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Abstract : The whistler mode wave propagation through the magnetosphere is facilitated by the formation of ducts caused by latitudinal 
variation (enhancement) of electron density through the process of interchange of flux tube or perturbation produced by electric field. The 
enhanced electron density decays by the process of diffusion across and along the magnetic field Charged particles have much greater mobility 
along the magnetic field lines as compared to that across the field line and hence diffuse along the field line from the magnetosphere to the 
ionosphere and as a result, coupling of magnetosphere to the ionosphere is established.

Whistler data is used to calculate the equatorial electron density and total electron content in a flux tube of unit cross section at 
(he reference height. The time development of electron flux yields downward/upward movement of flux. The transported flux during geomagneticaly 
disturbed and quiet condition is evaluated. The whistler data recorded at Indian stations Varanasi and Gulmarg are used in the present study. The 
refilling of ionosphere by the flux transported from the plasmasphcre is discussed in the light of other available measurements.
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1. Introduction
The atmospheric whistler studies provided fhiitfiil methods 
for diagnosing magnetosphere and upper ionosphere ^1-6]. 
Attempts have been made to understand various features of 
magnetospheric plasma such as the structure and dynamics, 
magnetosphere-ionosphere coupling, etc. Park et al [3] 
analyzed whistler data acquired between 1959 and 1973 at 
Byrd (L = 7.0), Eights (I = 4.0) and Siplc (L = 4.0) and gave 
a systematic description of the main features of the 
plasmaspheric electron density. Taresai et al [4] havg 
processed whistlers recorded at Tihany (Hungary L = 1.9) 
between December 1970 and May 1975 and studied the 
(distribution of equatorial electron density and total electron 
content in flux tubes having L-values in the range i  = 1.4- 
 ̂2. At low latitudes^ the exploitation of whistlers for 
electron density determination has been carried out by 
Ulmani et al [7 ], who have evaluated downward transport 
of ionization by analyzing whistlers recorded at Nainital. 
S*ogh et al [5] have also discussed the electron density, total
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electron content in a flux tube and downward transport of 
ionization by analyzing whistlers recorded at Varanasi, 
Nainital and Gulmarg.

The technique of electron density determination from 
whistler data assumes that the whistler wave has propagated 
along geomagnetic field lines. Singh et al [8 ] suggested that 
the whistlers received at Varanasi may have propagated in 
the Earth-ionosphere wave-guide in the lower ionosphere 
and followed field aligned path in the inner plasmasphcre. 
Whistlers which have followed such propagation path when 
analyzed, yield information about mid latitude magnetosphere. 
Thus, whistlers recorded at low latitudes can be used to probe 
mid-latitude regions.

In this paper, an attempt has been made to determine the 
equatorial electron density and total electron content in a flux 
tube using whistlers recorded at low latitude stations Varanasi 
and Gulmarg. The results are quite important because it 
provides an extension to lower latitudes of the profiles
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published by workers at high and mid latitudes. The 
experimental data and the method of analysis are briefly 
discussed in Section 2. Results are discussed in Section 3. 
Finally, conclusions are summarized in Section 4.

2 . Experimental data and method of analysis
The routine recording of whistlers at low latitude stations 
Varanasi (geomag lat. 14̂  ̂55' N) and Gulmarg (geomagnetic 
lat. 24° 10' N) shows that the whistler occurrence rate is low 
and sporadic. The occurrence probability enhances during 
magnetic storm period which may be due to additional duct 
formation. For the present study, we have chosen whistlers 
recorded on 9th March 1991 for Varanasi and 8 th February 
1986 for Gulmarg station. At Varanasi, on 9th March 1991 
during 0030-0300 hrs 1ST, a large number of whistlers of 
good quality with sharp dynamic spectra (Figure 1) were 
recorded. At Gulmarg, whistlers in large numbers were
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Figure 1. Sonogram of whisllers recorded at Varanasi on 9th March, 1991.

observed on 8 th February 1986 between 0254-0650 hrs 1ST. 
A sequence of sonograms is shown in Figure 2, which are 
diffuse in nature. It may be noted here that for the present 
study, the selected data correspond to different time periods

and also to differait levels of magnetic activity. These 
periods are chosen because very large number of whistlers 
were recorded which is necessary for morphological studies 
In our data bank, we could not get data simultaneously 
recorded at two stations which would have been an ideal 
situation.
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Figure 2. Sonogram of whistlers recorded at Gulmarg on 8th Febnino 
1986.

