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Abstract

. New experimental data on whistler-tniggered periodic VLI emisstons observed during a quiet petiod at low lautude ground

station Jammu (gcomag. lat. 22°26' N: /, = 1.17) is presented m this paper The present finding 1s believed to be the first such events reported from
any of the low latitude ground stations during quiet times. The whistlers recorded during quict times are one hop. or short type and the travel times
of short whistlers at 4 kiiz arc found to lie in the range of 0.15-0 26 sec corresponding to dispersion i the range of 10- 17 sec!™. a value typical
of normal obscrvation at low latitudes The short whistlers were obscerved continuously for a long period during quict days in the frequency range
normally between 2—-5 kHz and arc found to be triggered by periodic VLI eniissions The obscervation of short whistlers during quiet imes made
at our low latitude ground station Jammu (geomag. lat, 22°26' N, L = 1 17) are used to deduce the average electron density profiles in the
magnetosphere The electron density 1s computed by means of accurate curve fitting method and 1s 1in good agreement with the results reported by

other workers at low latitudes
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1. Introduction

Whistlers, which are very low frequency (VLF)
electromagnetic signals generated in the atmosphere during
lightning discharges after being incident on the ionosphere
travel through the ionosphere-magnetosphere coupled system
along with geomagnetic ficld lines to the magnetically
conjugate point in the opposite hemisphere [1]. During their
propagation through the magnetosphere, these whisticr waves
acquire dispersion characteristics typical of the clectron
density inhomogenieties present along the whistler path.
Whistlers have been used as an important diagnostic tool to
probe the Earth's inner magnetosphere. Since thc pioneering
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work of Storey [2], who was the first to give a correct
interpretation of whistler spectra in terms of magneto-ionic
theory, the observation of whistlers has been continued over
a wide range of high to low latitudes [3—11]. Originally
whistlers were looked upon essentially as high and mid
latitude phenomena but the pioneering work of Indian and
Japanese Scientists during the last three decades have not
only detected whistler traces at much lower latitudes but
have also established many of their new morphological
fcatures [3—11]. Whistler studies of India, which has been
in progress since 1963, have made significant contribution
to the propagation of low latitude whistlers and understanding
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of the structure and dynamics of the low latitude ionosphere.
Recently. a co-ordinated ground bascd experimental study
of low latitude whistlers has been imnated at three low
latitude ground stations Varanasi. Agra. and Jammu under
All India Co-ordinated Program of lonosphere Thermosphere
Studies (AICPITS). Undecr tins program. we have conducted
initial obscrvations of whistlers and VLF cnussions at the
Jammu station and obtained some very intercsting results for
the first time during quict periods.

In the present paper these results are presented. An
attempt has becn made to cstimate the cquatorial clectron
density and clcctron densitics at an altitude of 1000 km.
using whistlers recorded durtng quict days i1t our low latitude
ground station Jammu.

2. Experimental results

Using standard whistler obscrvation cquipments consisting
of a T-typc antcnna 25 m high. suitably amplificd by a
transistorised pre- and mamn amplificrs having band pass of
500 to 15000 Hz. and a magnctic tape recorder. we conducted
routine obscrvation of whistlers at Jaimmu Umiversity Campus,
a low latitude station Jammu (gcomag lat.. 22°26' N.
geomag. long.. 147°10" E) between January 1997 to Junc
1999. This station 1s located at a noisc frec arca The
obscrvations werc taken continuously during dav and night
hours. The accumulatced data on magnetic tapes were analysed
on a digital sonograph available at thc Physics Department
of Banaras Hindu Umiversity. Varanasi. The results of the
analysis showed a numbcer of whistlers and VLF cmissions
recorded at thc station during various quict periods
Geomagnetically quiet periods were chosen for 1his study.
with the aim of determuning the quict day bcehaviour of
electron density distribution using whistler data recorded at
our low latitudc ground station Jammu At low latitudces. the
whistler occurrence rate is low and sporadic But once 1t
occurs. its ratc of occurrcnce becomes comparable to that of
mid latitudes [12] Similar behaviour has also been observed
at Jammu. For the present study. we have chosen whistlers
recorded during quict pcriods of Junc 5. 1997: March 24,
1998: April 13. 1998: Fcbruary 22, 1999 and March 29.
1999, magnetically quict days with X' Kp valucs of 6. 13 12.
12 and 13 respectively. Altogether more than o hundred
whistlers werc recorded at Jammu during these days and
about 1000 whistlers were choscn for the present analysis
The variation of whistlcr dispersion with local tine is shown
in Figurc 1 for diffcrent quict days. The whistler data are
available in the form of spectrograms/sonograms. which
show the variation of frequency with ume The form of
spectrogram is determined by the group dclay time of the
signal at diffcrent frequencices in the whistler mode from the
source to thc wave receiver.

