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Abstract- Observation of VLF chorus emissions during magnetic storm periods made at our low latitude Indian ground 
stations Jammu (L=1.17) and Gulmarg(L=1.28) are used to deduce magnetospheric plasma parameters in the vicinity of 
magnetospheric equator. The special feature of VLF chorus emissions observed at Jammu and Gulmarg is the regularities of 
the chorus spectra development by the gradual increase of the upper boundary frequency of the chorus emissions during the 
first-initial phase of observation. UBF-method based on the measurement of the upper boundary frequency of the ground-
observed VLF chorus is used for the estimation of L-value  of the chorus source of the reported VLF chorus, which is found 
to be about 4 (L~4). Calculations of magnetospheric plasma parameters in the vicinity of chorus source (L~4) such as 
resonance length, frequency sweep rate, bandwidth of chorus, wave magnetic field and number density of energetic electrons 
taking part in the generation of VLF chorus are reported on the basis of Helliwell’s theory. The large-scale electric field in 
the magnetosphere is estimated based on the spectral analysis of the regularities of the chorus spectra development observed 
at Jammu and Gulmarg during the first-initial phase of observation. The calculated parameters are in good agreement with 
the measured parameters. 
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I. INTRODUCTION 
 
At low latitudes, the exploitation of VLF chorus 
emissions for the determination of magnetospheric 
plasma parameters based on the large quantities of 
VLF chorus data recorded during long duration has 
not been attempted by any worker so far. This 
communication presents the result of the calculations 
of some magnetospheric plasma parameters such a 
plasma density, large-scale electric field, L-value of 
the chorus source (Lsource), source length and velocity 
of electrons based on the analysis of large quantities 
of storm-time VLF chorus emission data recorded 
during long duration at the ground stations Jammu 
and Gulmarg.The importance of this communication, 
is the analysis of the low latitude chorus type of VLF 
emissions, so that they may be expected to be used as 
a diagnostic tool for the evaluation of magnetospheric 
plasma parameters. Chorus is most preferable 
compared to other types of VLF emissions due to the 
large number of parameters as schematically shown 
in Figure 1, which can be measured and used for the 
diagnostics. These measured parameters are as 
follows: the upper boundary frequency fUB and lower 
boundary frequency fLB, the widening ∆f, the 
inclination df/dt, and also the duration ∆T of chorus 
element (Figure 1a). Chorus is a sequence of several 
rising (falling) discrete elements which form a group 
(Figure 1b). In Figure 1b, the measured time period 
between the discrete elements is T and the duration of 
group is T1. In a chorus event, several groups appear 
as illustrated in Figure 1c which shows two groups of 
the periods T1 and T2, which can be measured too. 
The typical duration of chorus events is few hours1. 

In this period some changes of the chorus fine 
structure takes place as a result of the plasma 
parameters variations both in the region of chorus 
source and the propagation region. Thus VLF chorus 
would become an appropriate tool for studying the 
plasma processes, provided the regularties of the 
chorus spectra development in the chorus data 
(Figure 2) are investigated. Such an analysis will help 
in understanding the real source and their dimension 
and in the determination of the magnetospheric 
plasma parameters. 
 
Here it is described in brief the experimental setup 
used for the recording of chorus emissions at our low 
latitude ground station Jammu. This is followed by a 
presentation of the detailed spectral analysis of VLF 
chorus data recorded during magnetic storm period in 
daytime on 18 February 1998 at low latitude Indian 
ground station Jammu for the evaluation of 
magnetospheric plasma parameters using Helliwell’s 
theory6 and chorus source using UBF method3. Based 
on the analysis of the regularities of the chorus 
spectra development observed at Jammu during 
daytime, the large-scale electric field in the 
magnetosphere has been estimated. Such a study was 
not done so far for low latitudes 7,8,9

.   Finally, the 
results are discussed and compared with those 
reported by other workers. Conclusions of the present 
studies are given in the end. 
 
