field
strength received at Ahmedabad and at Poona (2100 and 2500 Km from
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Fic. 4.  Simultaneous observatnonso flave eﬁ'ects in the 164 kHz ramomﬂensxty at Ahmedabad
and at Poona on 29 March 1966,

Tashkeﬁt) on 29 March 1966 It will be seen 'that the ﬁares at 03‘:25 hr,

0715, 0954 and 1106 hrs U.T. produced similar impressicns at both' the sta-
o tions Commg back to Fxg, 3 1t appears that the smaller ﬁarcs do not produc:e
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‘an eﬂ'ect at short dlstances, but show up in the recmdq at longer dlstances
Since the height of reflection of LF radio waves depends on the transmltter-f‘ v
- receiver distance, it ‘will be an important factor in determmlng the effect of

: ._X-rays in the intensity of the ﬁeld-strength T ashkent—-Ahmedabad or

- Tashkent-—Poona paths for 164 kHz radlo waves seem to be well su1ted for
o observmg the weaker X-ray ﬂares L e y ~

: Flgure 5 shows a mu1t1ple flare on 27 October 1968 The X-ray ﬂux :
started 1ncreas1ng at 1102 hr the- eﬁ‘ect on the radlo mtens1ty was seen at ,
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FIG. 5. Changes in the ﬁeld—strengths of 164 kHz radxo waves obsq’rved, du;ving two ovgr.-f..],,;

i lapping X-ray ﬁa:es of 27 October 1968.
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1108 hr when the X-ray flux reached a value of 4-5 % 1073 erg/(cm? sec) Before

the first flare ended, another started at 1130 hr and this showed up in the

“signal by a change in the slope of the recovery stage. The peak corresponding

to the second X-ray flare was quite small in the field-strength record, pre-

sumably because of the high abso1pt1on due to the ionisation produced by

the first flare.

4. TYPES OF CHANGES IN SIUNAL ‘STRENGT,—I OBSFRVFD AT AHMEDAbAD Dug
TO THE SOLAR FLARES AND THEIR DIURNAL AND SEASONAL
VARIATIONS ‘

Shirke and Alurkar (1963) analysed the records of field-strengths of

;tryansmlssmns from Tashkent on 164 kHz due to a large number of ﬁmes

o observed. at Ahmedabad and classified them into three ty pes

Type A: Sudden enhancement of -mtensrty f’ollo’wed 'by decline to
‘ a minimum and gradual recovery. These are most
frequent in summer (May to September) and parti-

cularly at times when the sun is high.

Type B: Initial sharp dip in mtensuy before 1he enhancement followed
' by decline to a minimum and recovery as in Type A.
These are most frequent in October to April and in

torning and evening hours. :

Type C: Disturbances with a fall in the intensity gradual or rapid,

- followed by a slow rise. An example can be seen at

05 hr U.T. in the record of 28 October 1968 (Fig. 3).

An analysis of the LF disturbances recorded at Ahmedabad in 1969

due to X-ray flares recorded in satellites showed that 50 to 80 % of the ﬂares

in the equinoctial months affected the LF field-strcn gths but only 10 to 20 Vo

of the flares produced measurable effects in the months May to
September (Fig. 6). : :

- 5. 1In order to ﬁnd an explanation for the differences in response to
~different flares and to flares in different seasons, the peak X-ray fluxes in
the wave]ength bands -8 A and I-3 A in the period January to August
1971 were compared with the types of disturbances which they produced
Figure 7 (a) shows the relation between X-ray photon flux ¢ (1-8 A) and the
hardness factor ¢ (1-3 A)/¢ (1-8 A) corresponding to the three types of
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disturbance. Figure 7 () is a similar diagram showing the relation between
¢ (1-3A) and ¢ (1-3 A)/4 (1-8 R). It will be noticed that the hardness
~ factor required for a Type A disturbance is greater than that required for a

Type B disturbance and that a Type C disturbance can be produced by even a
smaller hardness ratio than that for Type B.
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F1a, 6. Percentage of X-ray flares observed in each month in satellites in 1969 which produced
measurable effects on 164 kHz radio amphtudes at Ahmedabad.