In the whistler analysis, frequency and corresponding 
arrival time are measured from the dynamic spectrogram and 
dispersion is evaluated. Dispersion of the wave in terms o( 
frequency and travel time is D == The group travel time 
for the whistler wave front the source to the observer is 

written as
r =  », +  (»  +  U  +  1 ^ ,  C ' !

where t, is the time taken by the sferics propagating through i 
the Earth-ionosphere wave-guide from lightning source tc i
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the receiver, which is negligibly small and is taken as origin 
for time measurements, t̂  is the time taken by the whistler 
wave in the Earth-ionosphere wave-guide after exiting from 
the lower ionosphere, tica is the time delay due to ionospheric 
path, /mag is the time delay for magnetospheric path. The time 

varies from event to event and can be evaluated only when 
ionospheric exit location from the duct are precisely known. 
In the absence of such information, Singh et al [5] have 
suggested an average value of /w - 1 0  ms for whistlers 
recorded at low latitude Indian stations.

The dispersion produced for ionospheric path is evaluated 
by using the formulation of Park [9] which depends on 
critical frequency of the F-layer of the ionosphere. The 
critical frequency (/  ̂ varies from place to place in the 
post-mid night period. Based on the measurement of fo Fc 
at nearby station, we consider its representative value for the 
present computation as 5 MHz. The /iqo for 5 kHz whistler 
wave frequency comes out to be 98 ms. Taking into account 
uncertainty in critical frequency of the F2-layer, we have 
considered a representative value of /io„ = 100 ms. Thus, with 
these corrections, we can write [5,10]

R^L
" 2 C

I t .fU2

cos

/ H , c o s ‘ ^ o ( l  +  3 s m ^ ^ )

where fp and are local electron plasma frequency and 
equatorial electron gyro-frequency, respectively. q>' is the 
geomagnetic latitude at reference height, is the earth's 
radius, I  is the Mcliwain parameter and ^  is the geomagnetic 
latitude of the field line at the surface of the Earth. At low 
latitudes,>iie /and considering electron density distribution 
along dipolar geomagnetic field line to be [1 1 ]
(where is a constant), eq. (2 ) in terms of dispersion is 
written as

A) = Cota -  Acn = {9LR,-'̂ ^K / )

Jcos^(l + 3sin^ dip, (3 )

where Dobt * (/ -  tj) is the measured dispersion with 
correction, />,«, = /ion/*  ̂s  7.0 sec* .̂ Z>ob§ was obtained from 
ihc slope oit-ty , v e r s u s plot. Thus, for a given station, 
^ is determined by integrating eq. (3) and using measured 
dispersion of the recorded whistler. Once K  is known, the 
electron density distribution along a geomagnetic field line 
is determined.

^  (3)» the integral has to be evaluated along the
whistler path in the magnetosphere. The whistler path is

determined from the nose frequency on the dynamic 
spectrograph. At low latitudes, the nose frequency is not 
observed which is estimated by extrapolation technique 
[12,13]. In this approach, g(/) [=  \ID(J)\ versus/ i s  plotted, 
which results in a straight line whose intercept on the/ axis 

= (3.09 ± 0.04)/,. Thus,/, is determined from fy. The 
group propagation time T„ at the nose frequency f„ is 
estimated from

T„=-{2.\f„^fHdQ/df)]-^. (4)
The maximum error introduced in the evaluation o f/, and 
hence in T„ in the present case, comes out to be within 10- 
14%. Although this method gives good results at mid
latitudes, its validity at low latitude may be questioned. 
Singh et al [5] analyzed few whistlers both by this method 
and Taresai's method [4] and noted that both methods 
yielded results within ± 1 0 %. Taresai's method for low 
latitude whistlers was successfully used by Lalmani et al [7].

Using/ hcq -  f j o  a  [12,13], the L value along which 
whistler wave has propagated is estimated by

L = 9.56//„J«, (5)
where /^eq is measured in kHz.

The electron density distribution along geomagnetic field 
line is used to determine the total electron content in a 
magnetic flux tube of unit cross sectional area at the 
reference height, which is written as

V V r = « f J * ^  /  A j ) } * . (6 )

where Br is magnetic field at the reference level and B(s) is 
magnetic field at any other point s along the field line and 
ds is elementary path length. Using continuous whistler 
observation, the time development of electron content of the 
flux tube is monitored and the change in flux tube content 
is evaluated using the formula

dNT/dt = (N ,2 -N ,,) l(t2 -h ) ,  (7)
where ^ , 1  and Na are the tube content derived from whistler 
data at times t\ and /: respectively. The change in tube 
content with time at any particular location is equivalent to 
the transport of ionization flux from that region. If Na > 
flux transport is upward whereas for Na < N,\, flux transport 
is downward.