Among the data. some very interesing and unusual onc-
hop multiflash whistlers triggercd by periodic VLF cmissions
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werc also obscrved for the first time in the ground data a
such a low latitude station The frequency time spectrograms
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Figure 1. Variation of whistler dispersion with time tor diflerent quict
days

of these whistlers arc shown in Figurcs 2(a—c) which arc
photographed from the monitor of the sonograph computer
duc 10 nonavailability of the printer of the sonograph. The
date and tunc of the observation of whistlers are mentioned
on the top of the figure.
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Figure 2. Frequency-tine spectrograms of whistlers and associated periodic
VIEEF enisstons recorded at Jammu, India i June. 1997



Quiet time average electron density profiles in the magnutosphere ectc

In Figures 2(a—c). we show a group of whistlers (dispersion
~10 s'?) which show a temporal fine structure in occurrence
at a regular time interval of about 0.28 s. From the detailed
analysis of these whistlers, it is found that these are multiflash
whistlers observed in the frequency range 2-5 kHz which
occurred at almost constant time interval of about 0.28 s. The
multiflash whistlers shown in Figures 2 (a-c) are clearly
detected upto about 15 in numbers continuously and triggered
by periodic VLF emissions. Such multiflash whistlers
triggered by the periodic VLF emissions observed during a
quiet period have never been reported from any of the low
latitude ground stations. These multiflash whistlers gre
clearly seen to be triggered by periodic VLF emissions lying
in the frequency range of about 1.5-3 kHz and 10 a Ic*er
extent in the range about 2-3.5 kHz. The spurt in perigdic
VLF emission activity on June 5. 1997 started around 2§40
IST (Indian Standard Time) and lasted for about 2 hqurs
ending finally at 2340 IST. The period of observation was
magnetically quiet with ZAp = 6 only but was preceegded
by magnetic disturbance on the preceeding five days. The
periodic emissions recorded on this day are of non-dispersive
type having different spectral forms (falling tones, inverted
hooks and complex combination of rising and falling tones)
The measured period of thesc periodic emissions lies typically
in the range of 0.1-0.7 s, which is much smaller in
comparison to that reported from higher latitudes. One of the
most remarkable and important features of the observed VLF
data at Jammu is that wc have succeeded in recording
periodic VLF cmissions at a surprisingly high rate during a
quiet period along with whistler-triggered periodic VLF
emissions on June 5, 1997. The present finding as shown in
Figure 2 is the first such event reported from any of the low
latitude ground stations.

3. Method of analysis

At low latitudes the main difficulty in whistler analysis is to
obtain the nose frequency (f,) and nose time delay (4,) with
a reasonable degree of precision. This is becausc of the fact
that whistler spectrograms do not exhibit the portion of the
whistler near nosc frequency at low latitudes. Such a nose
frequency will have to be inferred by extrapolation techniques.
For the analysis of non-nose whistlers, a number of methods
have been proposed [12-16]. The nose frequency ot the
whistler data used in estimating equatorial elcctron density
neq, and electron density at an altitude of 1000 km has been
computed by means of accurate curve fitting method
developed by Tarcsai [16]. Tarcsai [16] has developed a
curve fitting technique for the analysis of middle and high
latitude whistlers. This technique has also been applied
successfully to those low latitude whistlers whose propagation
paths are below L = 1.4 [9-17]. Further, the tcchnique is
found suitable not only for long and good quality whistlers
but aiso for short and faint whistlers. The computer program
written for the purpose requires input data such as frequency,
time (f,¢) values scaled at several points along whistler trace,
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appropriate fof>. Zero frequency dispersion (D). and a
suitable ionospheric mode! erc. The output results include
the L value of propagation, equatorial electron density, total
tube content etc. We have adapted this programme for the
analysis of the mighttime whstlers recorded at our station
Jammu during quiet days.

At low L-values. the curve fitting method of Tarcsai [ 16]
would not change too much the equatorial electron density
and total electron content values compared 10 the systematic
errors which are inherent in all of the existing nose extension
methods. These systematic errors originate from the
approximations uscd for the refractive index and for the ray
path in the derivation of the analytic expressions for the
dispersion and from the difference between the theoretical
and actual distribution plasma along the ficld lines [18,19).
To examine its validity, we analysed few whistlers recorded
at Jammu using Dowden-Allcock Q-technique |13]. Both
methods yielded results within +10%. Further it is to be
noted that the Tarcsai's method has successfully been used
in the analysis of low latitude whistlers [9,17,20].