. 6. The dlﬁ“erence in behavmur can be understood 1f we remember that
 long-distance reflection of LF radio waves depends on the distribution of
electron den31ty in the daytime D-region below about 85km, and that the

harder X-rays penetrate to greater depths in the atmosphere. It is known

~ that in general, there are two reflecting regions, one between 82 and 87 km
o (Dz) above which. the electron density increases rapidly with helght and

another lower region at 70-75 km (D;) (Lauter, 1966). Between D;and Dy,
the rate of increase of electron density with height is compara‘uvely small. In
‘the summer months and at small zenith angles of the sun, D, has sufficient -
~ electron denalty to reﬂect 164 kHz ‘and ‘the effect of a flare is
to mcreaqe the electron densj ty at the lower Ievel and thus increase the
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field-strength. -In winter and equinoxes and particularly when the zenith
distance of the sun is large, the lower D, layer is weak and reflection takes
place from the higher level D;. 'When there is a burst of hard X-rays, there
is increased ionization below D, and even down to Dy, and consequent
temporary increased absorption. This leads to a Type B response.
The initial dip depends on the zenith distance of the sun. It is weak or -
_ absent when the sun is high, and the dip is greater the greater the zenith
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distance of the sun. ‘When the hardness of the X-rays is small or the solar
~-zenith distance is large, the reflection continues to take place from D, and
there is only a temp01ary increase in 1omzat10n below D, leadlng toaC type

absorption.

7. CONCLUSION

The comparison of X-ray flares observed in satellites and their mani--
festation in the field-strength records of 164 kHz radio waves received at
Ahmedabad from Tashkent show that almost all the flares between 0200-
1200 hr U.T. during the period 27 October to 3 November, 1968, were able
to influence the signal intensity. The starting time and peak time of the
X-ray flare and the sudden changes in 164 kHz radio signal agreed within a
. few minutes. The flare effect on the 31gnal strength persxsts for a longer

~ time than the flare itself. ‘ ‘ : < ‘

The effects of even small X-ray flares on 164 kHz field-strength can be
seen at Ahmedabad and Poona whereas only bigger flares show up at Delhi
“often with a pronounced initial dip. This suggests that the distance_b_etween
the transmitter and receiver plays an important role in the observable effects

. on LF propagation; the longer the distance, the better is the effect observed.

The details of the X-ray flux variations during a flare and the associated
changes in radio signal mtensmes (164 khz). at Ahmedabad and Delhi are

: under further study.

ACKNOWLEDGEMENTS

Our thanks are due to Prof R. G. Rastogi for h1s interest in the work _
One of the authors (S. C. C.) was the recipient of a Research Scholarshlp

‘ from the Department of Atomlc Energy

REFERENCES‘ ‘
 Alurkar, S. K. .. Ph.D. Thesis, (Gujarat University), 1963.

Ananthakrishnan, S. .. Ibid., 1967.
£ SN B:azu’;an Joumal of Physrcs 1971

Chakravarty, S. C. ST Unpubhshed 1971,

Chubb,: T. A., Friedman, H. - J. Geophys Res, 1960 65, 183]
and Kreplm R.W.
”Fmedman, H, Chubb T. A ~Anna1es de Geophys.,’ '195_8, 14, 232,

_Kupperian, J. E;, Jr,;
- Kreplin, R. W, and Lmsay,J C

973



164 kHz Radio Waves Transmitted from Tashkent 261

Kreplin, R. W., Chubb, T. A, J. Geophys. Res., 1962, 67, 2231.
and Friedman, H. \ :

Kr_eplin, R.W. .. Solar X-ray data for three 1968 flares; NSSDC, 1971,
. . pp. 70-75. )
Lauter, E. A, .. Space Res., VI, 1966, 1, 212.
Shirke, J. S. and Alurkar, S. K. Proc. Ind. Acad. Sci., 1963, 57A, 49. _
Somayajulu, Y. V. and Aeronomy Report No. 32. Uni\}crsity of inois, 1969, p. 373.
Aikin, A. C.

974