Although, the application of VLF chorus emissions 
observed during daytime at Jammu to obtain the 
magnetospheric plasma parameters has been  made 
by Lalmani et al. 8 in order to explain the observed 
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spectral shapes of the VLF chorus recorded during 
daytime at Jammu on 3 June 1997, 19 March 1998 
and 7 April 1998. But that study was not complete 
because it was not based on the analysis of large 
quantities of chorus events and also their chorus 
observations do not show the regularities of chorus 
spectra development by the gradual increase of the 
upper boundary frequency of the chorus emissions 
during the first-initial phase of observation. 

 

 
Figure 1. Schematic sonograms of the VLF chorus emissions 

(after Smirnova3) 
 
The present study is based on the spectral analysis of 
the storm-time VLF chorus data recorded at our low 
latitude ground-based Indian stations Jammu on 18 
February 1998 during magnetic storm period 16-21 
February 1998 and Gulmarg on 8 March 1986 during 
the magnetic storm period from 6-11 March 1986.  
VLF chorus emissions are observed with the same set 
of equipments as that required for the observation of 
whistlers. This includes an antenna, pre-and main 
amplifiers and a tape recorder. The VLF chorus data 
stored on the magnetic tapes has been analyzed using 
a digital Sonograph machine as well as using analysis 
”Raven software”  installed at our observatory. 
Chorus recorded during the magnetic storm days at 
both stations are of very high quality with a very 
good fine structure and the number of such chorus 
recorded during long duration is large enough and is 
of great statistical significance. During the periods 
under report, the chorus data is characterized by 
consistently good chorus intensity with well defined 
components. The salient feature of the chorus 
emissions observed at Jammu and Gulmarg under 
report is the regularities of the chorus spectra 
development by the gradual increase of the upper 
boundary of the chorus emissions during the first-

initial phase of the observation. Such type of VLF 
chorus data with the regularities of chorus spectra 
development used for the diagnostics of 
magnetospheric plasma parameters is not reported so 
far from low latitudes and hence our is the first report 
presented in this paper. 
 
Out of a large collection of chorus events a few 
sections of the frequency-time spectrograms of rising 
tone discrete VLF chorus emissions recorded during 
magnetic storm periods at the ground stations Jammu 
and Gulmarg are shown in Figures 2 and 3 
respectively. According to the regularities of the 
chorus spectra development during the whole chorus 
events of Jammu and Gulmarg as illustrated in 
Figures 2 and 3,three phases can be revealed i.e. the 
first phase-initial one,the second phase-main one and 
the third phase-decay one.First phase-initial one is 
characterized by the widening of the frequency range 
due to gradual increase of the upper boundary 
frequency(Figures 2a and 3a).In the second phase-
main one ,the upper boundary frequency remains 
almost at the level that had been reached during the 
initial phase(Figures 2b and 3b).Third phase-decay 
one is characterized by the contraction of chorus 
frequency range mainly as gradual decrease of the 
upper boundary frequency(Figures 2c and 3c). The 
Dst -index variations during the storm period 16-21 
February 1998 and 6-11 March 1986 are shown in 
Figure 4, in which the observation period of chorus 
events at Jammu and Gulmarg is also marked.  

 

 
Figure 2. The Sections of the frequency-time spectrograms of 

VLF chorus emissions recorded during magnetic storm period 
in daytime at Jammu on 18 February 1998 (after Singh 11). 