3. Results and discussion
The thermal plasma interacting with whistler wave in the 
presence of geomagnetic field causes dispersion of the wave 
which is recorded at Varanasi and Gulmarg. The dispersion 
has been evaluated from the dynamic spectra for different 
time period and is shown in Figure 3. It is seen that the 
dispersion decreases with the increase in time for both the 
stations, although the data are quite scattered. If the whistlers 
follow the same path, it can be safely assumed that the
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electron density distribution along the field line has changed 
and hence, total electron flux has changed with time. Using 
the extension method, nose frequency for each whistler has 
been determined which is used to determine the path of 
propagation of whistlers. It is found that for Varanasi data.

z
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+  +  +

TIME OF OCCURRENCE (1ST)

Figure 3. Variation of dispersion of whistlers with time recorded at 
Varanasi.

the propagation path varies from L -2 .\  to L = 2.7 whereas 
the I-'Value of Varanasi is 1.07. Thus, it is found that the 
whistler have propagated along higher I-values in the 
magnetosphere and after exiting from the ionosphere followed 
the Earth-ionosphere wave-guide and propagated towards 
equator to be received at Varanasi.

The equatorial electron density is estimated by analyzing 
All the recorded whistlers. The variation of equatorial electron 
density as a function of iL-value is shown in Figure 4. It is

IE+03

out to be 1 X 1 0  ̂ and 5 x 1 0  ̂ electron cm~̂ , whereas for 
Gulmarg on 8 th February 1986, the minimum and maximum 
values of the electron density come out to be 2  x 1 0  ̂
16x10^ electrons cm~̂  respectively. Since the magnetic 
activity for Gulmarg data is greater {Kp = 7-9) than Varanasi 
(Kp = 3-4), the increase in electron density with equatorial 
altitude may be attributed to the difference in magnetic 
activity. The results derived from our observations are in 
agreement with those reported by Park et al [3] and Tarcsai 
et al [4]. Park et al [3] have obtained average density of 
3x10^ electron cm~̂  at I  -  2 .0 , whereas Tarcsai et al [4 ] 
have reported 2  x 1 0  ̂electron cm~̂  at I  -  1.4 and S x 1()2 

electron cm~̂  at L » 3.2. Apart from comparing the magnitudes 
of the electron density, we can not discuss the time and 
height variation of electron density using the data obtained 
from whistlers recorded at Varanasi and Gulmarg, because 
the observations at these two stations were not carried out 
simultaneously. This time gap forbids us from microscopic 
comparison.

The total electron content in a flux tube of unit cross 
sectional area has been obtained by numerically integrating 
eq. (6 ). The time development of total electron content in 
a flux tube of unit cross section for Varanasi and Gulmarg 
are shown in Figure 5. It varies between 8.4 x 10̂  ̂ and 
1.5 X 10̂  ̂ electrons/cm^-tube at Varanasi and between
2.1 X 10'  ̂ and 1.3 x 10*̂  electrons/cm^-tube at Gulmarg.
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Figure 4. Distribution of electron density in the equatorial region of 
I-value for the whistler data recorded at Varanasi.

observed to decrease with the increase in L-value. The 
minimum and maximum values of the electron density for 
the whistlers recorded at Varanasi on 9th March 1991 come

2.15 3:00 3:45 4:30 5:15
OCCURRENCE TIME (1ST)

Figure 5. Time development of total electron content in a flux lube of 
unit cross section for Varanasi and Gulmarg.

The higher tube electron content at Gulmarg may be due to 
severe magnetic storm (Kp = 7-9) condition during which 
data were collected. Another reason may be that the flux tube 
length corresponding to Gulmarg is large compared to that 
of Varanasi. The tube electron contents as determined at 
these stations are of the same order as reported by other 
workers [3,4,7,13].
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F rom  F ig u re  5 a n d  u s in g  eq . (7 ) , w c  h a v e  c o m p u te d  th e  

ionization  f lu x  tr a n s p o r te d  d o w n w a rd  fo r  V a ra n a s i a s  l . l  x 

10’ e le c tro n s  c m '^  se c “ ' a n d  fo r  G u lm a rg  as  8 .8  x 10’ 

electrons cm ^^ scc~*. T h e se  re s u lts  a re  in  a g re e m e n t w ith  

those re p o r te d  b y  L a lm a n i et al [7 ] a n d  S in g h  et al [5]. T h ese  

results c le a r ly  sh o w  th a t th e  d o w n w a rd  tra n sp o r te d  flu x  

increases w ith  th e  in c re a se  in  m a g n e tic  a c tiv ity . T h is  ag a in  

supports th a t th e  la rg e  m a g n e t ic  a c tiv ity  c a u se s  m o v e m e n t 

o f p la sm a p a u se  c lo s e r  to  th e  su r fa c e  o f  th e  E a rth . D u rin g  

m agnetic  d is tu rb a n c e s , th e  s iz e  o f  th e  p la s m a sp h e re  is 

reduced an d  th e  d e n s ity  lev e ls  in s id e  th e  re d u c e d  p la sm asp h e re  

is also  re d u c e d  [3 ], S u b s e q u e n t re c o v e ry  ta k e s  p la c e  b y  

refilling  fro m  th e  u n d e r ly in g  io n o s p h e re  w h ic h  is s lo w  an d  

requires m a n y  d a y s  [1 4 ].