For the determination of D, /, and 1,. Hlo and Bernard

[14] approximation function for the dispersion of whistlers
is given by [106]

DCfY= 1O = Do = AN (e = o (1)
where Dy is zero frequency dispersion, r(f) travel time at
frequency /. and

A=3A,-1/A4,(0+A,))and A, - [,/ fc. 2)
/» is the nose frequency for which travel time 4, is written

as

TRy U A ®
Sometimes the causative atmospherics is not known. In such
cases the travel time is measured from a chosen origin and
a correction parameter 7, 1s introduced (which gives the time
difference between the chosen origin and the actual sferic).
Using egs. (1) and (2), the measured travel time ) is
written as

©C(H=1/)-T

_ _%‘ _Z_l'lg_ ./n( /llc 4 /n)"',f(3,n o /llc )___ 7
_.\/'7 /u (/Hc - /)(/Ilc*/n) ' “)
where /). is equatorial electron gyro frequency.

Using values of Dy, f, and 1, obtained by the curve fitting
method as developed by Tarcsai {16], we can compute the
equatorial radius of the whistler path (L) or the local electron
density at the geomagnetic equator (#1.q) and at a height of
1000 km (V). In this method, those values of Dy, 4, and £,
are searched which give best fit to the measured parameteis.
After Tarcsai, and using eq. (3) for «,. we can write

1 =8.736x105. £, (where fii in Hz), %
n = Ko fut3 L * = KD fiie' )
N =K fyriL S = K{. D130 N
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where the constants K., K and K are weakly dependent of
Jn and A,,. Using egs (5-7) and analysing a large number of
whistler recorded during the quiet period at Jammu, equatorial
electron density n,, and electron density N at an altitude of
1000 km have been cvaluvated.

4. Results and discussion

In order to determine the equatorial clectron density and
electron density at an altitude of 1000 km using nighttime
whistlers observed during quiet periods at Jammu, we
applied the curve fitting technique of Tarcsai [ 16]. We scaled
down the frequency-time spectrograms of these whistlers
and determine /, ¢ values at a number of points along their
traces. The value of £,/> in the curve fitting technique was
taken to be 7.8 MHz which was the same as that taken by
Chauhan and Singh [21]. Lalmani ¢/ af [17] and Singh [9].
A diffusive equilibrium model shown similar to that adopted
by Park [22], Tarcsai [16], Chauhan and Singh [21], Lalmani
et al [17] and Singh [9], was employed which was represented
at a height of 1000 km by an electron density of 10}
electrons/em®, 0" = 90%, H' = 8% and He' = 2% and
temperature of 1000°K. Figure | shows the variation of
dispersion of whistlers observed over a span of three years
at Jammu during quiet periods with time. From Figure 1 it
is clearly seen that whistlers during quiet periods arc
normally observed around midnight hours and there is no
perceptible change in the whistler dispersion with time. The
dispersion of the majority of whistlers lie in the range of
13—-17 sec'?. However dispersion of some of the whistlers
are cxceptionally low and lie between 10 and 12 sec'?. Such
small dispersion whistlers observed at low latitudes have
also been reported earlier by lLalmani er o/ [17].

Figure 3 shows the variation of equatorial electron
density ngq and electron density N at 1000 km altitude with
time. It is clearly seen that the equatorial electron density

w 0

n

N ut 1000 Km

Vo it

Figure 3. Vanation of equatonial clectron density ng and clectron density
N at 1000 km attitude with tume dunng quict peniods.
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during quiet periads derived from the whistler data observed
at Jammu varies between 2.67 x 10° cm™ and 6.4 x 10' cm™.
From the curve fitting technique it is also found that the
majority of the whistlers of dispersion between 14-16 sec'?
have propagated in the ducts located between the L range
of 1.4-1.8. The results derived from quiet time whistlers
recorded at Jammu using curve fitting technique are in
remarkable agreement with those reported by Saxton and
Smith [23], and Lalmani er a/ [17] during quiet period. The
electron density derived from whistlers observed during
magnetic storm periods at high, mid and low latitudes have
also been reported by various workers [24-27]. But it is not
meaningful to compare thesc results with ours.

It is worthwhile to mention here that although a number
of nose extension methods developed to analyse the middle
and high latitude whistlers [13-15,28-31], the one given by
Tarcsai [16] has some advantages over the others. For
example, it can be applied for the analysis of low latitude
whistlers successfully and crrors in the analysis of whistlers
related to the equatorial clectron density are much low
[9.17].

Whistler-triggered periodic VLF emissions shown in
Figure 2 have been recorded for the first time on the ground
at low latitudes. The presence of such types of whistler-
triggered periodic emissions at high latitudes have been
known from the beginning of whistler studies recorded first
at ground station of Seattle, Washington (54° N geomagnetic
latitude), and Wellington, New Zealand (45° S geomagnetic
latitude) [32-34]. The experimental data on whistler triggered
periodic VLF emissions observed simultaneously at Seattle,
Washington and Wellington have shown that a sequence of
periodic emissions is initiated or triggered by a whistler, and
then period between emission is the same as the whistler-
mode echoing period at some frequency within the range of
periodic emission. To explain these results, Helliwell {32],
has proposed that generation or triggering of the emissions
is controlled by packets of clectromagnetic waves echoing
in the whistler mode. Further Helliwell and Brice [33], have
also shown that periodic emissions are generated through by
emissions echoing the whistler mode and not by mirroring
bunches of particles.