 
Figure 2 shows three sections of frequency-time 
spectrograms of rising tone discrete chorus emissions  
registered at Jammu in the local time afternoon hours 
on 18 February 1998, when the magnetic activity was 
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highest (∑Kp=33-, Dst-index= -100 nT) during the 
recovery phase of the storm. Chorus events at Jammu 
station started at local time 12:10 IST (Indian 
Standard Time) with an upper boundary frequency 
(fUB) of 6.0 kHz has lasted for about four hour and 
ended finally at 16:25 IST. On this day chorus events 
started at 12:10 IST with an appearance of a rising 
tone discrete chorus element in the frequency range 
of about 3.5 – 6.0 kHz as shown in Figure 2a. In the 
course of time fUB began fluctuating in the frequency 
range of about 5-6 kHz with a period of T=2-3 s. The 
fUB kept increasing and by about 13:15 IST reached 
about 7.5 kHz. For the next two hours fUB remained 
the same near about 7.5 kHz (Figure 2b). From 15:15 
IST it began to slowly decrease and by 16:25 IST 
reached to about 5-6 kHz (Figure 2c).The  clear 
periodic structure in fUB with a period of about 2-3  s 
was seen in the VLF chorus spectra during the whole 
event of four hours duration. The observed mean 
chorus element has the following parameters: nimum 
lower boundary frequency fLB~2.5 kHz, maximum 
upper boundary frequency fUB~7.5 kHz, average 
frequency sweep rate (df/dt)≈22 kHz/s and successive 
repetition period of chorus element ~ 0.25 s . 
 

 
 
Figure 3 shows three sections of the frequency-time 
spectrograms of rising tone discrete chorus emissions 
recorded at Gulmarg in the morning hours of 8 March 
1986, when the magnetic activity was highest 
(∑Kp=34, Dst-index =-90 nT) during the recovery 
phase of the storm. On 8 March 1986 chorus events 
started at 02:56 IST with an appearance of a rising 
tone discrete chorus element in the frequency range 
of about 2.0-5.5 kHz having a small df/dt  value 
(Figure 3a). In the course of time the fUB began 
increasing and it reached 7.5 kHz by 03:50 
IST(Figure 3b). For the next two hours fUB remained 
approximately constant. From 05:50 IST it started 
decreasing slowly and by 06:53 IST it reached to 4.6 

kHz (Figure 3c). The observed mean chorus element 
has the following parameters : minimum lower 
boundary frequency fLB ~2.5 kHz, maximum upper 
boundary frequency fUB~6.5 kHz, average frequency 
sweep rate (df/dt) ~ 1554 Hz s-1 and successive 
repetition period of chorus element~ 0.23 s . 
 
The measured value of upper boundary frequency 
(fUB) from the dynamic spectrum of the ground-
observed VLF chorus is applied to determine the L-
value of chorus source. Such an approach developed 
by Smirnova3 is called the upper boundary frequency 
method (UBF- method). In this method, it is supposed 
that the upper boundary frequency of the ground-
observed VLF chorus is determined by the half 
equatorial gyrofrequencies in the generation region, 
no matter what the latitude of the observation. In this 
approach, it is also assumed that the geomagnetic 
field is of dipole configuration. The L-value of chorus 
source by the measurement of fUB of the ground-
observed VLF chorus is determined by the relation3 
 

L= (440/ fUB)1/3   (1) 
 
where fUB is in kHz. Using UBF-method (eq.1), the L-
value of the source region of our reported chorus 
emissions for fUB~6.0 kHz and 7.5 kHz is found to be 
Lsource= 4.2 and 3.9 respectively. The computed 
higher L-values of the source region compared to the 
observation station Jammu (L=1.17) and Gulmarg 
(L=1.28), shows that the VLF chorus emissions may 
have propagated in ducted mode propagation towards 
lower latitudes significantly 3. 

 

As of now there is no unified accepted general theory 
of VLF chorus emissions at low latitudes, so we have 
no chance to use all the diagnostic possibilities of 
chorus. It is found that the best fit theory to explain 
most of the discrete structures of VLF chorus 
emissions recorded at Jammu is Helliwell’s theory6 
based on gyroresonance interaction between energetic 
streaming electrons and whistler mode waves 
travelling in the opposite direction.  Using a simple 
phasing criterion, Helliwell6 has derived the 
expressions to estimate the total length of the 
resonance region (lr), frequency sweep rate (df/dt), 
bandwidth of radiation (∆f), the wave magnetic field 
intensity (BW) and concentration of electrons (ne) 
taking part in the generation of VLF emissions which 
are written as (see for details Helliwell6) 
 