4. C o n c lu s io n s

The w h is tle r  d a ta  re c o rd e d  a t V a ra n a s i a n d  G u lm a rg  at 

d ifferent t im e s  a n d  fo r  d if fe re n t  m a g n e tic  a c tiv it ie s  h a v e  

been a n a ly z e d  to  s tu d y  th e  d o w n w a rd  tr a n s p o r t  o f  f lu x . T h e  

com puted  e le c tro n  d e n s i tie s  in  th e  e q u a to r ia l  re g io n  lies  in 

the ran g e  1 x 1 0 ^ -5  x  10^ e le c tro n s  c m '^  fo r  V a ra n a s i an d  

2 X 1 0 ^-1 6  X 10^ e le c tro n s  cm "^ fo r  G u lm a rg . T h e  c o m p u te d  

electron c o n te n t lie  in  th e  ra n g e  0 .8 4  x  10*^ a n d  1.5 x 10^^ 

e le c tro n s /c m M u b c  fo r  V a ra n a s i a n d  2.1 x 10^^ a n d  1.3 x 10 '^  

e lec tro n s/cm ^ -tu b e  fo r  G u lm a rg . T h e  d o w n w a rd  tra n sp o rt o f  

ionization f lu x  is o f  th e  o rd e r  o f  10’  e le c tro n s  cm^^ sec  '. 

These re su lts  a re  in g o o d  a g re e m e n t w ith  th e  re su lts  re p o r te d  

by o th er w o rk e rs . I t  is a ls o  sh o w n  th a t  th e  tra n sp o r te d  flux  

increases w ith  th e  in c re a se  in  m a g n e tic  a c tiv ity . T h e se  

transported f lu x e s  c o u p le  th e  io n o s p h e re  a n d  th e  lo w e r p a rt 

of the in n e r m a g n e to s p h e re  a n d  fo rm  th e  b a s is  fo r  th e  s tu d y  

of the m a g n e to s p h e re - io n o s p h e re  c o u p lin g  m e c h a n ism .

A c k n o w le d g m e n t

T h e  w o rk  is p a rtly  su p p o r te d  b y  th e  D e p a r tm e n t o f  S c ie n c e  

&  T e c h n o lo g y , G o v e rn m e n t o f  In d ia  u n d e r  S E R C  re se a rc h  

p ro jec t. A K  S an d  R S a c k n o w le d g e  th e  f in a n c ia l su p p o r t 

re c e iv e d  fro m  C S IR , N ew  D elh i.

References

[I] D L Carpenter, K Stone, J C Siren and T L Crystal J  Geophys 
Res. 77 2819 (1972)

|2] M J Rycroft and A Mathur J Atmos Terr Rhys 35 2177 (1973)

13] C G Park, D L Carpenter and D B Wiggin J. Geophys. Res 
83 3137 (1978)

[4] G Tartsai, P Szemcredy and L Hegymcgi J Atmos Terr Phys 
50 607 (1988)

[5] R P Singh, Lalmani and U P Singh Ann. Geophys II 1011 (1993)

[6] R P Singh, IJ P Singh, A K Singh and D K Singh Earth Planets 
Space 50 (1998)

[7] l.almanip A Ahmad and M M Ahmad Planet Space Scl 40 1409
(1992)

[8] U P Singh, A K Singh, Lalmani, R P Singh and R N Singh Indian 
J Radio Space Phys 21 246 (1992)

[9] C G  Park Tech Report No 3454-1 (Radio Science Lab , Stanford 
Univ, Starford, VSA) (1972)

[10] A K Singh PhD Thesis (Banaras Hindu University, India) (1995)

[II] J J Angerami Tech Report No SEL-66-017 (Radio Science Lab. 
Stanford Univ. California, USA) (1966)

[12] R L Dowden and G M Allcock J Atmos Terr Phys. 33 1125 
(1971)

[13] R P Singh, A K Singh and D K Singh J Atmos Terr Phys. 
60 495 (1998)

[14] C G Park /  Geophys Res 79 169 (1974)