Since the dispersion of the whistlers usually recorded in
various low latitude ground stations in India during quiet
periods are less than 25 s'2 [17], it may be inferred that
multiflash whistlers shown in Figures 2 are low latitude
whistlers. At the first glance, these whistlers appear to be
falling tone multiphase VLF emissions similar to those
usually observed at high latitudes [1]. However, these
whistlers and periodic emissions were recorded
simultaneously at our latitude in different frequency ranges
on June 5, 1997 and moreover these whistlers obey perfectly
Eckersley law and hence this possibility is ruled out. It is also
not possible that these whistlers are first, third and fifth hops
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of multipath whistlers generated from the successive strokes
of a lightning discharge because no increase in dispersion
is observed between hop to hop. Whereas the measured
dispersion of these whistlers remains constant and hence
whistlers shown in Figures 2 (a-c) are onc-hop multiflash
whistlers caused by return strokes of a lightning discharge.
The measured period of VLF periodic emission is found to
lie in a range from 0.1-0.7 s and this clearly shows that these
are generated at low latitudes. This period of emission
matches perfectly with that of whistler time delays between
the two consecutive hops. This period information of the
emissions provide important information about path latitude
of whistlers observed at Jammu without the use of direct?on

finding. i

The interesting point in Figure 2 is that the time inter\;&ls
between the consecutive periodic emissions are almost same
with the time delays between any of the two successive héps
of multiflash whistlers. Further, the time period between any
of the periodic VLF emissions and one-hop whistler traces
is almost half of the time delay of a one-hop whistler of
dispersion ~ 10 s' (as shown in Table 1). We interpret the

Table 1. A comparnison of time period between dfferent penodic VI
emissions and time delays between different mulnflash whistiers of
dispersion 10 s'2 of Figure 2

Periodic Emussions Whistlers Lime pertod between

suecessive peniodic

Iraces  Time perod At frequency Hops  ‘hime  enuissions and one-
(s) (hHz) delay at hop whistler traces
4 hH/  (between 2 4 KHy
range)
1.2 028 25 12 028 1.1 01y
2-3 029 25 2-3 028 22 014
34 029 25 -4 029 33 014
4-5 028 25 4-5 028 4 4 013
S-6 029 25 5-6 028 A 012
6 7 028 25 6 7 027 6-6 013
7-8 028 25 7-8 029 7-7 013
8-9 028 25 89 028 R-8 014
9-10 028 33 9-10 029 99 013
10-11 0.29 33 10-11 028 1010 014

unusual relationship between the time intervals of these
periodic VLF emissions and one-hop whistlers as follows .
We assume that the consecutive periodic VLF emissions of
these events were generated as a result of interactions
between the trapped energetic particles and the various hops
of multiflash whistlers near the equatorial region under
cyclotron resonance mechanism and propagated to our field
station in whistler mode of propagation. Under this
assumption, we measurc the time intervals between the
consecutive periodic emissions at the frequency of 3 kHz and
then match them with delays at 3 kHz betwceen various hops
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of whistlers. We find that the observed time intervals of
periodic emissions match closely with those of different hops
of on observed whistler dispersion of ~ 10 s'. The interesting
point in Figure 2 is that the time period between any of the
two successive periodic emissions and one-hop whistlers of
the event are almost half of the time delay of a one-hop
whistler of dispersion ~10 s'? within about 12% of the
measurement error. This shows that time taken by both of
the one-hop whistler and the periodic VLF emissions is same
to reach the receiving ground station Jammu from the
equatorial region. The detailed results are presented in
Table 1. Our results summarized in Table 1 clearly depict
that the periodic VLF emissions observed at Jammu on June
5, 1997 are generated near the equatorial region as a result
of interaction between trapped energetic particles and one-
hop whistlers under cyclotron resonance mechanism and
propagated to our ground station Jammu in whistler modc
of propagation. This provides a possible explanation to the
observed characteristics of whistler-triggered periodic VI.F
emissions recorded at Jammu shown in Figure 2.

The possibility that the occurrence of these whistler-
triggered periodic emissions was just a coincidence, does not
seem to be likely because a large number of periodic
emissions occurred one after the other during the same night
of observation. Thus results presented in Table 1, give a
strong experimental evidence of wave-particle interaction
taking place in the equatorial heights of low latitude inner
magnetosphere.
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