𝒍𝒓
. λ /

/ /
λ /      m               (2) 

 
𝒅𝒇

𝒅𝒕

54𝑐𝑓 𝑙 𝜆
𝑅 𝑓 x 1 𝜆

2 1 2𝜆 x 1

1 λ /3 tan α      𝐇𝐳 𝐬𝐞𝐜⁄                        (3) 
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              ∆f =1.7fH0(lR/Rm)2    Hz        (4) 

 

 

 
ne = 15𝜋Bw/16𝜇 𝑙  𝑞𝑣┴ el m-3                      (6) 
      

where frequency is expressed in Hz, 𝛌=f/fH, f is the 
wave frequency,𝑓 electron gyrofrequency at the 
top of the path,𝑓 electron plasma frequency, c= 
velocity of light, Rm=distance to the top of the path 
from Earth’s center, 𝛼=pitch angle at the centre of 
interaction region,𝜇 4𝜋𝑋10 Weber/Henry 
permittivity of free space, q=charge on electron, and 
𝑣┴ = perpendicular velocity of the electron=0.577 
(c/fp)[(fH-f)3/2/f1/2], where fH= electron gyrofrequency. 

 

 
Figure 4: The Dst-index variation during magnetic storm 
periods 06-11 March 1986 and 16-20 February 1998. The 

occurrence time of VLF Chorus events is also marked. 
 
Let us check Helliwell’s theory6 in the analysis of 
chorus fine structure of VLF chorus emissions 
observed during magnetic storm period in daytime at 
Jammu (12:10-16:25 IST, 18 February 1998) and 
Gulmarg(02:56-06:53 IST,08 March 1986). Using 
Helliwell’s equations (2) to (6) the various 
magnetosphere plasma parameters are determined for 
the L-value of 4 (estimated from eq.1) in order to 
explain the observed spectral shapes of the VLF 
chorus emissions recorded at Jammu  and Gulmarg. 
By calculations, the following magnitudes of 
parameters are obtained: resonance length (lr)~5000 
km, wave magnetic field at the chorus source(BW) ~ 
4.6x10-7 T, frequency sweep rate (df/dt)~15 kHz/sec, 
bandwidth of chorus (∆f)=0.8 kHz, and concentration 

of electrons (ne) in the current system taking part in 
the generation of VLF chorus emissions ~14 
electrons cm-3. All these computed parameters using 
Helliwell’s equations are found to lie almost within 
the range of our observed parameters of the VLF 
chorus emissions as shown in Table 1.  
 
S.No. Parameters Calculated 

value 
Method 
used 

1 L-Value of 
chorus source 
(Lsource) 

4 UBF 

2 Large-scale 
electric field 
(E) 

0.8  mV/m UBF 

3 Resonance 
length (lr) 

5000  km Helliwell 

4 Wave magnetic 
field (BW) 

4.6 x 10-7 T Helliwell 

5 Frequency 
sweep rate 
(df/dt) 

15  kHz/sec Helliwell 

6 Bandwidth of 
the chorus (∆f) 

0.8  kHz Helliwell 

7 Concentration 
of electrons 
(ne) 

14 
electrons/cm2 

Helliwell 

Table 1. Calculated magnetospheric plasma parameters at 
chorus source (L=4) using  Helliwell and UBF-methods. 

 
In order to calculate the large-scale electric field in 
the magnetosphere ,we have used the regularities of 
the chorus spectra development by the gradual 
increase of the upper boundary frequency  (fUB) of the 
chorus emissions observed at Jammu and Gulmarg 
during the first-initial phase of observation. The 
chorus spectra illustrated in Figure 2a and 3a 
correspond to the first phase-initial one just at the 
moment of the start of the chorus activity at Jammu 
and Gulmarg stations. During about 1h it increases 
from about 6 kHz to 7.5 kHz and the corresponding 
L-value of the source from 4.2 to 3.9 determined by 
UBF method3. According to Smirnova3, the fUB 
increase in our observation is connected with the 
movement of the chorus source i.e. the flow of 
energetic electrons from L= 4.2 to L= 3.9. It can be 
inferred from these observational results now that the 
precipitation of the particles entering into the loss 
cone during chorus generation takes place along the 
field line, the maximum precipitation seems to be 
expected at first at the field line L= 4.2 and then at 
the lower L shell. Hence the precipitation boundary 
has to move towards the lower latitude with the 
velocity which corresponds to 0.3 RE per hour in the 
equatorial plane of the magnetosphere. 
According to Smirnova3, the large-scale dawn-dusk 
electric field causes the drift of the chorus source (the 
flow of energetic electrons) across L shells to the 
Earth. Such an electric field E can be estimated by 
means of the following equation10 
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E =           (7) 

 
Where M is the Earth’s magnetic moments = 8.1 x 
1025 gauss cm3, T is the time necessary for the drift 
from L1 to L2, RE is the Earth’s radius. 
Taking into account the increase of the observed 
value of upper boundary frequency from fUB~6.0 kHz 
to fUB~7.5 kHz within about 1h as seen in  cases of 
both stations Jammu and Gulmarg, the electric field E 
can be estimated from eq. (7) with the value of L 
being calculated by means of UBF method3 (eq.1). 
After substituting the computed values of L1 and L2 in 
eq.(7), our estimated value of E turns out to be E ~1 
mV/m as shown in Table 1. Such value of large-scale 
electric field is indicative of strong magnetic 
disturbances. 
 
As mentioned above, the estimated L-value of the 
source of our reported VLF chorus emissions is found 
to be about 4 (L~4) using UBF-method3. From this 
result it is inferred that the discrete chorus VLF 
emissions observed at Jammu and Gulmarg during 
magnetic storm periods in day and nighttimes, are 
high-latitude VLF chorus emissions which are 
generated in the equatorial plane at the top of the field 
line corresponding to high L-value of about 4 near the 
plasmapause (L=2.8-4.9) through the process of 
nonlinear cyclotron resonance interaction between 
whistler mode waves and energetic streaming 
clectrons6. After generation, these chorus emissions 
propagate along the higher field lines and after 
exiting from the ionosphere must have excited Earth-
ionosphere waveguide and propagated towards the 
equator, so that they could be received at the ground 
station Jammu and Gulmarg. 

 
II. CONCLUSION 
 
This communication presents  interesting 
observations of the VLF chorus emissions recorded 
during magnetic storm period in day and nighttimes  
at our low latitude ground station Jammu (L=1.17) 
and Gulmarg(L=1.28), and the analysis of which are 
used as a diagnostic tool for the determination of 
magnetospheric plasma parameters. The  VLF chorus 
data presented here (Figures 2 and 3) clearly show the 
regularities of chorus spectra development by the 
gradual increase of the upper boundary frequency 
(fUB) of the chorus emissions during the initial 
phase of the observation at Jammu and Gulmarg. 
Based on this observation the large-scale electric field 

(E) in the magnetosphere has been estimated from 
eq.(7) with the value of L being calculated by means 
of UBF-method3 (eq. 1). Our estimated value of E 
turns out to be about 1 m V/m. Such value of large-
scale electric field is sufficient for the ducted 
propagation of VLF chorus emissions observed at 
Jammu and Gulmarg during magnetic storm periods. 
Further, our calculations have shown that the 
estimated values of magnetospheric plasma 
parameters (see Table 1) are quite reasonable and in 
good agreement with the computed plasma 
parameters on the basis of backward wave 
oscillator(BWO) theory by Singh and Ronnmark 7 
,and Singh11,which confirms the applicability of 
UBF-method advanced by Smirnova3 and Helliwell’s 
theory6, and gives a possibility for wide use of the 
VLF chorus data for the ground-based diagnostics of 
the state of magnetospheric plasma during magnetic 
storms. 
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